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Abstract: In this paper, we numerically and experimentally demonstrate the inverse
polarization effect in three-dimensional (3-D) printed polarizers for the frequency range of
0.5 - 2.7 THz. The polarizers simply consist of 3-D printed strip lines of conductive polylactic
acid (CPLA, Proto-Pasta) and do not require a substrate or any further metallic deposition.
The experimental and numerical results show that the proposed structure acts as a broadband
polarizer between the range of 0.3 THz to 2.7 THz, in which the inverse polarization effect is
clearly seen for frequencies above 0.5 THz. In the inverse polarization effect, the transmission
of the transverse electric (TE) component exceeds that of the TM component, in contrast to
the behavior of a typical wire-grid polarizer. We show how the performance of the polarizers
depends on the spacing and thickness of the CPLA structure; extinction ratios higher than 20
dB are achieved. This is the first report using CPLA to fabricate THz polarizers,
demonstrating the potential of using conductive polymers to design THz components
efficiently and robustly.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Terahertz (THz) radiation has attracted the attention in a wide range of fields, including, but
not limited to, in vivo biomedical characterisation [1,2], the automotive industry [3], botanics
[4], cultural heritage [5], and materials characterization [6]. Thus, devices able to manipulate
THz radiation are in high demand. Unfortunately, the materials used for optical components,
for example glass, are opaque at terahertz frequencies. To address this problem, researchers
have turned their attention to 3-D printed technology given the low attenuation of some
printable plastics in this frequency range [7]. Additionally, the resolution of conventional
three-dimensional (3-D) printers is high enough to fabricate components for the THz range
(0.4 mm aprox.). Several devices built using this technology have been reported in recent
years. Examples include anti-reflective structures [8—10], tunable prisms [11], Bragg fibers
[12]. In addition, some new materials have been explored, for example, conductive filaments,
used for printed electronic circuits [13]. The conductive properties of these materials are
attributed to the mixture of a polymer host and either graphene (Black Magic 3-D) or carbon
black (Proto-pasta) [13]. Production of several 3-D printed polarizers has been reported
recently [14—-16]. Some of these structures printed in plastic are subsequently coated with
metallic thin films to improve the performance of the device [14,15]. Super ink-jet printers
are able to print complicated metallic structures with comparable accuracy to
photolithography [16]. Thus, by printing wire grid patterns on THz transparent substrates
such as silicon, super ink-jet printing can be used to fabricate broadband polarizers. In this
paper we report, to the best of our knowledge, the first 3-D printed polarizers made of

#359446 https://doi.org/10.1364/OE.27.011635
Journal © 2019 Received 1 Feb 2019; revised 14 Mar 2019; accepted 21 Mar 2019; published 11 Apr 2019


https://doi.org/10.1364/OA_License_v1

Research Article Vol. 27, No. 8 | 15 Apr 2019 | OPTICS EXPRESS 11636 I

Optics EXPRESS SN N\

conductive PLA (proto pasta) with extinction ratios above 20 dB for 0.5 to 1.7 THz. For these
polarizers no substrate or metallic coating is needed, improving their robustness and lowering
their cost. This approach is more flexible, rapid and robust, and is able to produce polarizers
with extinction ratios better than 20dB. Furthermore, given the flexibility of the 3-D printing
technique, more exotic polarizers for complex polarization states will be possible using
conductive filaments. We also report experimental evidence of the inverse polarization effect
and show how it depends on the spacing thickness. In this phenomenon, the transverse
electric (TE) component of the radiation is transmitted and the transverse magnetic (TM)
component is reflected, opposite to the behavior of a conventional wire-grid polarizer [17—
19]. In other words, the transmission efficiency of the TE component exceeds the
transmission efficiency of the TM component. In our case, extinction ratios in the inverse
region exceed the 20 dB mark. This effect has been reported for the visible range in Cr and
Au polarizers [20,21], observing a stronger extinction ratio within the inverse region, even
stronger than in the normal region. Additionally, in this work we show a strong relationship
between the inverse polarization frequency and the cutoff frequency of a rectangular
waveguide. Our experimental results show that below 0.5 THz, the TE component is
attenuated while the TM component is transmitted through the device. Conversely, for
frequencies above 0.5 THz, the inverse polarization effect dominates the performance
increasing the extinction ratio beyond the 20 dB mark. Our experimental results are supported
by electromagnetic simulations.

2. Design and fabrication

A simplified diagram of the polarizer is shown in Fig. 1(a). The device consists of 0.3 mm
printed strip lines made of conductive PLA, separated by 0.3 mm air gaps (fill factor 50%).
This fill factor was chosen to increase the extinction ratio of the polarizer [21]. A photograph
of the finished device is shown in Fig. 1(b). Five different polarizers with thicknesses (axial
dimension) of 1 mm, 2 mm, 3 mm, 4 mm and 5 mm were printed and tested. The polarizers
were fabricated using a 3-D printer built by the Digital and Material Technologies Laboratory
at the School of Engineering at the University of Warwick. The resolution of the printer is x =
12.5 pm, y = 12.5 pm and z = 0.625 pm, build volume of 120x120x40 mm, and an Olson
Ruby Nozzle with 0.4 mm size was used. Print settings were chosen to give a nozzle
temperature of 220°C, bed temperature of 50°C and print speed of 80 mm/s. To retrieve the
optical properties of CPLA, a 0.22 mm thick solid disk was printed and tested using THz
transmission spectroscopy in a set up similar to the one used by Squires et al. [7]. The
refractive index and absorption coefficient of CPLA are shown in Fig. 1(c) and Fig. 1(d),
respectively. The absorption coefficient of this material is higher than any other printable
plastic tested until now [7]. The highly dispersive behavior of the refractive index is caused
by the presence of carbon black in the PLA host.
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Fig. 1. (a) Diagram of the proposed polarizer; (b) Photograph of the printed devices; (c) and (d)
show the refractive index and absorption coefficient of CPLA, respectively.
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Commerecial finite-element method (FEM) software (COMSOL Multiphysics) was used to
verify the operation of the proposed device. We used the electromagnetic waves, frequency
domain (ewfd) module. For the simulations we used a collimated Gaussian beam with an
amplitude of 1 V/m propagated from the top to the bottom in the simulation space (y-
direction). The mesh discretization used in the simulated space was equal to A/8 in order to
ensure accuracy and scattering boundary conditions were met. Mesh discritizations smaller
than this value resulted in no significant improvement in the numerical results (and took
longer to process). The material parameters are plotted Figs. 1(c) and 1(d). In Fig. 2, the
simulation results are shown for two different frequencies, 0.3 THz and 2.5 THz.
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Fig. 2. Numerical simulations for a 4 mm propagation length polarizer. (a) and (b) show the
simulation for the TE and TM components of the THz beam at 0.3 THz, respectively; (c) and
(d) show the simulation of the TE and TM components at 2.5 THz, respectively. The incoming
beam goes from top to bottom. The darkest areas indicate the presence of CPLA, and light
green areas indicate air.

In this figure, it is clearly observed that for 0.3 THz, the TE component is highly
attenuated in a distance no longer than 2 mm. In contrast, the TM component at the same
frequency is transmitted with almost no attenuation, showing the performance of a
conventional polarizer. Using effective-medium-theory equations [22], it is straightforward to
prove that the effective absorption coefficient of the device for the TE component is almost as
high as for the bulk material, contrary to the TM component in which the absorption
coefficient is below 5 cm™ for this particular frequency. Furthermore, the simulated results
for 2.5 THz show an inversion in the performance of the device. This time the TE component
is transmitted but the TM component is highly attenuated. Interestingly, the formation of
guided modes in the air gaps is predicted in the simulation for the TE and TM components,
similar to those formed inside a metallic rectangular waveguide [23,24].

3. Experimental characterization and results

For the experimental characterization, a Terapulse 4000 from TeraView Ltd THz-TDS
spectrometer was used. This device is capable of generating and detecting terahertz radiation
in a spectral range from 0.06 THz to 4 THz. The experiments were carried out using
transmission geometry [7] and the polarizer was mounted on a rotary holder in order to
change the angle between the vertical polarization direction of the incident beam and the strip
lines in steps of 10°. This angle was measured with respect to the vertical direction, as shown
in the inset of Fig. 3(b). Then, the signal collected by the detector was Fourier transformed in
order to extract its spectral content. In Fig. 3, the spectral amplitude and transmission of the
recorded THz beam through the 4 mm thick device are shown. In Fig. 3(a), the polarization
inversion effect is clearly detected for frequencies above 0.5 THz. Below this frequency, the
device acts in the same manner as a traditional polarizer.

The inverse polarization effect has been observed in the visible range in gold and silver
strip polarizers [20,21]. In this effect, when the wavelength of the incident light is comparable
to the period of the strips, the energy is coupled into the polarizer. This phenomenon is
similar to coupling radiation inside a waveguide, enhancing the coupled energy of the TE

#359446 https://doi.org/10.1364/OE.27.011635
Journal © 2019 Received 1 Feb 2019; revised 14 Mar 2019; accepted 21 Mar 2019; published 11 Apr 2019



Research Article Vol. 27, No. 8 | 15 Apr 2019 | OPTICS EXPRESS 11638 I

Optics EXPRESS Y X

modes [21]. For wavelengths larger than the period of the strips, effective-medium theory
predicts higher efficiencies for TM components compared to those of the TE components.
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Fig. 3. (a) Spectral content of the THz beam recorded after passing through the 4 mm polarizer
and (b) transmission amplitude. The signals were recorded from the case of polarization
direction parallel to the strip lines (TE component) to the case of polarization direction
perpendicular to the lines (TM component) in steps of 10°. The dashed lines in (b) represent
the numerical prediction of the transmission for the TE and TM components.

In Fig. 3(b), the transmission as a function of the frequency for different angles is shown.
In the entire range between 0.3 THz and 2.7 THz the transmission is less than 50% which is
natural given the 50% fill factor present in the device. Additionally, the transmission reaches
50% for higher frequencies when the incident angle is 0° (TE component) and it falls to 20%
for an incident angle of 90° (TM component). The dotted lines in Fig. 3(b) show the
numerical results for the transmission. The predictions agree well with the experimental data.
The discrepancies at high frequencies are attributed to imperfections of the printed device
which will have a significant effect at these frequencies. To further explore the dependency of
the inverse polarization effect with the geometrical parameters of the polarizer, five additional
polarizers were printed. This time, the spacing between the CPLA strip lines was varied from
0.3mm to 0.7mm keeping the thickness of the devices at 4mm. Only the transmitted
amplitudes of the TE and TM components were recorded in this experiment (0° and 90°,
respectively). In order to find the frequency at which the inverse effect appears, the ratio
between the spectral amplitude of the TE component and the TM component was determined
for every polarizer. At the inversion point the amplitudes of both components are equal: the
frequency at which this ratio was close to unity was recorded. In Fig. 4, the recorded
frequencies are plotted as blue circles. The cut-off frequency of a rectangular waveguide is
given by:

c

=

€]

where c is the speed of light in vacuum and /% is the spacing between strip lines. This is
plotted as a continuous black line in Fig. 4(a) and agrees well with the experimental data thus
it is clear that the inversion frequency can be tuned by changing the spacing between strip
lines. Additionally, in Fig. 4(b), the extinction ratio of each 0.3 mm spacing polarizer is
presented. The extinction ratio was calculated by 20log(Trg/Ttv), where Trg and Tty are the
Fourier transforms of the transmitted radiation at an incident angle of 0° and 90°,
respectively. In this figure, a sharp peak for the 4 mm and 5 mm polarizers around 0.8 THz is
observed. These abrupt changes in the extinction coefficient correspond to a minimum in the
transmittance for the TM component. These peaks are close to the Rayleigh wavelength
(dotted line) [15], that is, for this frequency the diffracted beam emerges tangentially to the
surface of the polarizer [21]. Furthermore, it is clearly shown that a remarkable improvement
in the extinction ratio is achieved by increasing the thickness of the polarizer. Our
experimental results show that extinction ratios lower than 20 dB are found for the normal
region (below 0.5 THz) while ratios higher than 20 dB are possible for the 4 mm and 5 mm
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polarizers, i.e, the TE component is ten times stronger than the TM component for the 4 mm
and 5 mm cases. In addition, Fig. 4(c) shows the transmission of the TE component through
the five polarizers. From this figure, it can be concluded that the transmission efficiency goes
down as a function of the thickness of the device. This is because ohmic losses are stronger
for thicker polarizers given the larger distance the radiation has to travel inside the device. In
contrast, the extinction ratio is improved for thicker polarizers (see Fig. 4(b). In conclusion, a
compromise between transmission efficiency and extinction ratio has to be made in the design

of the polarizer [21].
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Fig. 4. (a) Cutoff frequency as function of CPLA strip lines separation for the 4 mm thickness.
The continuous line is the theoretical cutoff frequency. (b) Extinction ratio of the different
polarizers. The dashed line is the predicted Rayleigh wavelength [21]. (¢) Transmission of the
TE component through the five polarizers.

The time-frequency distributions are shown in Fig. 5 to give more performance
information of the proposed device. These distributions were calculated by performing the
windowed Fourier transform (Gabor transform) to the THz signals using a sliding Gaussian
window with a lps standard deviation. The distributions show the arrival time of every
frequency at the detector after passing through the 5 mm polarizer.
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Fig. 5. Time-Frequency distribution of the signal recorder by the receiver for the 5 mm thick
polarizer. (a) and (b) show the time-frequency distribution for the TE and TM components
respectively. The white dashed circle indicates the remnants of the high frequencies. (c) shows
the time-frequency distribution of a reference pulse, that is, without polarizer. The image was
scaled 0.4 times. (d) a typical THz pulse waveform after the 5 mm thick polarizer. In this
figure, a clear separation between high frequencies and low frequencies is observed.

Figure 5(a) shows that all frequencies above 0.5 THz arrive at the detector at around 9 ps
for the TE component, providing experimental evidence that, for these frequencies, the
refractive index is almost constant. Conversely, for the TM component, in Fig. 5(b)
frequencies above, 0.5 THz are highly attenuated and only frequencies below this value can
propagate inside the structure. A rough arrival time of 14 ps is assumed at these low
frequency components. An approximation for the refractive index of the TM components
results in nry = 1.4, which is in agreement with the calculated results from effective-medium-
theory [22]. In Fig. 5(c), the time-frequency distribution for the reference pulse is also shown.
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As expected all frequencies arrive at the same time, around 9 ps. Comparing this arrival time
with the arrival time for frequencies in the TE component (Fig. 5(a)), we can conclude that
the refractive index for the TE components above 0.5 THz is around 1. This value is again
confirmed using effective-medium-theory equations [22] and is in agreement with the FEM
simulation results at 2.5 THz (Fig. 2). Finally, a typical waveform for the TM component is
shown in Fig. 5(d). The rapid oscillations of the THz pulse between 5 and 10 ps in Fig. 5(d)
are due to the high frequency components that leaked through the polarizer. These high
frequency components are shown in Fig. 5(b) as a slightly red area around 10ps for
frequencies from 0.5THz to 2.7 THz (circled in white). From Fig. 5(d), it is clear that the
amplitude of the THz pulse near to 11ps is zero, consequently, when the Gaussian window
(1ps standard deviation) is multiplied by that region the resulting Gabor transform vanishes.
This explains the black spot in Fig. 5(b) in the TM frequency-time distribution (circled in
blue). By taking a wider Gaussian window, more non-zeros amplitude values will be enclosed
by the window eliminating this black region, but with the cost of losing certainty in the arrival
time of every frequency.

4. Conclusion

In conclusion, we have shown that it is possible to fabricate functional polarizers for a wide
range of frequencies in the THz range by printing strip lines of conductive PLA (proto-pasta).
In this work we printed 3cm diameter polarizers made of 0.3 mm strip depositions of
conductive PLA separated by 0.3 mm air gaps. We printed five different polarizers with
different thickness from 1 mm to 5 mm. The best performance was found with the 5 mm thick
polarizer. In addition, we demonstrated the inverse polarization effect in a 3-D printed
polarizer for frequencies above 0.5 THz. This frequency matches with the cut-off frequency
calculated for a metallic rectangular waveguide with the same dimensions. This type of
printed device is quick and easy to fabricate, mechanically robust and additionally low cost,
making it an invaluable addition for future THz components for communication and imaging
applications.
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