











CHAPTER 4. TERAHERTZ LOSS ENGINEERING
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Figure 4.2.23: Square cassette design for broadband characterization of uniaxially anisotropic
materials (a), and a picture of the characterization setup in the lab (b).

Obtained S-parameters for both polarizations are given in Fig. 4.2.24, where a highly
dichroic response becomes apparent. For E |, insertion loss increases systematically
with carbon loading. Samples A30 and A60 exceed 20 dB and 30 dB loss, respectively,
across the whole 67-500 GHz rage, whereas insertion loss for Aj stays less than 10 dB
and for A10 less than 13 dB. For E‘H , all samples exhibit amplified insertion loss,
exceeding 26 dB for the A5 sample and 60 dB for the A60 sample. For this
polarization, samples A30 and A60 are not well resolved above 220 GHz as they are
approaching the noise floor (~ —90 dB). Sharp dips in transmission can be seen for
samples A30 and A60; their origin is unclear without further investigation. They
could indicate resonant phenomena or higher order mode coupling. Reflection
coefficient for £, starts at above -10 dB in the WR-10 band for all samples and then
decreases. Taking the extreme cases of samples A5 and A60, it is seen that A60 is
more reflective than As, which can be explained on the grounds that higher carbon
content translates to higher conductivity and therefore sharper impedance mismatch
at the input. However, an 1:1 relationship between increasing carbon content and
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CHAPTER 4. TERAHERTZ LOSS ENGINEERING

increased reflection is not immediately obvious for all samples across all bands. The
qualified bandwidth for A5 and A10 covers the entire bands WR-5.1, WR-3.4 and
WR-2.2. On the other hand, when EH’ sample A10 has a qualified bandwidth of 340
GHz (160-500 GHz) and sample A30 of 242 GHz (258-500 GHz). Reflection for

sample A5 is constantly kept above -10 dB.
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Figure 4.2.24: Measured S-parameters for the aligned GAIN samples in both polarizations.

To better understand the shielding properties of the material, shielding efficiency
components are plotted in Fig. 4.2.25. For E |, samples A5 and A10 achieve
(normalized to thickness) SE 4 up to 11 dB and 13.6 dB/mm, respectively, in the
140-500 GHz range, while staying within the qualified bandwidth. Sample A30

achieves up to ~ 37 dB/mm while also staying within the qualified bandwidth in the
258-500 GHz range. Sample A60 reaches as high as ~ 55 dB/mm towards the high
end of the frequency range, but at times violates the qualified bandwidth (in the range
of 240-290 GHz, 395-430 and 470-495 GHz). For EH , A5 does not comply to the
qualified bandwidth in any band, but A10, A30 and A60 do in the ranges 160-500
GHz, 258-500 GHz, and 330-500 GHz respectively. There, they achieve
extraordinary normalized SE 4 of up to 60-70 dB/mm. The total shielding efficiency
is higher for EH compared to E , for all samples and all bands.
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Figure 4.2.25: Shielding efficiency components for the aligned GAIN samples in both polar-
izations.

The dichroic properties of the material can be understood by calculating the
extinction ratio, shown in Fig. 4.2.26a and defined as

ER = 101log(|Sy; | |?) — 101log(|Sa, |2) (dB). Equivalently, the diattenuation can be
defined as D = (|Syy ;| — [Sa1,*)/(1S21,1 [ + |S21,?) € [0, 1], with 1 translated to
high polarization selectivity and o to no polarization selectivity, shown in Fig. 4.2.26.
A high degree of dichroism is observed in all samples. Sample A5 has extinction ratio
20 dB at the lowest end of the frequency range and reaches 40 dB at 500 GHz.
Sample A10 reaches as high as 50 dB. Remarkably, sample A60, which has the most
graphene layers, achieves a lower extinction ratio compared to other samples over the
140-500 GHz range.
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Figure 4.2.26: Extinction ratio for aligned GAIN samples (a), and diattenuation (b).

Overall, the aligned GAIN samples behave as broadband, polarization selective
attenuators. When the electric field is parallel to the fiber orientation -and therefore,
stronger currents are induced-, transmission is strongly suppressed. For the
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perpendicular orientation, transmission is higher but still considerably lossy. For
example, in WR-5.1, A5 still shows 7 dB insertion loss for £ , while A60 reaches 40
dB, therefore both polarizations see an effectively opaque material with heavy
graphene loading. At the same time, polarization selectivity is high with extinction
ratio in the 25-40 dB range.

4.2.6 Methods

A Rohde & Schwarz ZVA-24 VNA was used to drive pairs of frequency extenders for
up-converting the frequency in the following bands: 67 to 110 GHz (WR-10 band,
Agilent N5260A), 140 to 220 GHz (WR-5.1 band, Rohde & Schwarz ZC220), 220 to
330 GHz (WR-3.4 band, Rohde & Schwarz ZC330) and 325 to 500 GHz (WR-2.2
band, Virginia Diodes Inc. WM570-VNAX). Discontinuities in the S-parameters at
the frequency points where bands change are because of the use of different
frequency extenders. Linear waveguide tapers were used for broadband
characterization. For the aligned GAIN characterization, sample A120 was not
available for the characterization described here, but was characterized - along with
the rest of the samples - using TDS techniques (available in Paper VI). mTRL
calibration was performed using line standards of 1 mm, 1.2 mm, 2.1 mm. Time
gating spans where necessary were determined by inspection of reflection peaks in
the time domain.

Additional Raman spectroscopy and X-ray photoelectron spectroscopy
characterization was performed to confirm graphenic content and identify surface
elemental composition. These, as well as additional SEM and TDS data, as well
detailed sample preparation, are available in papers IV-VI.

4.2.7 Achievements and novelty

This section of the thesis introduced and validated waveguide-integrated terahertz
absorbers that share a common architectural idea: a porous matrix with an
electrically lossy sp? carbon network. The first, a network of randomly oriented
7-Al, O, nanofibers, is characterized over the 67-500 GHz range, spanning 4
frequency bands. The second, a FWCNT/NFC aerogel, is measured over 220-330
GHz. Together, they demonstrate carbon-based integrated waveguide absorbers on a
device level, maintaining low reflection and strong in-volume loss across a wide
spectral range. Building on this, a variant of the first absorber with highly aligned
nanofibers as opposed to randomly oriented is also investigated for its
polarization-selective attenuation properties.

Beyond materials, this work contributes measurement methodology for multi-band
material testing in the THz range, with proper de-embedding that can be used both
for isotropic and uniaxially anisotropic materials, eliminating the need to fabricate

multiple samples for each band.

Fig. 4.2.27 compares the shielding performance of the absorbers demonstrated in this
thesis against various state-of-the-art absorbers in the literature, highlighting the
potential of the investigated materials to be used as effective terminations.
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Figure 4.2.27: Comparison of shielding efficiency components (shielding efficiency due to
absorption normalized to sample thickness) between this work and other state-of-the-art ab-
sorbers as reported in the literature. In this figure: A: [232], B: [222], C: [233], D: [205], E: [204],
F: [234], G: [235], H: [225], I: [236], J: [237]. For aligned GAIN, the A60 sample is used as ref-
erence. For CNT/NFC, sample A short is used as reference.

4.2.8 Limitations and future outlook

Across these studies, effort was dedicated to developing a broadband, rapid
characterization technique in the THz range for lossy materials, for evaluating their
potential as effective integrated absorbers on a device level. However, several
limitations still exist: accurate calibration for THz bands require standards with
precision fabrication, as fabrication tolerances are very small in these frequencies
[238]. These studies utilized commercially available calibration standards as well as
custom-made standards fabricated using CNC milling. Furthermore, manual
placement of some samples inside the small waveguide aperture will inevitably come
with unintended air gaps, which can also introduce uncertainty in the obtained
S-parameters. The MUT region is overmoded, since for higher-frequency bands this
waveguide region is far beyond the cutoff of the first higher mode. This could slightly
bias higher insertion loss which is in fact attributed to higher order mode conversion.
However, it has been shown in the literature that overmoded waveguide sections in
fact can compensate for air-gap tolerances [239]. Nevertheless, the precise impact of
these effects is the scope of future studies.

Notes and clarifications

The reflection coefficient at the interface of a MUT in a waveguide is
r'=(Z;,,—2y)/(Z;, + Z,), where Z;, the input impedance looking into the MUT and
Z, the characteristic impedance for the medium of incidence (the modal impedance
of the waveguide in this case, and not that of air, as is implied in paper V). Measured
/521 in the case of CNT/NFC aerogels (paper V) does not in fact change with CNT
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loading, since it is the attenuation constant that is affected by this. Indeed, the slopes
look similar across CNT loadings. The slopes do change for different thickness
however, as it would be expected.

4.3 Free space THz absorber

4.3.1 Results

The sample is a monolithic, disk-shaped hierarchically porous carbon-silica
composite, fabricated by binding waste-derived carbon powder with a
tetraethoxysilane (TEOS) based silica network to form a lightweight plate (Fig.
4.3.28a). The final part used for electromagnetic testing measures 7.52 mm in
thickness and 89 mm in diameter (Fig. 4.3.28b). This sample is characterized by
hierarchical porosity, with a meso- to macroporous morphology, as it is confirmed by
both low temperature nitrogen adsorption-desorption and mercury intrusion
porosimetry analysis (details of this characterization available in Paper VII). The
multi-scale porosity of the sample is documented here using SEM microscopy (Fig.
4.3.29), with pores spanning from a few nanometers to several micrometers. Such
hierarchically porous carbon-based materials with high surface area can be exploited
for broadband absorption over a wide range of frequencies by amplifying internal
scattering and ohmic dissipation, and have exhibited promising stealth properties in
the microwave regime [240, 241], but their THz performance is still largely
unexplored.

ki 1) 60°C, 3 hours, AIR
Tetraethyl Orthosilicate )soo °C, 6 hours, He

(TEOS) 3) 300°C, 1 hours, O, Add TEOS

h = SFL L>-L>—

o =

carbon powder homogenizing

. : |
M;
(b)

Figure 4.3.28: Fabrication process of the carbon-silica sample (a), and final, disk-shaped sam-
ple (b).
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Figure 4.3.29: SEM images of the carbon-silica composite with multiscale porosity, in differ-
ent magnifications.

For rigid, stiff and brittle samples like the one in this work, integration inside a
waveguide is very challenging without destruction, unless the sample is formed inside
the waveguide cavity directly. For such samples, free-space methods might be used.
Complete characterization of the material implies full S-parameters, however for
electrically thick (~ 5), at 200 GHz), lossy samples, a 2-port free space THz
measurement would push the measurement to the limits of the instrumentation’s
dynamic range. An 1-port measurement in 140-220 GHz is utilized here, assessing
the stealth properties of the sample.

To properly characterize the sample, a free-space calibration is used as illustrated in
Fig. 4.3.30. A reflective, Au-plated wafer is used as a short and offset short, and a
commercial absorber tile as a matched load. The reference plane is then moved at the
face of the MUT [242]. The antenna illuminating the sample is a standard horn
antenna with an integrated dielectric lens (27 dBi), connected to the flange of a
WR-5.1 (140-220 GHz) frequency extender module.
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Figure 4.3.30: Free space 1-port calibration method.

Two measurements are performed: one with the MUT backed by air, and one with the
MUT backed by PEC. From a transmission line point of view, the input impedance at
the first interface of the absorber is [100]:

Zy, + Z, tanh(~d)

Ty = 2y 2L T2 0
in =17 + Z, tanh(vd)’

(4.3.9)

with Z; the characteristic impedance of the absorber, v = « + j§ the propagation
constant in the absorber and Z; the impedance of the medium behind the absorber.
Here, the absorber is treated as a homogeneous lossy slab of thickness d illuminated
by a plane wave, which in turn means the distance to the antenna is at least equal to
the Fraunhofer distance. The reflection coefficient at the front face of the absorber
then is:

Zin — 2y

in = m (4.3.10)
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After some algebra, it can be shown that [243]:

To1 + Ty exp(—2vd)

, .3.11
1+ Tl exp(—2vd) (4-311)

Fin(ZL) -

with Ty, = (Z, — Z,)/(Z; + Z,)) the front single face reflection coefficient and
'y, =(Z, —Z,)/(Z;, + Z,) the single second face coefficient. For a PEC-backed
sample, Z; = 0. Then, after some algebra, Eq. (4.3.11) becomes:

Loy —exp(—2vd)

LinprCc = T— Ty, exp(—27d)" (4.3.12)
For an air-backed sample (Z; = Z;), Eq. (4.3.11) becomes:
Dinair = o1 Ao eeemd) (4.3.13)
’ 1—T3, exp(—2vd)
Their difference, after some algebra, is:
T exp(—2yd)(1 =Ty )(1 —T5,) (4.3.14)

o T = .
inalr = SILPEC T D exp(—29d)) (1 — T2, exp(—2yd))

Fig. 4.3.31a shows the (calibrated) reflection of the sample in the WR-5.1 band, and
Fig. 4.3.31b the corresponding shielding efficiency. Both the PEC-backed and
air-backed measurements are similar, and stay below -10 dB for most of the band.
According to Eq. (4.3.14), this means that either |T'y; | = 1 (which would translate to
|S11] = 0dB), or exp(—2ad) << 1. In other words, the lossy slab is
electromagnetically semi-infinite, and no field returns returns from the second
interface. The average shielding efficiency due to reflection across the band is 0.26
dB, with |S;;| < —10 dB for ~ 83% of the measured frequency range.
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Figure 4.3.31: Reflection of the carbon-silica sample (a), and shielding efficiency due to re-
flection (b).
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4.3.2 Methods

Structural characterization (XPS, EDS) confirms a hierarchically porous carbon-silica
composite with a TEOS-derived silica matrix and sp?-rich amorphous carbon,
exhibiting meso- to macro-porosity. Details can be found in paper VII. Time gating
was performed to measured reflection to remove unwanted echo from multipath (Fig.
4.3.32).

|S11] (dB)

~~- Short standard

—40 4 === Free sample
-~ Backshorted sample
-+ Free sample, time gated

140 150 160 170 180 190 200 210 220
Frequency (GHz)

Figure 4.3.32: Measured reflection prior to and post-time gating.

4.3.3 Limitations

It is possible to extract dielectric parameters of a lossy dielectric based on reflection
alone [242]. However, this method demands very accurate positioning of the MUT to
the reference plane with regard to calibration, which can be very challenging in THz
frequencies. Moreover, it also assumes that the surface of the sample is flat, and
illumination occurs in the far field region of the antenna (so that the wave is locally
plane). Laser alignment was used to ensure that the sample’s center is aligned with
the boresight of the antenna and minimize diffraction by the edges. Overall, these
sources of experimental uncertainty have a stronger impact on phase. A PTFE sample
of same size to the carbon-silica sample was measured and compared against the
theoretical reflection (Egs. (4.3.9)-(4.3.10)) of a PTFE slab to verify that the
measurement indeed captures the reflectivity from the sample (Fig. 4.3.33).

TANNN

@ 27|
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Theory, PTFE
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Figure 4.3.33: PTFE measured and theoretical reflection.
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Conclusions and future work

5.1 Concluding remarks

The research presented in this thesis is twofold and was motivated by two critical
needs for the advancement of terahertz technology: the need for low-loss,
photonics-inspired, all dielectric devices for efficient terahertz waveguiding and
radiation, as well as engineered high loss for effective terahertz terminations. Both
challenges are addressed by developing and experimentally validating a collection of
novel passive components that significantly expands the available THz

toolbox.

On the low-loss front, this thesis demonstrated advanced design paradigms for
creating robust, high-performance, all-silicon devices. By employing flat optics
principles, a perforation-free parabolic reflector antenna was realized, achieving wide
bandwidth, flat gain and low sidelobe levels without the mechanical fragility of
lattice-based structures. Furthermore, the combined application of transformation
optics, effective medium techniques and silicon micromachining processes enabled
the design of a Maxwell fisheye lens waveguide crossing, addressing the fundamental
mode-mismatch problem and achieving state-of-the-art crosstalk suppression. These
contributions prove that complex, quasi-optical functionalities can be monolithically
integrated onto a silicon chip, paving the way for more sophisticated on-chip signal
routing and functionalities at THz frequencies.

On the high-loss front, this work demonstrated the use of lightweight, porous,
carbon-based nanocomposites as highly effective broadband THz absorbers. Through
systematic investigation across three distinct platforms—as surface-wave
terminations for dielectric waveguides, integrated loads for hollow metallic
waveguides, and as free-space absorbers, these materials were shown to provide
strong absorption with minimal reflection. A key contribution was the development
of robust, multi-band characterization methodologies that can be equally used for
isotropic and uniaxially anisotropic materials.
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In summary, this thesis has provided practical solutions to critical needs in the THz
domain. By advancing the design of both low-loss and high-loss passive components,
this research contributes essential building blocks for the realization of the next
generation of complex, integrated, and high-performance terahertz systems.

5.2 Future Research Directions

The findings and methodologies developed in this thesis lay the groundwork for
several promising avenues of future research:

5.2.1 Advanced All-Silicon Systems

While this work focused on individual passive components, the next significant step is
their integration into complete subsystems and systems. The low-crosstalk
waveguide crossing could serve as a key-component of a multi-port beamforming
network. Similarly, the parabolic reflector 3-dB coupler proposed could also be used
in such a beamforming network. Combining the parabolic antenna with other on-chip
processing elements could lead to a complete all-silicon, low profile radio/radar
frontend. Furthermore, the hybrid integration of these advanced passive structures
with active devices, remains a critical area of research for building complete
transceiver systems.

Beyond these systems, the demonstrated capability to realize GRIN profiles via
effective medium techniques invites future research into other optical functionalities
on-chip. An Eaton lens, as an example, could be used to realize 90° waveguide bends.
Another example would include the realization of Bessel and Airy beams on-chip,
using either conventional or transformation optics techniques.

5.2.2 Tunable and Anisotropic Absorbers

The passive absorbers demonstrated in this work could be evolved to create active
devices. Some of the carbon nanomaterials investigated, like graphene, exhibit
properties that can be modulated via an external electrical or optical stimulus. This
opens the possibility of developing tunable THz components, such as variable
attenuators, switches, and modulators, based on the demonstrated absorber
platforms. Moreover, the strong dichroism observed in the aligned nanofiber
composites suggests a path toward creating polarization-control devices. Future work
could focus on optimizing this anisotropy to design high performance, on-chip
polarizers or polarization-selective filters. A deeper investigation into the relationship
between the nanocomposite’s morphology (e.g. pore size, carbon loading, fiber
alignment) and its complex permittivity would enable a more predictive design
process for materials with tailored electromagnetic properties. Moreover, for the
dielectric waveguide absorbers discussed in Chapter 4, polarization-dependent
response can be investigated, since it is plausible that the TM mode with its electric
field perpendicular to the nanotube films will undergo significantly less attenuation
than the TE mode investigated here.
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5.2.3 Metrology and Packaging

For practical deployment of future THz, advances in metrology and packaging are
essential. The flange-based measurement techniques used in this work could be
complemented by techniques that yield more traceable, more repeatable results, by
accurately de-embedding the coupling spikes and removing the effects of manual
misalignment that are sources of experimental uncertainty. Future work could focus
on designing robust and low-profile packaging blocks that house the silicon devices
without compromising their electromagnetic performance. These packaging blocks
could feature standard IEEE-compliant waveguide flanges, complete with alignment
pin holes and screw patterns for integration with standard measurement
instrumentation. Such modules would transform the fragile silicon components into
robust devices. This would not only eliminate the primary source of measurement
uncertainty by ensuring a highly repeatable mechanical interface but also facilitate
the adoption and comparison of these components across different research groups,
mirroring the standardization that has been crucial for conventional metallic
waveguide technology.
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