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Abstract

Electromagnetic radiation in the terahertz (THz) frequency range, from 0.1 THz to 10 THz,
encompasses elementary excitations such as lattice vibrations in solids, rotational transitions
in molecules, and the dynamics of free electrons. Recent breakthroughs in the generation of
ultrafast high-field THz transients have not only enabled selective studies of such excitations,
but also the creation of new transient states of matter, opening up a wide range of phenomena
to be investigated in chemistry, biology, and materials science. Despite all advances, some
experiments require electric or magnetic field strengths beyond what current THz sources can
provide. Hence, field enhancement structures have attracted quite some attention. Additionally,
control over the THz polarization state is often critical, especially when the symmetry of a
particular excitation requires a very specific field direction.

In this thesis, we introduce novel concepts and structures to locally enhance the THz field
beyond the corresponding values in free space, and demonstrate new technologies to manip-
ulate the polarization state of broadband THz pulses. For experimental characterization, we
use a THz time-domain spectrometer based on photoconductive antennas, a spatially resolved
near-field electro-optical sampling setup with the capability to measure all three electric field
components, and intense THz sources based on optical rectification in lithium niobate or OH1.
We complement the experimental findings, unravel underlying principles, and optimize struc-
tures by means of numerical simulations.

This thesis begins with a demonstration of three-dimensional printing technology as a cost-
effective and time-saving tool for fabricating THz wave- and phaseplates. We fabricate and
demonstrate simple elements such as quarter- or half-waveplates, as well as more complex
structures such as g-plates or spiral phaseplates for generating THz pulses carrying angular
momentum. Next, we design field-enhancing sub-wavelength structures and use them for various
applications, for example, to develop short-period undulators for future compact x-ray sources
based on free electrons, or to study ultrafast mode switching in metamaterials based on field-
induced carrier generation in semiconductors. We demonstrate THz Stark spectroscopy as a
novel tool for time-resolved studies, allowing for the first time inferences about the static and
dynamic electrochemical properties of molecular and, in particular, bio-molecular systems in
their natural environment. Finally, we present an integrated THz waveguide platform featuring
low loss, vacuum-like dispersion, and local field enhancement. Hence, it not only allows for
reshaping-free propagation of single-cycle THz pulses, but also improves THz pump visible probe
spectroscopy over an extended interaction length. We then use this platform to demonstrate
THz-induced alignment of molecules in the gas phase to an extent that could not be achieved
with conventional setups.






Contents

1 Introduction 1
2 3D-printed THz wave- and phaseplates 10
2.1 Introduction . . . . . . . . .. L 10
2.2 Experimental setup . . . . . . . . . .. 11
2.3  Wave- and phaseplate design and fabrication . . . ... ... ... ........ 12
2.4 Results. . . . . . e e e 14
2.4.1 Quarter-waveplate . . . . . . . .. 14

2.4.2 Half-waveplate . . . . . . . . . . . 16

243 g-plate . . ..o 17

2.4.4 Spiral phaseplate . . . . . ... 18

2.4.5 Achromatic waveplates . . . . . . . . . . ... ... 20

2.5 Conclusions . . . . . . . . 21
2.6 Supplemental document . . . . ... ... 21
2.6.1 Experimental setup. . . . . . . ... L 21

2.6.2 Polarization sensitive detection . . . . . .. ... ... L., 22

2.6.3 Field pattern of the reference beam . . . . . . . ... ... 23

2.6.4 Details on the different wave- and phaseplate measurements . . . . . . . . 23

3 THz-driven split ring resonator undulator 31
3.1 Imtroduction . . . . . . . . . . . e 31
3.2 Casestudy . . . . . . . . 33
3.2.1  Geometry . . . ... 33

3.2.2 Undulator fields . . . . . . . . . .. . . 34

3.2.3 Approximate analytic model . . . . . ... ... ... L. 36

3.2.4 Single electron dynamics . . . . . . ... Lo 38

3.2.5 Electron bunch dynamics . . . . . . ... ... Lo 40

3.3 Conclusions . . . . . . . . 43

4 Ultrafast and Low-Threshold THz Mode Switching of Two-Dimensional Non-

linear Metamaterials 48
4.1 Main article . . . . . .. e 49
4.2 Supplemental document . . . . . ... .. 56
4.2.1 Details on the fabrication procedure for split-ring resonators . . .. . . . 56
4.2.2 Nonlinear THz time-domain spectroscopy setup . . . . . . . . .. ... .. Y
4.2.3 Resonant features and temporal electric field enhancement . . . . . . . . . 58



4.24
4.2.5
4.2.6

4.2.7
4.2.8
4.2.9
4.2.10
4.2.11
4.2.12

Simulation of time-dependent carrier generation . . . . .. ... ... ..
Summary of model parameters . . . . . . ... ... L.
Detailed comparison between experimental and simulation results of SRRs

on different semiconductor substrates . . . . .. ... ... ... ..
Spatial averaging over THz beam profile . . . . . . . .. .. .. ... ...
Apparent frequency shift for different gap widths . . . . . ... .. .. ..
Influence of different metals and gap geometry . . . ... ... ... ...
Time-domain analysis . . . . . . .. .. .. . L o
Evolution of mode switching dynamics . . . . . .. ... ... .......
THz pulse self-shortening . . . . . .. . ... ... ... ...

5 Time-resolved THz Stark spectroscopy
5.1 Introduction . . . . . . . . . . . e e e
5.2 Results and discussion . . . . . . . ...

6

5.3
5.4

5.2.1 Dynamics of the Stark signature . . . . ... .. .. ... ... ... ...
5.2.2 Comparison between conventional and THz Stark spectroscopy . . . . . .
5.2.3 Relevant molecular parameters . . . . . . .. .. .. ... L.
Conclusion . . . . . . . . e e
Supplemental document . . . . . ... .o Lo oL
5.4.1 Molecular systems . . . . . . . ...
5.4.2 Conventional Stark spectroscopy . . . . . . . .. ...
5.4.3 THz Stark spectroscopy . . . . . .« . .« o o

Wideband dispersion-free THz waveguide platform

Introduction . . . . . . .. oL
Waveguide design . . . . . . . .. L Lo
Fundamental mode characterization . . . . .. .. ... ... ... ... ... ..

6.1
6.2
6.3
6.4
6.5
6.6

7.1
7.2

Integrated circuits . . . . . . .. Lo oo

Conclusion . . . . . . . e
Supplemental document . . . . . ... ..o
6.6.1 Experimental setup. . . . . . . . . ... oo
6.6.2 Technical drawing of waveguide structure . . . . . . . ... .. ... ...
6.6.3 Waveguide manufacturing . . . . . . . .. ... L oo
6.6.4 Detected THz signals . . . . . . . .. .. ... .. ...
6.6.5 Dataevaluation. . . . . . . .. ..o
6.6.6 Mode pattern at different frequencies . . . . . . . ... ..o
6.6.7 Coupling and misalignment effects . . . . . ... ... ...
6.6.8 Numerical simulation . . . ... ... ... ... ... ... . ...,
THz-induced gas alignment in field enhancing waveguides
Introduction . . . . . . .. oL
Results and discussion . . . . . .. ..o Lo
7.2.1 Effect of the waveguide . . . . . . . . .. ... o L.
7.2.2 Details of the Kerr signals . . . . . ... ... ... ... ... ... ..
7.2.3 Coherent control . . . . . . ...
Conclusion . . . . . . . . . e

7.3

ii

75
76
78
78
80
82
83
84
84
86
88

103
103
104
105
107
110
110
110
111
111
112
112
113
113
115



7.4 Supplemental document . . . . . .. ..o Lo 128

7.4.1 Experimental setup. . . . . . . . ... 128
7.4.2 Field strength dependent coherent excitation . . . . .. .. .. ... ... 129
8 Conclusions 133
Acknowledgment 135

Research output list 138

iii



Chapter 1

Introduction

Electromagnetic radiation with frequencies between 0.1 THz and 10 THz lies in the so-called
terahertz (THz) frequency range. This frequency range transitions to microwaves at lower fre-
quencies, and to infrared radiation at higher frequencies. The THz range thus bridges the gap
between conventional electronics and optics — that is, two frequency ranges that are popular in
both basic research and commercial applications. However, the THz range itself has long been a
challenge for researchers due to technical hurdles in generating and detecting THz frequencies.
This even led to the term ”THz gap”, to designate this last unexplored region of the electro-
magnetic spectrum in the study of the interaction of electromagnetic fields with matter. It is
only in the last few decades that THz science has developed rapidly and is now a very active
and dynamic field with a variety of new applications in communication [1-4], nondestructive
testing [5-8] or particle accelerators [9-11], to name a few. As indicated in Fig. 1.1, THz ra-
diation encompasses elementary excitations such as lattice vibrations in solids, rotational and
vibrational transitions of molecules, intraband transitions in semiconductors, molecular and col-
lective electronic spin transitions, and the motions of free electrons. Therefore, the THz range
is important for a variety of applications in chemistry, biology, and materials science.

Weak THz fields

Nowadays, tabletop femtosecond laser systems (i.e., with a pulse duration of about 100 fs) in
the infrared and visible range can be used to generate and detect broadband THz radiation.
For example, there are THz sources based on photoconductive antennas [12, 13] excited by
femtosecond lasers with a high repetition rate on the order of 100 MHz. With the electro-
optical scanning technique [14], the electric field of the generated THz pulses can be measured
directly, so that not only the field amplitude but also the spectral phase can be detected. This
is in stark contrast to optical spectroscopy, where usually only intensities are measured.

Relatively weak THz sources are used in THz time domain spectroscopy (THz-TDS) to
measure linear optical material properties using a Fourier transform method [15, 16]. Linear
THz-TDS is a powerful tool for characterizing material properties and the underlying fundamen-
tal processes. For example, rotational and vibrational transitions in gaseous or liquid molecular
samples can be studied to identify chemical components such as amino acids, peptides, and
explosives, which is particularly important for pharmaceutical or security applications. In con-
densed matter samples, THz-TDS can be used to study interband transitions in semiconductors,
the dynamics of photocarrieres, or strongly correlated electron systems [15].



Chapter 1 — Introduction

Electronics Photonics
THz region
S . X
> P -
%
S ~ Spin ‘Hk 5
o precession -« — N 'qi;;
a - Molecular =
3 vibration o
2 ~ Phonons g
: e £
s Molecular ¢ Electronic
L ¥4 rotation motion
1 I 1
0.1 THz 1 THz 10 THz
3mm 300 pm 30 um
10 ps 1ps 0.1 ps
0.4 meV 4 meV 40 meV
Figure 1.1: Overview of fundamental excitations in solids and molecular systems in the THz

frequency range. The axis labels indicate the wavelength, oscillation period, and photon energy
corresponding to the THz frequency.

Unlike THz sources and detectors, passive THz optical elements — such as mirrors, lenses,
or waveguides — can be fabricated relatively easily. Since the THz free space wavelengths are on
the order of 100 pm, the required accuracy for such elements can be achieved using conventional
manufacturing methods such as CNC machining or three-dimensional printing.

Strong THz fields

With the advent of high power table-top femtosecond laser systems, strong THz sources became
available which are based on optical rectification in nonlinear crystals such as lithium niobate
(LiNbOs3), zinc telluride (ZnTe), or OH1 organic crystal [17]. Previously, intense THz sources
were only found in large-scale facilities such as synchrotrons or free-electron lasers. In addition
to improved availability, femtosecond laser systems also have the advantage that they can be
used for time-resolved nonlinear spectroscopy on ultrashort time scales. Typically, these systems
deliver THz single-cycle pulses at kHz repetition rates and peak electric field strengths ranging
from 100 kV/cm to several MV /cm. The duration of a THz cycle is on the order of a picosecond,
which is slower than typical electronic motions. Therefore, one can study the non-resonant
distortion effect of the electronic potential leading to new dynamical states of matter.

Since the energy of the THz photons matches the energy of elementary excitations as shown
in Fig. 1.1, it is possible to target a desired excitation. This allows controlled manipulation of
processes as well as resonant manipulation of properties of matter, such as distortion of lattice
structure, collective spin excitations, rotational/vibrational control in molecular systems, and
charge carrier dynamics. For detailed information, there are several excellent reviews on the
generation of high-field THz pulses and their application in spectroscopy [18-25].



Field enhancement structure

The study of nonlinear material properties is ultimately limited by the available THz field
strength. Therefore, great efforts have been made to improve THz sources and THz focusing.
In free space, focusing is limited by diffraction, but stronger THz fields can be generated in
specially designed sub-wavelength structures that locally enhance the incident THz field. Similar
sub-wavelength structures are also at the core of so-called meta-materials with unique optical
properties not found in nature. In most cases, the enhancement occurs in micron or sub-
micron insulating gaps between conductive elements such as dipole antennas (see reviews [26,
27]). Field enhancement of several orders of magnitude is found within nanometer-size regions,
yielding field strengths so far exceeding 10 MV /cm in some cases [28, 29]. Waveguide-based
field enhancement structures have also been demonstrated [30] and applied, for example, in
particle acceleration [31].

Numerical simulations

The theory of light and electromagnetism is described by Maxwell’s equations, known since the
19th century. However, even if we know the governing equation, we often cannot find analytical
solutions to real-world problems where electromagnetic radiation interacts with various objects,
such as the interaction of a THz pulse with a field enhancement structure. This is where
numerical methods for solving the partial differential equations come into play. In the finite
element method (FEM), for example, the space of the system under consideration is divided
into thousands to millions — or even billions — of smaller and simpler elements called mesh cells.
This corresponds to a large system of equations that models the entire problem. This system
of equations can be solved using computers, with the available computer memory ultimately
limiting the maximum number of mesh cells. Numerical simulations are nowadays usually
performed using commercial software packages such as CST Studio Suite [32] and COMSOL
Multiphysics [33].

Numerical simulations have two main strengths. First, quantities can be studied that cannot
be directly measured experimentally. Therefore, simulations provide a better insight into the
underlying microscopic mechanism. Second, simulations are a cost-effective and time-saving
method to study versatile problems. Therefore, structures can be tested and optimized (e.g., in
terms of field enhancement) prior to experimental implementation.

About this work

This cumulative thesis summarizes the technologies developed and the proof-of-principle exper-
iments performed during my PhD at the Institute of Applied Physics at the University of Bern.
In chapter 2 we start with the development of THz optics to control the polarization state and
waveform, which is crucial for many strong THz-field applications such as nonlinear THz spec-
troscopy or for applications in free electron accelerators. As an example of such an application,
a novel short-period undulator based on a THz-driven split ring resonator structure featuring
field enhancement is discussed in chapter 3. Even higher field enhancement are demonstrated
in chapter 4 considering ultrafast mode switching in metamaterials with nanometer-sized gaps.
In chapter 5, we demonstrate a novel spectroscopy method for time-resolved THz Stark spec-
troscopy. To achieve higher field strengths in such nonlinear spectroscopy, we have developed
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a versatile THz waveguide platform (chapter 6) and demonstrate its ability to take nonlinear
spectroscopy to the next level (chapter 7).
In detail, this thesis is organized as follows.

e Chapter 2 (published in Opt. Ezpress 29 (17), 27160-27170 (2021))

In many applications of intense THz pulses, control over the THz polarization and the
wavefront is crucial. For example, radially polarized THz pulses are used to accelerate
free electron bunches [10], or vortex beams carrying orbital angular momentum are used
to study dichroism of antiferromagnetic resonances [34]. In this context, we demonstrated
that various wave- and phase-plates can be manufactured by three-dimensional printing.
We used numerical simulations for optimizing the structures, and we experimentally char-
acterized their performance in detail by spatial characterization of all three electric field
components. This work is of general interest for the THz community due to the cost-
efficient and time-saving manufacturing technique for optical components with similar
performance as commercial products.

The entire work was carried out at the Institute of Applied Physics at the University
of Bern. T. Feurer coordinated and supervised the project. The numerical simulations,
waveplate manufacturing, and measurements were performed by D. Rohrbach. B. J.
Kang and T. Feurer provided useful input for the measurements and the data analysis
and assisted in writing the manuscript.

e Chapter 3 (published in Phys. Rev. Accel. Beams 24, 010703 (2021))
One application of intense THz pulses is the manipulation of free electron bunches. In this
work we propose a short period undulator based on the electromagnetic field pattern in
a THz-driven split ring resonator structure. The resonator structure locally enhances the
electric field, which in turn forces the electron bunches on an oscillatory trajectory. We
developed an analytical model and compared different geometric configurations in detail
using numerical simulations. This concept can be used as compact novel x-ray sources.

This work is a collaboration between the Lawrence Berkeley National Laboratory (LBNL)
in the Unites States, and the Institute of Applied Physics. T. Feurer coordinated and su-
pervised the project. D. Rohrbach performed the numerical simulations. C. B. Schroeder
and W. P. Leemans from LBNL helped with the simulation and the development of an
analytical model. Z. Ollmann and M. Hayati assisted in writing the manuscript and with
the data analysis.

e Chapter 4 (published in Nano Lett. 22 (5), 2016-2022 (2022))

Another application of intense THz pulses is ultrafast mode switching in metamaterials.
Here, the electric field of a THz pulse is locally enhanced in nanometer-sized gaps of split-
ring resonators and triggers nonlinear carrier generation in the semiconductor substrate.
These additional carriers in turn change the resonance mode of the split-ring resonators.
To get better insight into the observed nonlinear response, we developed coupled three-
dimensional time-domain simulations for the electromagnetic fields and the carrier gen-
eration processes in the semiconductor substrate. Our results clarify which mechanisms
of charge carrier generation prevail in different semiconductor materials and what their
dynamical features are.


https://opg.optica.org/oe/fulltext.cfm?uri=oe-29-17-27160&id=456010
https://link.aps.org/doi/10.1103/PhysRevAccelBeams.24.010703
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04776

This work is a collaboration between the Laboratory for Micro- and Nanotechnology,
the Paul Scherrer Institute (PSI) in Switzerland, and the Institute of Applied Physics.
T. Feurer coordinated and supervised the project. The sample were manufactured and
measured by F. D. J. Brunner, S. Bagiante, and H. Sigg. B. J. Kang evaluated the
experimental data and D. Rohrbach carried out simulations that confirmed and extended
the experimental results.

Chapter 5 (submitted)

In this chapter, we demonstrate that the electric field of intense single-cycle THz pulses
induces a Stark shift in molecular samples and can therefore be used for ultrafast time-
resolved Stark spectroscopy in liquids. THz Stark spectroscopy offers several advantages
over conventional Stark spectroscopy, where the sample must be frozen in order to prevent
poling effects.

This work is a collaboration between Temple University (United States), the Chemistry
and Biochemistry Department at the University of Bern (Switzerland), and the Institute
of Applied Physics. T. Feurer coordinated and supervised the project. B. J. Kang, E. J.
Rohwer, and D. Rohrbach performed THz Stark experiments, analyzed data and wrote the
manuscript. S.-X. Liu, R. J. Stanley, S. Decurtins, E. Zyaee, A. Cannizzo and T. Feurer
discussed and analyzed all results. M. Akbarimoosavi, E. J. Rohwer, S. E. Meckel and R.
J. Stanley performed conventional Stark experiments and suggested ways to improve the
analysis. G. Sorohhov, S. Decurtins, and S.-X. Liu prepared samples. A. Borgoo and M.
Cascella performed DFT calculations.

Chapter 6 (submitted)

To further increase the available field strength in nonlinear THz Stark spectroscopy, we de-
veloped a broadband dispersion-free THz waveguide platform featuring field-enhancement.
To ensure efficient coupling of free space single-cycle THz pulses, we present a judiciously
designed horn antenna. Based on the robust waveguide platform, we demonstrate a com-
pact power splitter and a THz-interferometer for waveform synthesis for potential appli-
cations in coherently controlled nonlinear interactions.

The entire work was carried out at the Institute of Applied Physics at the University
of Bern. D. Rohrbach and B. J. Kang performed the experiments and analyzed data.
D. Rohrbach performed the numerical simulations. D. Rohrbach, B. J. Kang, E. Zyaee,
and T. Feurer discussed all results and contributed to writing and reviewing of the final
manuscript.

Chapter 7 (In preparation for submission)

To demonstrate the capabilities of our THz waveguide platform, we consider THz-induced
alignment of gas molecules due to the interaction between their dipole moment and the
THz electric field. Compared to the standard free space focusing of THz pulses, the THz
waveguide approach increases the acquired signal in two ways: The electric field is locally
enhanced and the interaction length is extended. We experimentally demonstrate a signal
increase by more than an order of magnitude, allowing us to detect features that we could
not measure otherwise.

The entire work was carried out at the Institute of Applied Physics at the University of
Bern. D. Rohrbach, H.-M. Frey, and B. J. Kang performed the experiments and analyzed
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data. D. Rohrbach, H.-M. Frey, B. J. Kang, E. Zyaee, and T. Feurer discussed all results
and contributed to writing and reviewing of the manuscript.

Additional work

During my PhD, I contributed to further projects and publications which are not within the
scope of this thesis:

o K. Topfer, A. Pasti, A. Das, S. M. Salehi, L. I. Vazquez-Salazar, D. Rohrbach, T. Feurer, P.
Hamm, and M. Meuwly, Structure, Organization and Heterogeneity of Water-Containing
Deep Eutectic Solvents in J. Am. Chem. Soc., (2022), DOI: https://doi.org/10.102
1/jacs.2c04169.

This work provides molecular-level insights in deep eutectic solvents using molecular dy-
namics simulations in combination with two complementary spectroscopic techniques —
2D infrared spectroscopy and standard linear THz spectroscopy.

e D. Rohrbach, C. B. Schroeder, A. Pizzi, R. Tarkeshian, M. Hayati, W. P. Leemans, and
T. Feurer, THz-driven surface plasmon undulator as a compact highly directional narrow
band incoherent x-ray source in PRAB 22, 090702 (2019), DOI: https://doi.org/10.1
103/PhysRevAccelBeams.22.090702

In this work, we propose a short period undulator based on THz-driven surface plasmons
in graphene, which features only minor field enhancement.

e 7. Ollmann, D. Rohrbach, B. J. Kang, M. Hayati, R. Tarkeshian, T. Feurer, H. W. Kim,
I. H. Baek, K. Y. Oang, M. H. Kim, , Y. C. Kim, K.-H. Jang, and Y. U. Jeong, THz
streaking of relativistic electron bunches (in preparation for submission)

This work focuses on pulse duration and temporal jitter measurements of ultrashort elec-
tron bunches using a THz streak camera.

e B. J. Kang, M. A. Stucki, D. Rohrbach, H. Park, S. J. Hong, Y.-M. Bahk, and T. Feurer
Optical-induced nonlinear dynamics of complementary THz meta-surfaces on long-carrier
lifetime semiconductor (in preparation for submission)

In this work, we investigate complementary THz meta-surfaces and characterize their
nonlinear dynamics induced by optical pumping.
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Abstract

Three-dimensional printing based on fused deposition modeling has been shown to provide a
cost-efficient and time-saving tool for fabricating a variety of THz optics for a frequency range
< 0.2 THz. By using a broadband THz source, with a useful spectral range from 0.08 THz to
1.5 THz, we show that 3D-printed waveplates operate well up to 0.6 THz and have bandwidths
similar to commercial products. Specifically, we investigate quarter- and half-waveplates, g-
plates, and spiral phaseplates. We demonstrate a route to achieve broadband performance, so
that 3D-printed waveplates can also be used with broadband, few-cycle THz pulses, for instance,
in nonlinear THz spectroscopy or other THz high field applications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

2.1 Introduction

Recent progress in the development of THz systems led to a variety of new applications in com-
munications [1-4], nondestructive testing [5-8| or particle accelerators [9-12], to name a few.
For THz beam transport and beam manipulation, these systems need different passive THz
optical elements, such as mirrors, lenses, beam splitters, waveguides, or waveplates. Beside con-
ventional fabrication methods, such as cutting, milling, polishing, or etching, these elements can
also be manufactured using a three-dimensional (3D) printer. Different 3D-printing technologies
exist, but the most popular uses fused deposition modeling (FDM). This 3D-printing technique
has several advantages: It is time- and cost-efficient, shows good reproducibility, and requires
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2.2 Experimental setup

no post-processing. Since the minimum feature size of most 3D-printers is around hundred
microns, this fabrication method is best suited for the sub-THz range [13]. Printable materials
are usually polymers with a THz refractive index around 1.5, which is favorably low for trans-
mission type optical elements. In addition, a negligible absorption coefficient is essential and
is provided, for instance, by polystyrene or by the cyclic olefin copolymer (COC) TOPAS [14,
15]. A variety of 3D-printed devices have already been demonstrated, e.g., THz lenses [14, 16],
gratings [14, 16], waveguides [17], axicons [18], phaseplates [19, 20|, half-waveplates [13] and
g-plates [21]. A comprehensive review on different 3D-printed structures for THz applications
is found in [15].

Most of these studies were performed in the frequency range between 0.1 THz to 0.2 THz
and used continuous wave, narrowband THz sources. To the best of our knowledge, except for
reference [20] pulsed broadband THz sources have never been used, for instance, to determine
the useful bandwidth of 3D-printed THz waveplates. By using such a source, we characterize
waveplates in a frequency range from 0.08 THz to 1.5 THz. We consider the most important
waveplates for THz applications, namely quarter-waveplates (QWP), half-waveplates (HWP),
g-plates and spiral phaseplates (SPP). We show that the operation frequency can be adjusted by
a proper scaling of the design and we measure the useful bandwidth of all wave- and phaseplates.
Finally, we outline a route toward achromatic waveplates, specifically we demonstrate a QWP
design with a twice as large bandwidth compared to the standard QWP. This principle can be
extended to other waveplates as well.

2.2 Experimental setup

The THz-pulses are generated by a photo-conductive antenna (PCA) gated by a bias voltage
and exited by 780 nm, 100 fs laser-pulses at a repetition rate of 80 MHz. We mount a wire
grid polarizer to define the THz polarization state to be linear horizontal. The source is imaged
with two aspheric lenses with a focal length of 50 mm and 25 mm to the detection plane. In
between the two lenses the THz beam has a diameter (1/e?) of about 40 mm and is nearly
collimated. Here, we mount the waveplate under investigation. The second lens focuses the
modified THz beam and we use a near-field THz scanning microscope to characterize the electric
field distribution at the focus as a function of time and transverse position. We cannot measure
the electric field directly after the waveplate since the field strength there is too low. However,
the measured electric field distribution in the focus is related to the field distribution after the
waveplates by a two-dimensional Fourier transformation. Note that we also Fourier transformed
the results of numerical simulations and analytical models before comparing them with the
measured spatial distributions in the focal plane. The only caveat is that the second lens might
modify the THz polarization due to the different Fresnel coefficients for the horizontal and
vertical polarization component, but we calculated this effect to be less than 5%.

A detailed description of the near-field scanning unit is given in the supplemental document
and in references [22, 23]. Briefly, the electric field of the THz pulse is measured through
electro-optic sampling using ZnTe crystals. The spatial resolution is approximately 20 pm. The
detection unit is mounted on a motorized x-, y- and z-stage, such that the electric field can
be raster-scanned. By using either a (110)-cut or a (100)-cut ZnTe crystal we can measure
the horizontal, vertical, and longitudinal components of the THz electric field as a function of
transverse spatial position and cover a frequency range from 0.08 THz to 1.5 THz. Note that
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due to imperfections of the coating and of the ZnTe-crystals, the detection efficiency varies
for the different crystal orientations, and we estimate these variation to be smaller than 10 %.
Based on the statistical analysis of multiple measurements we estimate the error in the measured
phase to be of order 0.1 rad in the frequency range of interest. In the following we consider
these amplitude and phase errors in the error propagation.

2.3 Wave- and phaseplate design and fabrication

In order to manufacture a birefringent metamaterial, out of which the waveplates were fabri-
cated, we consider a one-dimensional array of alternating layers with a refractive index of n;
and ng with a corresponding layer thickness of L; and Ly. The effective refractive indices n.
and n, for an electric field polarization parallel and perpendicular to the layers are given by
[24, 25]

2 o  1[A 2 2 ? 2 2  1[A —2 —2 3 ?
ne =nj+3 X7”71772(”1 —nj) Mo = N1+ 3 | 7N (n? —ny?)nyni |, (21)
where A = L1 + Lo is the period of the structure, A is the free-space wavelength, and
m = Li/A and ny = Lo/A are the filling factors of the individual components. We defined
nﬁ = mn? + non3 and n? = (mn;? +772n2_2)_1. Equation (2.1) is only strictly valid for
A > naA [26] assuming ny > ng. In the limit of A > A, the indices of refraction asymptotically
approach n. ~ nj and n, ~ ny. For lower wavelengths, diffraction from the periodic one-
dimensional grating structure degrades the performance of the waveplate.

Prior to fabrication, all waveplate designs were optimized by time-domain simulations per-
formed with CST [27]. The simulation volume contained a single unit cell of the grating and
we used periodic boundary conditions in transverse directions. The incident THz pulse was
modeled as a plane wave and open boundary conditions were used in the propagation direc-
tion. With the help of the simulations the design parameters of all waveplates, i.e., grating
period, height and filling factor, were optimized within the limitations of the printing process.
Specifically, we fixed the wall thickness to a value determined by the nozzle of our 3D-printer.
Then, we ran parametric sweeps for the period and the structure height and selected the best
combination.

The wave- and phaseplates were fabricated using standard FDM technology with an Ulti-
maker 2+ 3D-printer. We use commercially available COC-filaments, which have a measured
refractive index of 1.53 and an absorption coefficient of less than 1 cm ™! for frequencies between
0.2 THz to 0.8 THz [14]. The waveplates are based on a grating-like alternating air (n; = 1)
and filament (ng = 1.53) structure with the design parameters calculated from Eq. (2.1). All
waveplates were printed in less than 12 hours using a nozzle diameter of 0.25 mm and a layer
height of 0.1 mm. The nozzle temperature was set to 210°C and the build plate temperature
to 70°C. All the waveplates have a 3 mm thick 3D-printed cylindrical support plate with a
diameter of 50 mm. In order to minimize imperfections from 3D-printing we selected the wall
thickness for all waveplates such that walls are printed as single lines from the extruder. Mea-
surements revealed a wall thickness of (0.224+0.02) mm, which is slightly smaller than the nozzle
diameter. The error of 20 pm is due to thickness variations in the printing process. In order to
minimize their influence we used, whenever possible, a filling factor well below 0.5. As a result
the 3D-printed structure shows a birefringence of approximately 0.12, which is more than two
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times higher than that of standard THz waveplates made out of quartz [28]. This is of special
interest for the low THz frequency range, where standard waveplates tend to become rather
bulky. From the frequency dependent birefringence An(f) we calculate the structure height to
h = %m, where c¢ is the speed of light in vacuum and ¢ is the target phase retardance
at frequency f. Due to the minimum feature size and the accuracy of the FDM technology,
the smallest useful period A is approximately 0.3 mm. As a result, the waveplates are limited
to frequencies up to approximately 0.6 THz. Photographs of different 3D-printed wave- and
phaseplates are shown in Fig. 2.1. Note that also much larger waveplates can be printed if

needed. With our printer the maximum size is limited to 223 x 223 mm?.

Half-waveplate Spiral phaseplate

Figure 2.1: Photographs of a 3D-printed half-waveplate, g-plate, and spiral phaseplate. The
two insets show a top- and side-view of the half-waveplate structure (Photographs are provided
by Rhoda Berger).

First, we printed QWPs and HWPs with a design similar to the one proposed in reference
[13], but scaled to the more than two times higher design frequency of 0.35 THz. The grating
structure has a period of 0.7 mm and the grating height is 1.9 mm for a QWP and 3.8 mm for
a HWP. To evaluate the influence of the grating period, we manufactured an additional HWP
with a 1.1 mm period while keeping the grating height constant. Moreover, to demonstrate the
tunability we fabricated a QWP and a HWP both with a higher design frequency of 0.5 THz.
Here, the grating period was reduced to 0.4 mm and the grating height to 1.5 mm (QWP) and
3.0 mm (HWP). Next, we printed ¢-plates, which locally act as HWPs whereby the orientation
of the fast axis changes as a function of azimuthal angle. For a g-plate with a topological charge
of ¢ = 0.5, the angle of the fast axis changes as a(p) = 0.5¢0+ g, where ¢ is the azimuthal angle
and qq is an offset corresponding to the plate orientation. The layout of the grating structure
consists of a set of profile curves in the xy-plane each given by y(x) = £1/yo(yo + 2x), where
Yo is the intercept of the considered curve with the y-axis. Note that the grating period and
the filling factor change depending on the distance to the origin. The profile curves are chosen
such that the grating period is 1.1 mm at a radius of 0.8 cm. Closer to the origin, the grating
period is smaller, whereas further away it is larger. The grating height is fixed to 3.8 mm.

Spiral phaseplates, which change the orbital angular momentum of the THz beam, do not
require a birefringent material, but a phase retardance that decreases or increases linearly with
azimuthal angle. For a SPP with a topological charge of +1 at the design frequency f, the
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