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The figure on the cover page shows a collection of various metamaterial shapes, which are imprinted
onto the intensity cross-section of fs-laser pulse by a spatial light modulator. The intensity profile

is recorded with a charge-coupled device camera.
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1. Introduction

1.1. Electromagnetic spectrum and THz frequencies

The terahertz (THz) spectral range roughly covering frequencies from 0.1 to 50 THz is a highly
interesing spectral region. In the 1970s, the field of terahertz spectroscopy gained popularity
[ , | through its usefulness in probing numerous low-energy excitations, e.g. electronic
band structure or lattice vibrations in solids, charge carrier dynamics in fluids or vibrational and
rotational degrees of freedoms of molecules in gases | ) |. In modern science, THz radi-
ation is utilized for the examination several low-energy excitations as shown in figure 1.1. In solid
state physics, magnons | |, cooper pairs in high-temperature semiconductors | |, ioniza-
tion energies of excitons in semiconductors | ], phonons | ] or polaritons [ ] can be
excitation with terahertz radiation. Likewise in gases and fluids, several rotational and stretching
modes of molecules have their resonances in the THz regime | ]. In addition, scale-model
experimentation with THz radiation allows for studying the behavior of longer wavelengths, e.g.
propagation in random media | .

Regarding application-oriented science, higher operation speed, especially in the wireless telecom-
munication, is aspired. Devices, such as wireless local area networks (WLAN) | ], fiber telecom-
munication schemes | | and FETs | | are gradually approaching bandwidths on the THz

scale to fulfill those needs. Furthermore, the low-energy and therefore non-destructive character of

THz radiation is beneficial for in vivo applications in biology and imaging in medicine [ ], se-
curity | ] and body scans | ]. Lately, the enhanced detection of microorganisms | ]
and sugar [ | using terahertz metamaterials was shown.

A natural source of terahertz radiation is black-body radiation with temperatures higher than 10 K.
While this thermal emission is faint, it is crucial for astronomical observations in the interstellar
medium | ]. Advanced techniques in optical rectification and photoconduction | , ]
allowed access to terahertz radiation through multimode lasers | , ], such as Ti:sapphire
based lasers and FELs. Van Exter et al. introduced terahertz time-domain spectroscopy (THz-

TDS), which allowed for the extraction of complex material parameters.
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Figure 1.1.: The terahertz regime covers the frequency domain of 0.1 to 50 THz, corresponding to wave-
lengths from 6 to 3000 pm. It lies inbetween the microwave and near infrared regions (NIR). Shown in
the inset are various low-energy excitations such as spin excitations, lattice vibrations, excitons in solids or
vibrational modes of molecules.
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1.2. Light management/control by metamaterials

Terahertz radiation occupics an intermediate position in the clectromagnetic spectrum, filling the
gap between infrared and microwave radiation. Conventional optics made from glass are useless
for THz applications because of excessive extrinsic losses from charged defects | ]. On the
other hand some materials, including polymers, dielectrics and semiconductors are highly trans-
missive. Especially polymers, such as Teflon (PTFE) or polyethylene (PE) are transparent and
almost dispersion free | ] at low THz frequencies and used as windows and lenses | ], but
lose their transparency at higher frequencies. Metal surfaces or coated mirrors are commonly used
as reflectors or when parabolic shaped as focusing, steering and collimating devices | ].

In contrast to these established optics, polarization optics are difficult to realize with natural ma-

terials. Instead periodic artificial subwavelength structures (a < 1%), so called, metamaterials have

been introduced | ], whose properties are not mainly based on constituent atoms, but designed
structure. Metamaterials can be utilized as wire grid polarizers | ], waveplates [ , ]
or frequency filters | , |. The manufacturing process, typically lithography | | or
deposition | ], however is exigent and the outcome is a static, binary element.

Although basic control over THz radiation can be established with passive optical elements, tra-
ditional metamaterials typically offer only narrow bandwidths. Bingham et al. combined various
types of unit cells, superimposing their resonances | | for broadband properties. While these
metamaterial groups enable exact tailoring of the optical properties, they remain static. Nonethe-
less dynamic elements like modulators, switches and frequency shifters are needed for short-range
wireless THz communication or ultrafast THz interconnects, but cannot be realized with the pre-
vious lithography or deposition processes.

There are several proposals for active/tunable metamaterials | |, which can control trans-

mission and reflection of the source radiation. These involve direct structural change to the unit

cells by varying capacitance or conductance | |, through nanomechanical actuators [ 1,
using chemically | ], thermally | , ], electrically [ ], magnetically | ] or
optically [ | sensitive materials to change material properties. These active metamaterials

achieve high transmission and reflection tunability, but small spectral tunability and are extremely

demanding in processing.

1.3. This thesis

In this thesis, we conversely present an all-optical approach for versatile and selective active meta-
materials in the THz regime. [lluminating a semiconductor with photons of energies, exceeding that
of the bandgap, induces clectron-hole pairs that contribute to the conduction of clectrical charge.
When projecting an intensity distribution, i.e. a gray scale image, on the semiconductor, this mask
will be converted into a spatially varying density of charge carriers in the semiconductor, inducing

a refractive-index landscape as shown in Figure 1.2. A spatial light modulator (SLM), a liquid
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Figure 1.2.: A programmable mask shapes the spatial intensity profile of an infrared fs pump pulse, which
is incident on a semiconductor slab. According to the Drude model, a local photo-excitation leads to an
decrease of the local refractive index. therefore creating a transient refractive index landscape. When shaped
corresponding to the effective medium theory, the subwavelength landscape can modulate a propagating THz
probe similar to a metamaterial. The modulation lasts, while the excitation remains, but decays after a short
time (roughly ps to us), allowing trausient control over the propagating THz radiatiou.

crystal display, enables reconfigurable spatial light shaping. Photo-generated metamaterials have
been theoretically proposed by Rizza et al. | ] and photo-generated THz wire grid polarizers on
Si have been recently demonstrated by Kamaraju and coworkers by illumination through a printed
mask [ ]. Georgiou et al. | ] demonstrated all-optical generation of dipole antennas at
THz frequencies. Photo-generated THz diffraction gratings by a spatial light modulator was estab-
lished by Okada [ , ]. Busch and Xie | , | achieved THz beam steering using
photoactive diffraction gratings.

While offering great flexibility regarding structure shaping, photo-generated metamaterials pose
challenges in realization. The quality of the transient metamaterial depends crucially on aberration-
free imaging. Furthermore the efficiency of THz modulation requires high dielectric contrast be-
tween illuminated and dark areas. Therefore, a superior modulation depth of the SLM is necessary.
At the same time, disturbances in the SLM operation like phase fluctuations, voltage crosstalk and
surface curvature of the LCD | , | have to be compensated or minimized through various
calibration/modulation techniques.

To accomplish this goal, THz-TDS probes the semiconductor comparing an unexcited reference and
induced dielectric properties under varying pump-patterns and -intensities. Generated through op-
tical rectification in a Zinc telluride (ZnTe) crystal, THz radiation passes through a semiconductor
is measured in a electro optic sampling (EOS) setup allowing precise mapping of the electric field
and phase in the time domain.

By using photo-induced free charge carriers in semiconductors, transient metamaterials offer a
unique method to dynamically and flexibly control terahertz radiation. A liquid crystal technique
is presented, which allows fast (300 Hz) and precise probe-pulse modulation.

To evaluate the modulation of the transient structures in semiconductors, the transmitted THz
transient is measured and compared to the unexcited transmission. With this technique the com-

plex optical properties, e.g. phase, can be extracted. Fitting the Drude model to homogeneously
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excited samples gives infromation about the free charge carrier generation and therefore complex
refractive index. The fluence dependency of the complex refractive index is used to validate the
Babinets principle for transient wire-grid polarizers, which are studied regarding size, fluence and
polarization variations. A dynamically generated transient wire grid polarizer is presented, which
competes with current static mask induced polarizers. Furthermore, transient THz antennas are
established, enabling broadband filtering. Utilizing a rectangular ring pattern, the induced carrier
distribution shows resonance behavior in the low frequency THz regime. The thesis is concluded
with an outlook towards narrow band-stop filter metamaterials, which are promising for future

applications.






2. Theoretical background

This chapter briefly reviews the concept and fundamental theory for transient THz modulation.
Tlluminating a semiconductor layer with photons exceeding the bandgap energy generates electron-
hole pairs that, according to the Drude model, contribute to the conduction of electrical charge.
When projecting an image on the semiconductor, this image will be converted into a spatial charge
carrier distribution in the semiconductor, which is proportional to the pump power. For a ns time
frame, the induced charge carriers are confined to these illuminated areas, and the projected image
is translated into a local permittivity modulation, as shown in figure 1.2. Based on the effective
medium approximation, the incoming THz radiation cannot distinguish between the individual
permittivity variations, but instead receives an effective response, which is governed by the geometry
of confined charge carriers. In the following, the generation of programmable masks for selective
photo-excitation and thus induced electron conductivity inside the semiconductor is explained. The
effective medium approximation and relation between metamaterials and complementary structures

according to Babinet’s principle is reviewed.

2.1. Metamaterials

Metamaterials are composite structures, typically consisting of conductive metal and dielectric sub-
strate, that are engineered to modify the electromagnetic properties of materials. The dimensions
of a unit cell are smaller than the operation wavelength (~ A\g/10), so they can be operated in
the quasi-static limit | , |. In this fashion, incoming radiation cannot distinguish the
individual components. As can be seen in figure 2.1, the local E field distribution over a unit cell
varies slowly so the excitation can be approximated as an uniform field. Derived from the effective
medium approximation, the total properties can then be described by the macroscopic qualities,
such as electrical permittivity (¢) and magnetic permeability (). The properties of metamaterials
are mainly controlled by their geometry but less by the intrinsic properties of the materials, offering
scalability. As Maxwell’s cquations arc scalc invariance, the geometric effect at one frequency can be
reproduced to the other by scaling their dimensions accordingly. Especially in the low THz regime,
wavelengths are around hundreds of micrometers, making unit cells more practical compared to

the optical regime.



2. Theoretical background

A
>)
Y

Figure 2.1.: Light propagating though a 1D metamaterial array in the long wavelength limit A > a is not
sensitive to the microscopic detail, but to the macroscopic response. Metmaterials can thus be treated as
homogeneous media, which are governed by geometry but less by intrinsic propertiess.

2.1.1. Effective medium theory

Various effective medium approaches like the Maxwell-Garnett or Clausius-Mossotti approximation
were used to determine the dielectric constant of periodic composite materials. The long-wavelength
limit is a very important case for which some analytical general results are available from theories
known as effective medium theory or mean-field theory in the literature. One important result is
the genuine equivalence between periodic artificial media and homogeneous material. For instance,
1D periodic structures are equivalent to uniaxial crystals with form birefringence [Bor70]. For these
structures, the effective permittivity for a plane wave being normally incident to the surface and

polarized in the x-y plane, the parallel and orthogonal polarized are given respectively by
1 1 1
=7 /e(x)dm and €l = A/z—:(x)dx (2.1)

where A denotes the period, e the relative dielectric permittivity of the periodic structures and the
integral describes spatial averaging. 2D and 3D periodic structures are in general equivalent to

biaxial crystals, but, with few exceptions, no closed-form expressions exist.

Example effective medium: wire grid polarizer

A common example for metamaterials are wire grid polarizers (WGP). WGPs have been studied
extensively as subwavelength structures consisting of periodically aligned wires, which reflect po-
larization of incident wave parallel to the wires while transmitting perpendicular polarization. The
electromagnetic wave polarized parallel induces free movement of electrons along the length of the
wire, generating a current on the metal surface and energy loss due to joule heating, whereas the
remaining wave is reflected. In case of perpendicular polarization, the electron mobility is limited
by the width of the wires. There is a negligible amount of the energy both lost and reflected.
Thus most of the incident wave is transmitted through the grid. Therefore WGPs can be utilized
as polarizers or polarizing beam splitters. The cffectiveness of WGPs depends on the relationship
between periodicity and wavelength, while the spacing between wires and their widths specify the
application wavelength.

A schematic diagram of the WGP is shown in Fig. 2.2. Material properties are represented by their
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Figure 2.2.: Subwavelength wire grid polarizer: When an unpolarized wave is incident on the WGP,
polarization parallel (||) to the wires is reflected, while perpendicular polarization (L) is transmitted. The
effectiveness of the WGP depends on dielectric contrast, which is described via the complex refractive index
for the metallic wires and dielectric medium n1, ns, respectively, the metal fill factor f, grating period A
and -height h.

refractive indices: nq is the complex refractive index for the metallic wires, no is the refractive index
of the dielectric medium; f stands for the metal fill factor, A is the grating period (A < A, A - wave-
length of illumination wave) and h is the grating height. The first attempt to apply the effective
medium theory to the analysis of WGP was reported by Yeh et al. | ] and Yeh [ , ]
The authors proposed that a periodic layered medium consisting of layers of different homogeneous
and isotropic materials following in sequence behaves as a uniaxial birefringent medium. The

effective refractive indices of this composite structure are given by | ]

nrp = \/fnd + (1 - f)n3 (2.2)
A=)
nM = 2 + 2 (2.3)

The lower indices TE and TM correspond to the polarization of the electromagnetic field with

respect to the orientation of the metallic wires.

2.1.2. Complementary metamaterials and Babinet’s principle

Babinct formulated a principle relating the diffraction from a perfectly conducting infinitely thin
screen and its complement [ ]. The sum of the complex amplitude of the diffracted signal
observed after a screen and its complement are the signals amplitude in presence of no screen. This

is the scalar form of Babinet’s principle, however an analogous theorem, extending its use to that
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of vectorial EM fields was derived by Booker in 1946 | ]

The complementary field EG,B§ of an incident electric field Eg, By, is defined as

E° = —cBy and B§ = Eo/c, (2.4)

which corresponds to a 90° rotation (E§,Bf) around the propagation axis. The full vectorial
formulation of Babinet’s principle states that the field E€, B¢ behind a complementary screen

illuminated by a complementary field EG,Bf is given by

E¢ = E + B (2.5)

B®=B¢ - E/c, (2.6)

where E and B are the scattered fields behind the positive structure. The total fields behind the
structurc arc the superposition of the incident and the scattered ficlds. The total clectric ficld
behind the structure (z > 0) can be considered a duplicate of the total magnetic field behind the

screen and vice versa
E°=cB and B°=E/c. (2.7)

Note that on the left-hand side of the screen (z < 0) the scattered fields have opposite sign to
ensure, that both the total magnetic polarization perpendicular to the screen and the total electric
field polarization parallel to the screen vanish, as required for a perfectly conducting surface at
(z=0). From (2.6) it follows that the total electric field of a SRR, E, and the total magnetic
field of the CSRR, B¢, in the region behind the structure (z > 0) are related by E + ¢B¢ = cBg.
Therefore, the transmission coefficient ¢¢ for the CSRR illuminated by the complementary wave in
(2.4) is related to the transmission coeflicient ¢ for the SRR by

t4t°=1. (2.8)

Instead of utilizing the complementary, its possible to rotate the complementary structure by 90°,

which in the experiment is realizied through the SLM.

10
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Figure 2.3.: Illustration of Babinet’s principle which, relates the scattered fields E, B and EC, B¢ behind
complementary perfect electrical conducting structures.

Split-ring-resonator (a) and its complementary
screen (b) illuminated by complementary incident fields.
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Figure 2.4.: Artificial illustration of nematic liquid crystals. These rod-shaped organic molecules have no
positional order, but a self-aligned long-range directional order with their long axes roughly parallel. The
majority of nematics are uniaxial i.e. one axis is longer and preferred, while the other two being equivalent,
making the LC birefringent. Picture taken from [Lial5].

2.2. Patterned photo-excitation

2.2.1. Spatial light modulator

The creation of a dynamical controllable spatial confined illumination necessitates precise position
dependent filtering capabilitics. These will be realized through pixel-wise polarization modulation
via a computer controlled spatial light modulator. The SLM consists of liquid crystal pixels. LCs
arc matter in a thermodynamic stable phasc characterized by anisotropy of propertics without
the existence of a three-dimensional crystal lattice. Typical properties are cigar-like molecular
structure, rigidness of the long axis, and strong dipole or easily polarizable substituents. The
nematic phase is characterized by long-range orientational order, i.e. the long axes of the molecules
tend to align along a preferred direction, but only short-range positional order, as shown in figure
2.4. The overall preferred orientational axis is defined by a vector n(r), which is called director,
even though the locally preferred direction may vary throughout the medium.

Due to the uniaxial character of LCs, the dielectric susceptibility of a nematic is characterized by
two components €| and ¢, which are the susceptibilities along and perpendicular to the long axis
respectively. Correspondingly, we can introduce ordinary no = /e and extraordinary refractive
index n, = VE|| as can be seen in figure 2.5(a). When light propagates through a birefringent
medium with the polarization directions deviating from the birefrigent axes, both field components
respond to another susceptibilities. Therefore, the polarization state changes during propagation
due to the change in relative phase of the two linearly polarized components. The modulation
depends on sample length and strength of birefringence, which can be utilized for spatial light
shaping. While the (ordinary) refractive index for an electric field along the short axis remains

constant, the effective extraordinary refractive index

ELe
= . 2.
Eeff €1 cos20 + 5Hsi1129 (2.9)

12
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Figure 2.5.: (a) The unaxial character of LC induces a birefringence, modulating a propagating electro-
magnetic wave depending on its polarization direction in either phase or polarization. (b) Cross-section
of SLM device with multi-layer structurc. This device is equipped with an active-matrix silicon circuit on
the backplane, allowing electrical control over orientation order of the parallel-aligned nematic LC layer.
Additionally, the backplane serves as a reflective plane by depositing a dielectric mirror layer on the sur-
face. Pixelated metal electrodes were fabricated on the active-matrix circuit with HD resolution (1920x 1080
square pixels) and high fill factor (91%). The LC layer is sandwiched in between alignment layers attached
to a glass substrate via transparent electrodes. Picture (a)/(b) taken from | , ].

for an electromagnetic wave depends on the angle 8 between electric field and long axis of the crystal.
The polarization modulation is therefore determined via the angle between incident clectric ficld
and director. While a linear polarized field parallel/perpendicular to the director only experiences
a phase shift, any angle in between leads to a polarization modulation.

By applying an electric field, the director changes its orientation and aligns along the electric
field, giving direct control over the angle between field and director. Consequently, the effective
refractive index and therefore the strength of birefringence change. This phenomenon is utilized in
a spatial light modulator (SLM) for beam shaping. As shown in figure 2.5(b), this device consists of
1920 x 1080 pixels, which contain parallel aligned nematic liquid crystals. A voltage can be applied
to each pixel separately, whereby the effective refractive index of the display can be varied pixel-
wise. An incoming beam, that propagates through the translucent pixels, experiences a voltage
dependent spatial polarization modulation and will be reflected by the dielectric mirror beneath.

By passing through a filter, the polarization modulation can be translated into an amplitude profile.

13



2. Theoretical background
2.2.2. Properties of photo-excited semiconductors

In an unoccupied semiconductor all electrons are bound in the valence band, prohibiting all low
of charge, making the semiconductor insulating | |. On the contrary, free charge carriers in
the conduction band allow the semiconductor to conduct electrical charge. The ability to control
the electron conductivity is one of the key properties of semiconductors. This control can be
achieved by exciting carriers from the valence band to the conduction band through thermal-
[ ], photo-excitation | , ], chemical doping [ ] or electrical injection of charge
carriers | ]. In this thesis, the accessible electron conductivity via photo-excitation is used
to generate a charge carrier distribution, allowing control of transmitted THz radiation.

To estimate the spatial conductivity and tailor it accordingly, we apply the Drude model. In this
model conduction electrons are assumed to behave as a gas of freely moving charges. This movement
is constantly randomized by collisions with imperfections and defects in the lattice, leading to
velocity relaxation. The material permittivity as a function of the conductivity induced by free
charge carriers can be derived from the Maxwell’s equations. The relative complex permittivity e

depends on frequency and carrier density as per

w2
e(x,y,w) = n?(z,y,w) = (1 - ﬁ n?, (2.10)

T

where 7 is the mean collision time of the charge carriers.
Since f{ree electrons are charged and delocalized, they can be described from an electromagnetic
point of view as a plasma. A plasma can be driven into a coherent oscillation, where the natural

resonance occurs at the plasma frequency

INe2cZy

The screened plasma frequency is determined by carrier density N in the conduction band, ele-
mentary charge e, light velocity ¢, free-space impedance Zy = 3772, unexcited refraction index n.
(e.g. Si: moo = 3.42) and the effective mass m* of the conduction electrons, which depends on the
band-structure of the conductors (e.g. for ST approximately 0.26 times the free-electron mass). By
sufficicntly strong photo-cxcitation of a scmiconductor, the plasma frequency w, becomes larger
than the probe frequency w, therefore n assumes a large imaginary part, implying strong attenua-
tion and mectallic bechavior. Combined with the spatial light control mechanism introduced in the

previous section, a tailored refraction index landscape can be produced.

14



2.2. Patterned photo-excitation

11
10 300 !
(a) —s () —Re()
250! —Im() ||
P
I'200 [
10
— 10 c
o
I S 1501
= c
A\ 2
30. . L:> 100
10 o
QO 507
a
0 L
8 ‘ ‘
10 ) | | | ‘
1014 1016 1018 500 ] 5 3 4 5
Carrier density [cm™] Frequency [THZ]

Figure 2.6.: (a) Plasma frequency w, of Si for different carrier concentrations. (b) Relative complex
permittivity ¢ for Si as a function of frequency. All Curves are calculated with the Drude model using
parameters as mentioned in the text.
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3. Experimental details

In the second part of this thesis, the experimental prerequisites for a transient THz modulation are
introduced and explained. As described in chapter 2.2.2, illuminating a semiconductor with photons
of energies exceeding the bandgap, induces electron-hole pairs that contribute to the conductivity.
The pump pulses, containing these photons, are generated by a Ti:Sapphire oscillator and two stage
amplifier system. When projecting an image on the semiconductor, this image will be converted
into a spatial profile in the local concentration of charge carriers. Within short timescales, induced
charge carriers are confined to these illuminated areas, leading to a local permittivity contrast.
The photo-genceration of THz wire grid polarizers on Si was recently demonstrated by Kamaraju
and coworkers by illumination through an optical mask | ]. In the following the laser system,

optical imaging, THz gencration and detection will be explained in detail.

3.1. Laser system

A laser oscillator is based on an optical cavitiy /resonator and an active medium, which coherently
amplifies light by stimulated emission. For amplification, the active medium must exhibit popu-
lation inversion, which can only be achieved through an external energy supply. In this work, a
titanium-doped sapphire crystal (Ti:sapphire) is optically pumped by a pulsed frequency-doubled
Nd:YAG (neodymiumdoped yttrium aluminum garnet; Nd:Y3Al;O12) laser at 532nm. The ultra-
short pulses of the Ti:sapphire laser (approx. 8 fs) with pulse energies of 6.5 nJ at a repetition
rate of 80 MHz are generated through mode locking. The resonance frequencies (modes) of the
resonator within the gain spectrum of the Ti:sapphire crystal (roughly 670 to 1100 nm | |) are
interconnected through a fixed phase relation. In Ti:sapphire, passive mode locking occurs via Kerr
lensing, which is a third order non-linear optical effect, causing stronger amplification for intensive
parts of the pulse. The output is than in a 3:1 ratio. The stronger part is used as the seed for
further amplification, while the weaker part is required for the electro-optic sampling within the
THz detection, which will be explained in an adjacent chapter.

A two stage amplifier system is used to enhance the stronger part of the oscillator pulse from
nJ to mJ energies. First, the 8 fs seed pulses are stretched to a pulse length of picoseconds to
minimize the influence of higher order non-linear effects due to too high peak intensities in the
amplification process. Otherwise, these cffects would distort the pulses or cven lecad to damaging
optical elements. The first amplification stage consists of two Ti:sapphire crystals. By reducing
the repetition rate to 1 kHz, the limited output power of the crystal (1-10 W) is bypassed. One

crystal is operated in a regenerative mode, in which the laser pulse passes several times through

17
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Figure 3.1.: An oscillator generates femtosecond pulses with a central wavelength of 780nm (red lines) at
a repetition rate of 80 MHz. These pulses are sent to a pulse stretcher before they enter two amplification
stages, after which they traverse a pulse compressor. Ounly a part of the 80MHz pulse train is amplified,
which results in a reduction of the repetition rate to 1 kHz. Part of these NIR pulses with a wavelength offset
are mixed in a non-linear crystal, such as ZnTe, leading to an optical rectification process, while the other
part is used for photo-exciting the semiconductor. The generated picosecond THz pulses (blue lines) and a
part of the oscillator pulsc co-propagate through the studied sample to a detection crystal to record the THz
time trace via electro-optic sampling. The THz pulse induces a birefringence that changes the polarization
of the co-propagating 780nm gate pulse. In the balanced detection stage, two photo diodes record the change
of the state of polarization of the gate pulse. Subtraction of two subsequent photo diode differences, and an
additional amplification of the signal with a boxcar unit and a computer (PC), yvields the electric field of the
THz transicnt as a function of timec.

the Ti:sapphire crystal, where at each subsequent trip the pulse energy increases. The other crystal
works in a single pass mode. After this first amplification stage, the stretched pulses hold a pulse
energy of 10 mJ at a repetition rate of 1 kHz. In the second amplification stage, a Nd:YAG laser
pumped Ti:sapphire crystals is used in single pass mode. To avoid thermal lensing, the crystal is
cooled with liquid helium to roughly 60-70 K. After splitting the output in two equal parts, the
process is concluded as each part is sent into their own compressor, reducing the pulse duration
to 40 fs. The overall output is two 800 nm beams with a combined pulse energy of 15 mJ at a

repetition rate of 1 kHz.

18



3.2. Imaging setup
3.2. Imaging setup

Photo-excitation of semiconductors allows direct control over the complex refractive index. How-
ever, metamaterials utilize their small size and periodicity to form an effective homogeneously
modulation. To exhibit the aspired modulation, the single unit cell has to be tailored precisely,
requiring a high quality projection setup.

A polarized pump beam is sent in reflection through a polarizing beam splitter (PBS), after which
the beam impinges at normal incidence on a spatial light modulator. On the return pass through
the PBS, only pixels, which have rotated the polarization of the pump, will be transmitted by the
PBS, directing this light onto the sample.

The resolution of the projected image is limited by the pixel size of the SLM, which is 8 x 8 ym?.
This is highly sub-wavelength at THz frequencies and can be further improved through demagnify-
ing optics. The modulation of terahertz radiation via photo-generated metamaterials requires high
imaging resolutions, therefore one of the goals to get diffraction-limited performance. Perturbations
such as optical aberrations, electric cross-talk of pixel and display curvature of the SLM have to
be well known and minimized. In the following, possible problems are discussed and the quality of

the spatial confinement is characterized and optimized.

Optical aberrations and local image quality

A useful technique to determine the response of a system is the transfer function. To measure
the imaging quality of a system, the point spread function (PSF) is utilized. The PSF or impulse
response describes how a point source is imaged by the projection system. The degree of spreading
(blurring) of the point object is a measure for the quality of an imaging system. In practice the
shape of the PSF is often a combination of multiple optical effects, including diffraction, aberration,
defocus, and etc. Figure 3.2 illustrates six of the most typical optical effects and their corresponding
PSFs. The five basic types of aberration due to geometry of lenses, mirrors, which are applicable
in a monochromatic system are known as Seidel aberrations. Furthermore, aberrations due to
dispersion (9On/0w # 0) have to be considered.

Astigmatism is an anisotropic effect that gives rays in two perpendicular planes different foci.
Vertical and horizontal elements are in sharp focus in two different planes. Astigmatism errors are
corrected by designing the system to provide precise spacing, shapes and indices of refraction for
individual lenses.

Comatic aberrations describe a variation in magnification over the entrance pupil, so that it affects
off-axis points on the object. It leads to a comet-like tail. The comatic abberation of lens or a
system can be minimized by matching the curvature of the lens surfaces to the application.

The focal length is dependent on the refractive index, resulting in a failure to focus all wavelengths
to the same convergence point. These chromatic aberrations manifest themsclves as fringes of
color along boundaries of dark and bright areas of the image. While monochromatic light is not
affected, the spectral broadband nature of femtosecond pulses, demands correction of chromatic

aberrations. Otherwise no precise photo-excitation can be warranted. An achromatic lens, which
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Figure 3.2.: Illustrate of six of the typical optical aberrations, which are corrected in the used projection
setup, and their resulting PSFs (simulated). (a) Astigmatism leads to two different focus planes for perpen-
dicular rays. (b) Comatic aberrations result from a variation in magnification and manifested in comet-like
tail. (c) Chromatic fringes are created due to dispersion. (d) Defocus describes a displacement of the fo-
cus plance. (¢) Spherical surfaces cannot create a perfect spherical phase profile, resulting in different focus
planes. (e) Tilt leads to a displacement of the focus position, nut not the plane. (f) shows diffraction limited
optimal imaging.
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Achromatic Image SLM /
SLM doublet pair Back focal plar

Figure 3.3.: Utilized 2f imaging system for projection of the SLM onto the semiconductor sample. An
achromatic matched lens pair avoids the image distortion due to plasma fluctuations, while minimizing
chromatic aberrations. Furthermore the lenses are matched for demagnification, increasing the possible
pump intensity and cnabling smaller metamaterial structures.

consists of multiple cemented lenses with different amount of dispersion, allows counterbalancing
of the chromatic abberation.

A more obvious kind of aberration is defocus. Defocus means that wave fronts are converging
properly, but not to a point in the desired plane. The concept of defocus can be extended to a
displacement in the transverse direction. This can be fixed by adjusting the focus length of the
lens system, or re-positioning the setup.

In contrast to 1st order geometrical optics, spherical surfaces do not create a perfect spherical
phase profile. The result is, that rays parallel to the optical axis at different radii will have different
focal planes. These aberrations are called spherical. Like chromatic aberrations the shape and
composition of achromatic lenses can be used to limit the effects of spherical aberration.

Since the direction of propagation is defined by the normal vector to the phase front, tilting the
phase front will change the location of the focal point. A tilt corresponds to a linear slope. It is
not considered a real aberration, since it does not bend the wave fronts. Tilt aberrations can be
fixed by realigning the wave front, this can be done by adjusting in-coupling mirrors.

To compensate for most aberrations, modern lens design applies lenses of different shapes and
materials | , , |. to get diffraction-limited performance. Diffraction occurs because
light as a wave will bend around obstacles and spread past them. The shape of diffraction PSF
of a circular aperture is referred to as airy disk, as shown on the bottom in figure 3.2. As shown
in figure 3.3, a matched achromatic doublet pair is utilized in this experiment to reduce optical
aberrations and map the SLM in a 2:1 ratio onto the sample for improved sub-wavelength studies.
A single SLM pixel (8 pum pitch) gets demagnified in a 2:1 ratio illuminating roughly 4 pum area.
A conventional telescope of two lenses would allow demagnification, but the intensity of the pump
pulse are sufficient high to generate a plasma in each focus spot, that would significantly change
the projected image due to plasma fluctuations. While a single biconvex lens would avoid this, the
achromatic doublct pair offers the advantages of achromatic lenses, while preventing a focus spot
between both lenses.

Alongside the imaging conditions, the focus size of the incident THz radiation on the sample has to

be considered, whose FWHM has been measured as 1.3 mm. The incoming optical beam has a beam
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Figure 3.4.: Figure (a) shows how the SLM projects a generated 16 x 16 pym area onto the camera. (b)
shows the recorded intensity image of the camera, while also showing the line profile along which the intensity
profile in (c) is taken. The FWHM of this profile is 20 pm.

waist of 10 mm before demagnification, resulting in 5 mm on the sample. Further demagnification
would increase the modulation capabilities through smaller more intense structures, but would risk
the overlap with the THz spot, while this setup guarantees homogenous illumination of the THz
focus.

By placing a CCD camera in the position of the sample and generating a 16 x 16 um area on
the SLM (cf 3.4(a)), the point spread function of the system can be estimated. Therefore, the
recorded intensity image is evaluated along a line profile as shown 3.4(b). The result is depicted in
figure 3.4(c). The FWHM of the bright pixel arcas is underlined by green lines and is 20 um. The
increased size shows the finite quality of the SLM pixel technique. While the phase shift of distant
pixels can be different, neighboring cannot have a drastically different phase shifts due to voltage
crosstalk between the pixels. Furthermore, dirt, dust and other particles on the neutral density
filter, which is placed in front of the camera to hinder saturation/damage due to high intensities,
degrade the image quality through diffraction. For more detailed evaluation of the image quality

also see A.5.

22



3.2. Imaging setup

Figure 3.5.: (a) Schematic representation of the Talbot effect, which leads to periodic sub-image decreased
in size at fractious of the Talbotlength. (b) Utilzied wire-grid pattern for THz modulation. (c) Talbot
sub-image for a wrongly positioned lens/sample.

Talbot effect

The Talbot effect is a diffraction effect first observed in 1836 by Henry Fox Talbot. When a plane
wave is incident upon a periodic diffraction grating, the image of the grating is repeated at regular
distances away from the grating plane. This distance is called the Talbot length, and the repeated
images are called Talbot images. Furthermore, at half the Talbot length, a self-image also occurs,
but phase-shifted by half a period. At smaller regular fractions of the Talbot length, sub-images can
also be observed creating a fractal pattern of sub-images with ever decreasing size, often referred
to as a Talbot carpet (cf 3.5(a)). The Talbot effect is a natural consequence of Fresnel diffraction
and the Talbotlength can be found by the following formula
2a?

LT = T, (31)

where o a is the period of the diffraction grating and A is the wavelength of the light incident on
the grating. However, thid formula is only valid for the sub-wavelength gratings.

The original wire grid polarizer in figure 3.5(b) has a period of 32 um. At an incident plane
wave of 1 THz, this leads to a Talbot length of roughly 9 pm. This rather short length seems
negligible compared to typical positional displacement (= mm), but especially because of the finite
imaging quality of the SLM the effect was initially not distinguishable from the real image. While
maintaining the overall shape, the Talbot WGP appeared with a 2/3 decreased unit cell size, as
can be seen in fig. 3.5(c). While the increased intensity looks beneficial at first, the Talbot length
differs for variations in periodicity and unit cell size, limiting the applicable patterns. Thercfore,
precise alignment of the sample position via pym-translation stage is used to compensate the Talbot
cffect.
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Femtosecond THz

Figure 3.6.: Optical generation of THz transients. Optical rectification. An intense femtosecond pump
pulse inside a non-inversion-symmetric transparent crystal induces a charge displacement with a rectified
component P, (¢) that roughly follows the intensity envelope of the pulse (blue curve in yellow crystal). P,.(t)
acts as a source of a THz electromagnetic transient. This figure is taken from [ ]

3.3. Terahertz generation and detection

Terahertz generation

The first experimental demonstration of THz optical rectification by Zernike and Berman in
1965 [ | utilized difference frequency mixing in the near-infrared in quartz and achieved THz-
radiation generation at 3 THz. Since almost four decades optical rectification (OR) has been a
basis for especially broadband single-cycle THz pulses. In general, optical rectification refers to the
rise of a DC or low-frequency polarization when intense laser beams propagate through a crystal.
OR is a second order non-linear optical process. The electric polarization P of a material is propor-
tional to an applied electric field E and its electric susceptibility x. Expanding the susceptibility

in powers of the electric field E describes the non-linear optical response.
P=(x1+x2E 4+ x3E* + x4E® + ..)E (3.2)

Second order non-linear optical effects like optical rectification and the linear electrooptic effect,
which will be used for the detection setup, occur only in non-centrosymmetric crystals. Furthermore
generation and detection crystal require sufficient transparency at THz and optical frequencies.

Considering an oscillating electric field F = Eycos(wt) the second-order non-linear polarization
NI, 2 Ej
By = X2 B = X2 (14 cos(2wt)) (3.3)

consists of a rectified polarization y2FEZ/2 and a polarization with a cos(2wt) dependence, which
describes the sccond harmonic gencration. The induced OR polarization will act as a source,
radiating off a single cycle pulse as shown in figure 3.6. Using short pulses and therefore spectral
broad light instead of spectral narrow continuous waves, the EOR component is broadened in

frequency space around w = 0. Sufficient short pulses expand the broadening into the THz regime.
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3.3. Terahertz generation and detection

EOR can be viewed as a degenerate case of difference-frequency generation for identical frequencies.
Ideally, the generated THz radiation and the NIR pulse are phase matched viz they propagate at
the same speed through the crystal. In this vein, the emitted THz waves add up coherently
throughout the whole crystal leading to highest conversion efficiency. Furthermore, the strength
of the radiation for all frequenices within the bandwidth increases with crystal thickness. Phase
matching requires a non-linear crystal, whose group velocity for the femtosecond laser pulse is
identical to the phase velocity of the THz radiation. However, NIR group velocity and THz phase
velocity are generally not identical. Consequently, the efficiency of OR decreases if the mismatch
caused by long propagation within the crystal becomes too large. In principle emission strength and
bandwidth have a reciprocal relationship regarding crystal thickness. Emission strength increases

with thickness, while bandwidth decreases and vice versa.

Terahertz detection

A uscful technique for detecting THz radiation is clectro-optic sampling (EOS), which allows dircct
detection of the electric field in the timde domain. The THz transient (duration > 100 fs) is
overlapped with a 8 fs oscillator gate pulse (cf. 3.7(b)). Using a silicon wafer, which is nearly
transparent for THz radiation and reflective for NIR, both pulses copropagate through a non-
linear optical crystal, such as ZnTe. In the crystal, the THz pulse induces a birefringence via the
Pockels effect, which is also called linear electro-optic effect and proportional to the THz electric
field amplitude. The induced birefringence retards the phase of the NIR gate beam and alters its

polarization of initially linear to elliptic. The phase retardation

I x l7l37‘41ETHZ (3.4)

AGate
is proportional to the amplitude and phase of the terahertz electric field Erpy,, the crystal thickness
[, the lincar clectro-optic cocfficient 741, the refractive index of the crystal at the wavelength of
the gate beam n and the wavelength of the gate beam Aqate- The phase shift can be measured
via a balanced detection setup, which consists of a quarter-wave plate, a Wollaston prism (WLP),
and two balanced photodiodes as shown in figure 3.7(a). The Wollaston prism separates the gate
pulse into two mutually orthogonal polarization components, which are detected by the balanced
photodiodes. Without THz signal, the balanced diodes measure exactly the same intensity, which
can be aligned through the quarter-wave plate. Before the signal is sent to the processing system,
it gets amplified by an electrical amplifier.

The signals of both balanced photodiodes are subtracted from another, canceling any intensity
fluctuation of the probe beam. By delaying the ultrashort fs NIR pulse with respect to the THz
radiation, the temporal profile of the THz radiation is mapped out via measurement of phase
retardation I" as function of the delay (c.f. 3.7(b)). A motorized delay stage allows scanning of the

delay time 7.
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Figure 3.7.: (a) In electro-optic sampling, an intense THz pump pulse induces a birefringence in a non-linear
crystal (ZnTe) via the Pockels effect. A co-propagating less intense gate pulse. whose delay can be varied,
experiences a change in its state of polarization. This change in polarization carries the information of the
electric field amplitude and phase of the THz transient. Using a balanced detection scheme, this change in
polarization of the NIR pulse is detected usiug a wave plate, a Wollaston prism (WP) and two balanced
photo diodes (PD1; 2). Subsequently, the signals from the two photo diodes are subtracted from each other
and amplified with the help of a computer (PC). (b) With the help of a motorized delay stage, the delay
time between THz and gate pulse can be varied to scan through the whole THz wave form. Picture taken

from [Ma
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4. Results and discussion

Terahertz (THz) time-domain spectroscopy is a powerful method for studying photo-excited meta-
materials. In this chapter, the experiments and measured data are presented and discussed. The
directly accessible electric field in the time-domain is used to characterize the response of the semi-
conductors following optical excitation. For the evaluation of the excited case, first the response
of the material in the unexcited/unpumped state has to be known. Afterward, the time-domain
spectrometer is combined with a optical pump pulse to homogeneously induce free charge carriers
in the samples, which change their optical properties according to the Drude model. For this pur-
pose, Silicon and Gallium arsenide are the materials of choice. The bandgap of Silicon (375/5 pm)
and GaAs (500 um) are 1.12 eV (1107 nm) and 1.42 eV (873 nm), respectively and are sufficiently
large to prevent thermal excitation at room temperature, while allowing non-linear excitation of
charge carriers through amplified 800 nm pulses. The Drude model and a simplified transfer ma-
trix method are then utilized to characterize the free charge carrier generation. Furthermore the
dynamics of these processes are studied via pump-probe measurements.

After this substrate characterization, periodic subwavelength structures, e.g. wire grid polarizers
and rod antennas, arc imprinted by pump pulse, thereby creating transient mcetamatcerials in the
semiconductor. To extract the optical properties of these induced structures, their TDS signal is
compared to the unexcited sample. Via Fourier transformation, the optical properties such as trans-
mission ratio and relative phase delay get accessible and provide frequency-resolved information.
The transmitted THz transients are measured for various structures, structures sizes, periodicities,

pump fluences, samples and THz polarizations.
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Figure 4.1.: Typical raw data: (a) Time-domain transients of THz pulses after transmission through a 5 pm
Silicon sample (blue curve), a 375 pm silicon sample (red curve), a 500 um GaAs sample (green curve). The
reference signal without a sample is also shown (black). The corresponding intensity spectra are obtained
via Fourier transformation and are shown in (b). The spectral response of the experimental setup without
sample is represented by the fawn colored area.

4.1. Unexcited sample optical constants

Time-domain data

The THz-TDS setup described in the preceding section (see figure 3.1), permits the determination
of the complex spatial modulation of a sample. To access these information, the setup has to be
characterized. Therefore, the THz transmission through air is recorded. First this signal serves as
a reference for the unaltered transmission properties of the time-domain spectrometer.

Once the reference response is known, the THz transients after transmission through the 5 pm and
375 pm silicon sample and 500 pm GaAs sample are recorded. Figure 4.1(a) shows the time-domain
response of the THz-TDS spectrometer with the black curve, and the transmission through a 5 ym
Silicon sample (blue curve), a 375 pm silicon sample (red curve) and a 500 pm GaAs sample (green
curve). The amplitude is reduced by reflection and absorption-losses, while the delay in time is due
to the reduced group velocity as a result of the refractive index of the semiconductors being larger

than in air.

Fourier domain/spectral transmission
The spectral intensity of the electric fields is accessed via Fourier transformation, whereupon the

time frame of the electric field has to be selected properly beforehand to avoid loss of information.

This windowing is thoroughly discussed in appendix A.4. The Fourier amplitude is in general
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Figure 4.2.: Transmittance of unexcited samples: Transmittance spectra for 5 pum Silicon sample (red),
375 pm silicon sample (yellow) and 500 pm GaAs sample (blue). The curves represent the squared absolute
of normalized Fourier transforms of the electric fields shown in figure 4.1.

complex, and its absolute square represents the intensity spectrum of the THz transient. For
the semiconductors and reference, the intensity spectra are shown in figure 4.1(b). The intensity
spectra are the result of both the characteristic response of the experimental setup and the sample
transmission. For this reason the reference electric field was measured by normalization of the
samples electric field to the reference signal, the characteristic response of the setup vanishes. The

complex transmission of the sample is defined as

7 ;ESamplc _ ‘ﬂew(l/)‘ (41)

EReference
The two rclevant propertics of this response arc the phasc shift §(v) = argt(v) and the transmittance
T = [t|*>. The transmittance, depicted in figure 4.2, is expected to be constant, because of the
negligibly varying refractive index in the THz regime. Only considering frequencies with amplitude

> 20% of the maximum (0.7 to 2 THz), the transmittance can be considered as roughly constant.
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4.2. Photo-excitation

Time domain

After characterizing the bare/unexcited samples, the semiconductors are illuminated homoge-
neously with the pump projection setup described in section 3.2 and then characterized with the
THz-TDS. Analogous to the preceding experiment, the optical properties of the samples compared
to a reference shall be measured. Here, we are interested in the change of transmission when the
samples are photo-excited. Therefore the photo-excited transmitted fields are referenced to those
of the unaltered samples.

As before the transmitted clectric ficlds arc measured with the EOS-sctup. For direct compara-
bility the pumped and unexcited semiconductor are measured simultaneously via a chopper. The
pump-probe dclay is sct to 10 ps. All semiconductors arc measured for the fluences 0.12, 0.25,
0.38, 0.5, 0.7 mJ /cm?, respectively. The recorded electric fields for 5 ym Si, 375um Si and 500 pm
GaAs are depicted in Fig. 4.3(a),(d) and (g). When photo-excited, the transmitted electric field
decreases in amplitude. This trend is expected because a larger fluence excites more electron-hole

pairs, which increases the metal-like behavior, resulting in reduced THz transmission.

Fourier domain

The Fourier transformation of the measured electric fields and the normalization to the unexcited
samples gives access to the phase shift for 5 pm Si, 375um Si and 500 ym GaAs, which are plotted
in figure 4.3(b),(e) and (h). An increase in pump fluence decreases the refractive index, shortening
the optical path length. Therefore a stronger negative phase shift confirms the more metallic be-
havior. While the phase shift for the thin silicon sample is comparably flat, the other spectra show
more pronounced features, especially for frequencies lower 0.7 THz.

The thick Si sample has a stronger decrease in transmission per fluence than the thinner Si sam-
ple. In appendix A.3, the power absorption of both silicon samples was calculated. While thick
sample absorbs all of the entering pump radiation within the first 10 um, the thin sample is partly
penetrated, and therefore cannot absorb all incoming power. In this regard, the thick silicon has
a larger metal-like layer, which reflects incoming THz radiation, resulting in a lower transmission.
The thinner silicon sample is used for transient metamaterial generation, because of its homoge-
neous excitation profile. Whereas the 375um Si has a Lambert-Beer-type intensity absorption, the
thin silicon has multiple reflections at its backside, leading to more homogeneous pumping, which
is beneficial for metamaterial generation. While these reflections also happen in the thick samples,
the comparatively long optical way leads to a long separation in the time, wherefore these reflec-
tions arc only considered in the pumped arca.

Compared to Silicon, GaAs has the highest transmission decrease per incoming pump fluence. Two
opposing effects occur: GaAs is a direct semiconductor, and therefore the generation of charge

carriers is an order higher, which according to the Drude model leads to an even stronger decrease
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in the dielectric function. At the same time the absorption depth is only 1um, leading to a smaller

excited region. Therefore, the carrier density is larger than in Silicon.

Modeling

For a deeper understanding, the pump-dependent transmission for samples is modeled with the
Fresnel transmission formulae and comprehensively explained in appendix A.2. The modeling-
parameter is the amount of free charge carriers IV, which according to formula 2.10, modifies the
refractive index and therefore the transmission. While the thin silicon sample can be considered
as one homogeneous illuminated layer, the thicker Si has to be treated as two-layer systems with
one excited and one unexcited layer. The estimated transmission for thin/thick Silicon resembled
the experimental data in good approximation, thus it is possible to extract the amount of charge
carriers per pump fluence. The results are depicted in figure 4.4. In (a) the plasma frequency wy,
is plotted against the fluence. As can be seen the plasma frequency increases proportional to the
squarc root of the pump fluence, which was predicated by eq. 2.11. While only a part of the pump
beam is absorbed within the thin Si sample, all of the pump is absorbed in the thicker Si, leading
to a higher plasma frequencies. In figure 4.4(b) the square plasma frequency indicates the linear
response of the dielectric function to increasing fluence. GaAs can be modeled analogous, and was

therefore considered separately.

Dependence on pump-probe delay

After verifying pump-dependence on the transient structures, the dynamic behavior has to be
characterized. A THz pulse needs roughly 0.6-4 ps to traverse the sample (depending on thickness).
In this time, the induced refractive index change has to remain undamped. To validate this, the
delay between optical pump and THz probe is varied, while the pump fluence is kept 0.7 mJ/cm?.
Figure 4.5(a)/(b) shows the dynamical change in transmitted electric field after photo-excitation
of Si and GaAs, respectively. The plot shows the time delay between incoming THz radiation and
optical pump and the peak-to-peak amplitude of the transmitted THz transients. For negative
pump delays the optical pump pulse arrives after the THz probe pulse, and as a result the EOS
signal is equal to the absence of any photo-excitation. For 7 > 0 the charge carriers need roughly
0.1 ps for Si and 0.7 ps for GaAs to thermalize, and therefore minimize the EOS-signal amplitude.
As can be scen, the reduced THz clectric field amplitude remains for tens of ps.

With this result, it is proven that photo-generated refractive index changes enable a controlled
ps switching of semiconductors from transmissive to absorptive behavior that last long enough to
modulate a whole THz probe pulse. Therefore, in subsequent measurements, pump-probe delay is

set to approximately 10 ps.
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Figure 4.3.: Electric field, phase delay and spectral intensity: A 5 pm Silicon sample (a)/(b)/(c), a 375
pem silicon sample (d)/(c)/(f) and a 500 pm GaAs sample (g)/(h)/(i) arc measured in transmission with
the THz-TDS as before. Figures (a),(d) and (g) show the measured electric field, figures (b),(e) and (h)
show the spectra acquired through Fourier transformation of the corresponding fields normalized to the
unexcited spectra and figures (c),(f) and (i) show the phase shift of the transmitted THz wave referenced
to the unexcited samples. While the dark blue curves indicate the absence of any photo-excitation, the red,
brown, violet, green and cyan colored curves show transicnts for incident pump fluences of 0.12, 0.25, 0.38,
0.5, 0.7 mJ/cm?, respectively. High fluences induce more electron-hole pairs, resulting in metal-like behavior
of the semiconductors viz. reduced THz transmission.

32



4.2. Photo-excitation

25 ‘ ‘ ‘ 40 500 ‘ ‘ ‘ 1400
39 ¢ 1200
20+ 4001
130 —
0 ¥ m 11000
= 2
= o = E ,
E s 252 E 500} Ae ocw, x N 1800
E S &
o 0L 5
& 10t T o 200] |600
w 115 &% w
B 5 a7 1400
110 ~
S 1001
15 1200
0 : : : 0 0 : : : 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Fluence md/cm? Fluence mJ/cm?

Figure 4.4.: Plasma frequency for various pump flucnces: This figure shows the plasma frequency wy, for
Silicon, which was acquired by fitting the experimental transmission with the Drude model for varying pump
fluences. The generation rate for GaAs is roughly an order higher, because GaAs is a direct semiconductor.
The diamonds show the calculated plasma frequency, while the line shows the expected square root fluence
dependency.
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Figure 4.5.: Elcctric ficld for pump-probe delay: Dynamic behavior of the photo-cexcited clectron-hole-pairs
in Si (a) and GaAs (b). At a pump fluence of 0.7 mJ/cm? the delay between optical pump and THz probe is
varied. The vertical axis shows the peak-to-peak amplitude of the transmitted THz transients. For negative
pump delays the optical pump pulse arrives after the THz probe pulse. For 7 > 0 the charge carriers need
a short time to thermalize and therefore minimize the signal amplitude.
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4. Results and discussion

4.3. Wire grid THz polarizer

Time-domain Data

After validating the foundations for transient THz metamaterials, evaluation of applications for
THz metamaterials is enabled. In this section subwavelength wire-grid polarizers are examined.
As shown in figure 4.6(a), the SLM imprints a grating profile (Period A = 32um, metal fill factor
f = 3/8) onto the pump beam cross section, which is then translated into an electron-hole plasma
in the semiconductor. To control the quality of the projected grid, a CCD camera is placed at the
sample position.

The samples are again measured with the TDS setup, and the transmitted electric field contains the
optical information, which are extracted when compared to a reference signal (unexcited sample).
Besides fluence and size, the wire grid polarizer are also tested for different incident polarizations,
but instead of rotating the incoming electric field, rotation of the imprinted pattern by 90° is done
via SLM. The wire grid of choice has a unit cell of A = 32 pum, while the gap between to wires has
a size of 20 um. In the previous experiment high fluence proved to induce the greatest change in
refraction, and therefore the pump fluence is set to 0.7 mJ/ cm?. The delay between optical pump
and THz probe is set to 10 ps.

In the first measurement, the transmitted electric field for polarization parallel (||) and perpen-
dicular (L) to the wires is measured. The results are displayed in figure 4.6(c). As expected, the
unexcited sample shows the highest electric field amplitude. The transmitted THz transient of the
perpendicular wires is roughly 0.3 times weaker than the reference amplitude, which is expected,
because 5/8 of the unit cell are illuminated and therefore highly reflective/absorptive for THz
radiation. However compared to the parallel wire configuration, which has the same illuminated
fraction of the unit cell, the transmitted | THz signal is 3 times larger, illustrating the anisotropic

behavior of the transient grid and demonstrating its filtering capabilities.

Fourier domain

To gain further insight into the frequency dependent transmission properties, the electric fields are
Fourier transformed and the transmission is calculated according to eq. 4.1. The transmission for
both polarizations is presented in 4.7(a). At any point in the selected frequency window, the per-
pendicular transmission is greater than the parallel transmission. But while the || transmission is
only monotonically increasing with frequency, the L counterpart has a broad maximum at around
2 THz. The lower frequency components are again more noisy, because of the weaker spectral
intensities.

When looking at the phase of the complex transmission, one can extract the phase (shift) infor-
mation, which is shown in fig. 4.7(b). Notably, the parallel wire-grid exhibits a larger negative

phase shift, which implies more metal-like behaviour than the perpendicular component.
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Figure 4.6.: Time-domain data wire grid polarizers: (a) Scheme of a transient WGP induced by femtosec-
ond grayscale lithography. An 800 nm femtosecond laser pulse with a homogeneous beam cross section
generates an electron—hole plasma with a spatially varying density in a semiconductor slab, thereby inducing
a refractive-index modulation ranging from metallic to diclectric. (b) Time-domain characterization of GaAs
without excitation and with transient wire-grid polarizer perpendicular and parallel to the THz polarization.
The difference in amplitude of the waveforms are a clear signature of the anisotropic response of the transient
metamaterial.

Fluence dependency

In the next measurements a 5 pm Silicon sample is used, because of its homogeneous absorption
profile. For determining the fluence dependence, analogous measurements as for homogencous
excitation were done for WGPs. The resulting transmissions for || and L are shown in figure
4.8(a)/(b), respectively. Both polarizations show a decrease in transmission for fluence increase due
to metal-like behavior. In contrast to the constant transmission for L orientation, the || transmission
increases for higher frequencies. Shorter wavelengths approach the stripe size, therefore the wire-
grids lose their filtering abilities. This behavior becomes even clearer when looking at the relative
transmission, which is /¢, and is depicted in 4.9(a).

As can been seen, the relative transmission increases with frequency. The transmitted || and L
electric fields become more alike. The integrated transmittance is shown in figure 4.9(b), showing a

decrease with increase in fluence. A stronger optical pump increased quality of the transient filter.

Dependence on wire size

The influence of wire/gap size on transmission is examined. Therefore the optical pump (0.7

mJ /cmz) and period (A = 32 pm) remain constant, while the SLM generates varying gap sizes
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Figure 4.7.: Transmittance of the transient wire-grid polarizer: (a) Transmission of the GaAs slab 10
ps after cxcitation with the pump pattern of figure 4.6, referenced to the uncxcited slab. The spectra
demonstrate that the transient structure acts as a polarizer. (b) Spectral phase shift, revealing the more

metallic behavior (negative phase shift) of the structure for THz radiation polarized parallel to the transient
wires.
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Figure 4.8.: Pump dependency WGP transmission: (a) and (b) show the transmission of parallel and
perpendicular, respectively compared to the unexcited Si slab. While the perpendicular transmission remains
relatively constant over the frequency domain, the parallel transmission increases with higher frequency,
proving the less effective sub-wavelength characteristics.

36



Si

4.3. Wire grid THz polarizer

(a)

—~
=
~—

1.1 1
—0.12 mJ/cm?
1+ —0.25 mJ/cm? 097
0.38 mJ/cm? N
0.9 —0.5 mJicm? 1087
= 0.7 mJ/cm? =
S 3 0.7
[ [y
g 6
£ £ 0
c n
© = I
© S 05
= [
E —_—
x L 04f
0.3r
03— ‘ ‘ ‘ 0.2 | | | | | |
0.5 1 15 2 25 0 0.1 02 03 04 05 0.6
Frequency [THZz] Fluence [mJ/cmz]

Figure 4.9.: WGP performance: Figure (a) shows the relative transmission fH/f 1 of b pm Si for vari-
ous pump fluences comparing the pumped parallel to perpendicular wire-grid pattern. The WGPs become
better(higher extinction ratio) for large carrier densities. (b) shows the integrated relative spectral trans-
mission, which relates the parallel and perpendicular polarizations transmission, therefore indicating the
filtering capabilitics of a polarizer.

from 8 to 28 pm. Measuremtns are done analogous to before. The absolute transmission for ||
and L wires is shown in figure 4.10(a)/(b), respectively. An increase in gap size leads to an higher
transmission, which is trivial, because an increased gap means less illumination. The (||) transmis-
sion rises faster for increasing gap sizes. For the gap sizes 20-28 pm, the | transmission increases
nearly linear with the frequency, while for gap sizes 8-16 pum the behavior is comparable to the ||
transmission, but weaker.

The interplay between both polarizations in the relative transmission is shown in figure 4.10(a).
While small gaps show only weak frequency dependency in transmission, broad gaps exhibit a
stronger filtering, due to a strongly illuminated sample. Therefore, a trade-off between filtering
quality, transmission and frequency dependence exists.

Plotting the integrated relative transmission, as depicted in figure 4.11, shows the optimal gap,
which is 20 um. An increase/decrease in gap size decreases the filtering quality of the wire grids,
which can be accorded to an increased mismatch between wavelength and wire size.

With the evaluation of gap size and fluence, the best working wire-grid could be determined. A
32pm unit cell with a gap size of 20 pm with high fluence delivers the best filtering capabilitics for
electric field between 0.5 and 2.5 THz. For higher or lower frequencies the periodicity and stripe

width have to be rescaled accordingly.
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Figure 4.10.: Transmission for varying wire sizes: (a) and (b) show the transmission of parallel and perpen-
dicular wires, respectively compared to the unexcited Si slab. 20 pm gaps exhibit the least rel. transmission.
Narrowing and broadening increases relative transmission, therefore decreasing the filtering.
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Figure 4.11.: Stripe size dependency on relative transmission: (a) shows the relative transmission [}/
of 5 pm Si for various wire widths, while keeping the period A=32 pm constant, comparing the pumped
parallel to the perpendicular wire-grid pattern. 20 pm exhibit the strongest extinction, while narrowing
and broadening decreases the filtering. (b) The recorded relative transmission between a parallel and a
perpendicular wire grid with a fixed period of 32 pm, while the pump fluence is kept at 0.7 mJ /(:m2 is

presented for various gap sizes. The filtering quality has its maximum at 20 pm gap size and decreases for
smaller and wider gaps.
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Figure 4.12.: Testing Babincts principle: This figurc shows the sum of the clectric ficld transmission of a

transient WGP with a period of 32 um and a gap size of 20 p and its complementary structures, i.e. 32 pm

period, a gap size 12 p, under variying pump fluences. (a) shows [t; + tﬁ(g| and (b) depicts |t + t9%,|. The

experimental data (points) are approximated with Fresnel transmission formulae (solid lines), considering
the Drude model and the WGP pump profile.

Babinet’s principle

After determining the best working transient wire-grid polarizer, the validation of the Babinets
principle for this metastructure shall be tested. The principle describes the relation between a
structure and its complementary structure, which in case of wire-grids means gap and stripe size
are switched. For more detailed information see section 2.1.2. The Babinets theorem states that
the transmission of a structure and its complementary structure illuminated by a complementary
field, i.e. 90° rotated polarization, sum up to the transmission of no structure. This is only valid for
infinitely thin and perfectly conducting screens. Compared to the wavelength A1 t11, = 300m, the
5 pm silicon is relatively thin, fulfilling this part of the condition. In this experiment the perfectly
conducting condition shall now be validated. Therefore the semiconductors are pumped with var-
ious fluences, increasing their conductivity, to determine at which point, the perfectly conducting
condition can be considered as valid. Because THz-TDS cannot compare transmission through
photo-excited structures and air simultaneously, this thesis modulates the Babinets principle by
comparing structure and complementary structure with the transmission through unexcited sam-
ple.

With the Drude model and the transfer matrix method, the experimental data from section 4.2 and
the WGP intensity profile (cf 4.6(b)), the theoretical transmission values for the Babinets principle
have been compared to the experimental data. The results are shown in figure 4.12(a)/(b) for
|tL + tﬁ%ﬂ and [f) + t9%,|, respectively.

As can be seen the theoretical calculations (line) are in a good approximation to the experimental

results (points). The overall transmission decreases, as expected, with an increase in pump fluence.
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4. Results and discussion

The 5 um silicon is expected to have a roughly constant absolute transmission. In the character-
ization of the unexcited samples (see section 4.1) this transmission was determined as 0.8, which
the sum of structure and complementary should share. Considering the shape of the transmission
curves, an increase in fluence leads to a flattening of the curves. However the transmission value
of [ty + t‘g‘%ﬂ and [t + 9%, for the highest fluence are roughly between 0.4-0.8 and 0.5-0.8, respec-
tively. Considering the former mentioned problems in the fitting of the Drude model to the thin
sample, probably due to induced lensing, these values seem a good approximation. The tranmission
is expected to flatten even further for higher frequencies, but with the results presented here, the

Babinet theorem is already well fulfilled.
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Figure 4.13.: Dimensions dipole antennas: (a) Measured intensity image of an array of photo-generated
THz antennas. (b) Detailed view of a single rod. The upper and right plots are the intensity profiles along
the horizontal and vertical dotted lines. The vertical axis and the color scale indicate the pump fluence of
mJ/cm?. The FWHM of this intensity profiles mark the dimension of the rods.

4.4. THz dipole antennas

After establishing transient polarizer based on simple wire grid, which are one-dimensional struc-
tures, more complex 2D periodic dipole antennas are examined. The rods antennas are expected
to induce broadband THz resonances leading to local field enhancement in the sample, which could
be beneficial for many applications.

As in the previous experiment, the imaged patterns are characterized before the THz-TDS mea-
surements. Again the CCD camera is placed in the sample position and an intensity picture is
recored. One of the acquired rod arrays is shown in figure 4.13(a). A single linear antenna is shown
in fig 4.13(b). The effective size of this antenna is defined by the FWHM of its intensity profile:
its dimension are 23 x 150 ym. Afterwards the camera is replaced by 5 pm Silicon.

For the THz transmission measurements, the sample was illuminated with an optical pump pulse
photo-generating the antenna structures. The transmitted electric field was measured and com-
pared to the unexcited sample transmission. The time delay between pump and probe was set to
10 ps. The THz transmission was obtained through Fourier transformation of the electric field.
The first measurement examines the influence of the rod width on the transmission in the frequency
domain. Because later on the Babinet’s principle will be examined, all experiment are done for
structurc and complementary structurc. The complementary structure to a rod antenna is a slit
antenna.

Figure 4.14 shows the transmission spectra of photo-generated THz slits fig. 4.14(a) and anten-
nas fig. 4.14(b) with 32 and 64 pm width, 232 pm length and 352 pm pitch. In contrast to the
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Figure 4.14.: Antenna transmission - width variation: Transmission spectra of photo-generated THz an-
tennas on a 5 um layer of Silicon. The length of the rods 232 um and period 346 um are fixed, while the
width is varied from 32 to 64 ;um. (a) Pumping cverything but the rods, induces slit-antennas. The width of
the slits is doubled, while the transmission remains unchanged. (b) Only the rods are excited, turning them
into THz antennas. Broadening leads to an increase in transmission and peak-to-peak signal, probably due
to resonant behavior. The polarization of the incident wave proves negligible.

expectation of an anisotropic structure, that a rod certainly is, the transmitted electric field was
independent of the polarization of the THz beam. This behavior is currently not understood. All
further measurements were done with the polarization set parallel to the long axis of the rods.
When the sample is illuminated with slit antennas (cf 4.14(a)) most of the surface is fully excited.
Therefore the weak transmission in the experiment is expected. Furthermore, the width variation
seems negligible, probably because the strongly pumped sample dampens most of the resonances.
Generation of antennas (see fig. 4.14(b)) results in a stronger transmitted electric field. For high
frequencies an increased transmission can be seen. This increase is most likely due to the frequency
influence in the Drude modulation. Furthermore, transmission increases for expanded rods. A
larger pumped area should lead to decreased amplitude, while in this counterintuitive case, the
signal increases, indicating resonant excitation in the thinner rods, probably due to local field en-

hancement.

Varying pitch

In the next experiment, the rod dimensions are fixed, but the distance between rods is varied.
With this, any grid-type resonances are examined. The transmitted electric fields are measured for
340pm, 400pm,4564m,568um and 636um distances between the rod, and Fourier transformed to
access the spectral information. The resulting transmission spectra are shown in figure 4.15.
Pumping the slit antennas (cf. 4.15(a)) shows constant transmission, which is unaffected by a

variation of periodicity. The initial increase is most likely due to increased noise, while the constant
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Figure 4.15.: Pitch dependency transmission: Transmission of THz antennas on a 5 pum layer of Silicon.
The length of the rods 232 ym and their width 64 pm are fixed, while the distance between rods is varied.
(a) When pumping the slit antennas, an initial increase in transmission is followed by a constant function.
The extinction seems to be unaffected by the slits pitch. (b) Pumping the rods gives rise to a resonance at
0.7 THz, whose maximum occurs at periodicity of 400 pum, probably due to grid-type resonances.

is based on the nearly homogeneous photo-excitation, suppressing most of the THz transmission.
The antenna counterpart (b) has a broad drop of transmission at 0.7 THz, which indicates a
resonance. For higher frequencies the transmission rises, probably because the antennas become
off-resonant combined with the typical Drude frequency dependency. The overall minimum in
transmission occurs at a distance of 400 pum between the antennas, which could be due to grating-

type resonances (A & \).
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Figure 4.16.: Dimensions metamaterial: (a) Image of an array of photo-generated THz bandpass filters.
(b) Close view image of a rectangular filter structure. The upper and right plots are the intensity profiles
recorded by a CCD camera along the green and red colored lines. The dimensions of the filters are defined
by the FWHM of the pump beam intensity.

4.5. Qutlook: Metamaterial for local field enhancement

After demonstrating polarization/broadband frequency filters via wire grids and dipole antennas,
high-pass filter are investigated. Therefore, more complex structures like (split) ring resonators, hole
arrays, crossed wires and various combinations of the former are utilized, complicating theoretical
predications. While rudimentary descriptions and simple equivalent circuit models exist, the only
provide rough orientation for the dielectric function of the metamaterial. Current studies mostly
rely on established shapes and materials, which do not exist for photo-generated metamaterials,
yet. Therefore the last experimental chapter of this thesis, investigates a high-pass metamaterial.
For a first approach, the parameter space is minimized by selecting a rectangle ring with a rectan-
gular filling structure. Figure 4.16(a) shows an intensity profile of these metastructures, while the
FWHNM is evaluated with the plot profile, shown in (b), to determine its dimensions. Its size is 143
pm, width 17 pum, while the inner gap has a span of 68 um. To exclude polarization effects, the
unit cell is kept symmetric regarding perpendicular and parallel electric field. The intensity mask
is projected onto a 5 pum Silicon wafer. The transmitted THz transient is measured, comparing
excited and unexcited Silicon via a chopped imaging beam. The electric field is Fourier transformed
and the transmission is calculated (eq. 4.1). The absolute transmission regarding frequency varia-
tion is shown in figurc 4.17.

While frequencies greater than 1 THz and lower than 0.5 THz show an increased transmission, the
gap shows a lower ratio. This frequency interval could contain resonances, which result in a local

enhancement of the electric field within the structure, leading to a higher absorption ratio. In fab-
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Figure 4.17.: High-pass resonances in transmission: Absolute value of the transmission ratio of 5 pm Silicon

unexcited and excited with the pattern in figure 4.16 regarding frequency variation. The decrease between
0.5 and 1 THz could be an indicator for resonances within the photo-generated THz metamaterial.

ricated, non-transient, metamaterials, these resonances are typically narrower, but the scattering
of excited free charge carriers smears out these resonances resulting in broader responses. However
the spectral range of the increased absorption is narrow compared to the antenna behavior of the
former section.

This first explorativ attempt to create a high-pass metamaterial shows promising results, while
being far from optimized. Further parameter scans (pump fluency, pattern size/widths, sample)
could pave the way to full understanding of the activation and shape of resonances in transient

metamaterials.
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Conclusion

In this thesis, a setup for the ultrafast generation and characterization of sub-wavelength terahertz
photonic structures was established and tested. The structures were generated by illuminating a
semiconductor slab with a femtosecond laser pulse whose beam cross section is intensity-modulated
with a suitable spatial profile. Illumination of the semiconductor induced a refractive-index land-
scape whose shape can flexibly be defined with a pixel size of 4 ymx 4 um by using a programmable
spatial light modulator. Amplitude and phase of the transmission of the photo-induced metama-
terials were measured by terahertz time-domain spectroscopy from ~0.5 to 2.5 THz.

In the course of building the setup, the spatial light modulator was installed and characterized.
An intensity modulation-depth exceeding 99% was achieved and enabled the generation of beam
patterns with high contrast. Measurement of the point spread function and calculation of a two-
dimensional -cross- correlation ensured precise imaging.

Time-resolved time-domain spectroscopy of unexcited semiconductors was used to determine the
optical constants of the transient structures, their fluence dependence and dynamics. The result-
ing complex-valued transmission spectra were modeled using a combination of the Drude model,
Fresnel formulac and cffective medium theory.

To test the setup, wire-grid polarizers, arrays of rod antennas and rings were realized first. The
transient wire grid polarizers achieved a power extinction ratio on the order of 10. Using these
structures, I also investigated the validity range of the Babinets principle. It was found, that Babi-
net’s principle is the better fulfilled the more metallic the induced structures are. Gallium arsenide
and Silicon (which exhibit a pump penetration depth of ~ 1 and 10 pum) were observed to deliver
similar results.

The rod antennas were shown to allow broadband high pass frequency filtering, while rectangular
ring-based metamaterials, could induce narrow-band resonances, which are possibly accompanied
by locally enhanced THz fields. Both structures provided power extinction on the order of 6.

In future studies, transient metamaterials will permit the construction of switches: filters can be
switched on within /100 fs, thereby allowing modulation of a terahertz pulse that is just traversing

the semiconductor slab.
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German Summary / Deutsche Zusammenfassung

In dieser Masterarbeit wurde ein experimenteller Aufbau fiir die ultra-schnelle Erzeugung und
Charakterisierung von photonischen Terahertz-Strukturen, die kleiner als die Wellenldnge sind,
aufgebaut und getestet. Die Strukturen wurden durch Beleuchten eines Halbleiters mit einem
Femtosekunden-Laserpuls, dessen Querschnitt mit einem angepassten rdumlichen Intensitétspro-
fil moduliert war, erzeugt. Beleuchten eines Halbleiters erzeugt eine Brechungsindex-Landschaft,
dessen Beschaffenheit auf einer 4 pmx 4 pum grofien Fléache, durch einen rdumlichen Lichtmodula-
tor (SLM) definiert werden kann. Amplitude und Phase der Transmission der photo-induzierten
Metamaterialen wurden mit Terahertz-Zeitdoméanen-Spektroskopie von 0.5 bis 2.5 THz gemessen.
In der Entstehung des experimentellen Aufbaus, wurde der rdumliche Lichtmodulator installiert
und charakterisiert. Eine Intensitidts-Modulationstiefe von tuber 99% wurde erreicht, wodurch
die Erzeugung von Intensitdtsprofilen mit hohem Kontrast garantiert werden kann. Vermessen
der Punktspreizfunktion und Berechnung einer zweidimensionalen Kreuzkorrelation versicherten
prazise Abbildungen.

Zeitaufgeloste Zeitdoméanen-Spektroskopie der unangeregten Halbleiter wurde genutzt, um die op-
tischen Konstanten der transienten Strukturen, ihr Fluenzverhalten und dessen Dynamik zu bes-
timmen. Das gemessene komplexwertige Transmissionspektrum wurde mit einer Kombination von
Drude Modell, Fresnelschen Formeln und effektiver Mediums Theorie modelliert.

Um den Aufbau zu testen, wurden Drahtgitter-Polarisatoren, Dipolantennen und Ringe erzeugt.
Die transienten Drahtgitter-Polarisatoren erreichten ein Ausléschungsverhéltnis von ca. 10. Mit
Hilfe dieser Strukturen, wurde zudem der Giiltigkeitsbereich des Babinetschen Prinzips untersucht.
Es zeigte sich, dass das Babinetsche Prinzip mit zunehmend metallischen Strukturen besser erfiillt
war. Gallium Arsenid und Silizium (welche eine Eindringtiefe von ~ 1 und 10 pum besitzen) zeigen
vergleichbare Ergebnisse.

Die Dipolantennen zeigten ein breitbandiges Hochpass Filterverhalten, wohingegen die rechteckigen
Ring-Metamaterialien eine engbandige Resonanz zeigten, welche moglicherweise von lokal verstéark-
ten Feldern begleitet wird. Beide Strukturen ermoglichen Ausléschungsverhéltnisse von ca. 6.

In zukiinftigen Untersuchen erlauben transiente Metamaterialen das Erzeugen von schaltbaren Fil-
tern, welche innerhalb von =100 fs eine Modulation von Terahertz Pulsen in einem Halbleiter

ermoglichen.
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A. Appendix

A.1. SLM phase shift calibration - Contrast

A Spatial Light Modulator (SLM) is a pixelated liquid crystal display in which the birefringence of
each pixel can be computer-controlled individually. For each pixel the SLM converts an electric in-
put into an optical phase shift via reorientation of liquid crystals. While this digital nature enables
a small sized and cost effective driver unit, it introduces phase instabilities compared to analogue
addressing This phase flicker originates from the limited viscosity of liquid crystal molecules and
can be troublesome for some applications and should be reduced. Each single addressing pulse has
to be followed at a fraction depending on LC viscosity and frequency of the voltage change, in
which higher addressing frequencies result in weaker flicker. A shorter pulse sequence creates less
distinguishable phase levels with lower flicker compared to a longer sequence. The current configu-
ration has 192 discrete voltage levels available to drive the SLM. Thus 256 (8 bit) input values have
to map 192 voltages in a linear relation between input and applied phase delay. If a only fraction
of the maximum photo-excitation is needed, a linear relationship allows easier rescaling.

The relation between the SLM input and the output optical phase shift has to be determined
Vaughan | | proposed the following method. A polarizer is placed in front of the SLM at a
45° towards the ordinary axis of the liquid crystal. The SLM is birefringent and a phase shift is
applied to only one polarization axis of the incoming beam. The polarization will thus change as
a function of the input voltage. By passing the beam though the polarizer again, the amplitude is
modulated, which can be monitored with a camera (cf A.1a). Averaging the light intensity of cach
picture and scanning through all input values yields the desired relation between pixel brightness
(phase shift) and intensity. The summed intensity on the CCD as a function of the SLM input is
given in fig.A.1(b). The intensity modulation depth exceeds 99% and therefore guarantees precise
photo-excitation.

The initial rise of the intensity for low pixel brightness is not yet (see also | ]). The rise in
intensity is probably caused by an inherent birefringence of the SLM. The parallel polarization will
then always be given a phase delay compared to the orthogonal polarisation. Initially, an applied

phase delay will compensate this inherent refractive index difference and cause the intensity to rise.
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Figure A.l.: (a) Vaughan calibration setup using a polarizing beamsplitter to convert phase modulation

into amplitude modulation. (b) Measured intensity on a CDD for varyving phase delays 45° as in (a). The
SLM input is defined by the brightness of the pixels sent to the SLM.
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A.2. Fresnel transmission formulae

By traveling through a medium of complex refractive index 7w = n + ik a wave acquires a phase
proportional to both the thickness d and n, while the amplitude decreases exponentially with . At
any discontinuity of the refractive index the wave is partially transmitted and reflected. Multiple
interfaces lead to interfering reflections resulting in non-trivial complex valued transmission spectra.
The transfer matrix method, an approach based on the Fresnel formula, can be utilized for sample
characterization. In this thesis a simplified version neglecting reflections, which appear not within
the probed time-domain, is used. By fitting the calculated transmission to the experiment the
dielectric properties of a single layer can be extracted.

A continuous plane-wave in a medium A with a refractive index 14 = n4 + ik 4 traveling along the

x-axis, with angular frequency w and wavenumber ky = iy = w/c, is described as
E%(x,t) = ESel(thaz—wt), (A1)

At an interface between media A and B, the amplitude Fresnel coeflicients for reflection and trans-

mission can be derived from Maxwell’s equations:

np—1na

-2 4 A2

TAB ﬁB + ﬁA, ( )
214

t - A3

AP Ap (A-3)

All waves inside the stack can be described as a sum of transmission and reflection using rap =
—rpa and 7“31 Bt t?4 5 = 1. While propagation through a layer the waves experience an increase in

phase and a reduction of the amplitude according to
Pg(d) = efed (A.4)

where d is the thickness of the layer. The real part of k contributes to the phase, while the imaginary
party describes the losses due to absorption.

The propagation through a series of layers can now be described by multiplication of the relevant
Fresnel and propagation coefficients. Figure 77 depicts the schematic transmission of the THz wave
through the sample. In the case of pumped semiconductors at least two layers have to be considered.
Within in the absorption length daps of the sample, one can assume a homogeneously pumped layer,
while the rest of the sample remains unexcited. While multiple reflections within the unpumped
layer can be neglected due to the long optical path length, they have to be considered within the

excited layer. Using the geometrical row, the multiple reflection can considered through

]\ch =1+ TBCTBAPE- (A5)
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Figure A.2.: Heatmap of calculated absorbed energy density W (u, z) of a homogeneous pump pulse for (a)
375 pm, reduced to 60 pm, and (b) 5 um Silicon sample. In casc of the thick sample purc Lambert-Beer-type
absorption occurs, while additional interferences of the forward-propagating and reflected pump pulse at the
end of the thin sample can be observed.

Assuming the only one incident wave and considering reflection only for the excited layer, the total

transmission of d thick layer, can be described by the transmission function
Tap = tapPg(davs)tscPo(d — daps)top/Mpc- (A.6)

This complex transmission coefficient can be obtained experimentally via THz-TDS, as explained
in chapter 4.1. Fitting the total transmission coeflicient to the experimental data enables extraction

of the complex refrative index 7 of the sample.
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A.3. Pump-pulse absorption pattern

The shadow mask (at z = —2f) has a periodic spatial structure and so diffracts the pump beam
into several discrete directions. An achromatic doublet pair (at z = —1f) collects and refocuses
the diffracted waves onto the Si slab surface (at z = 0). To calculate the density N(z,y, z) of the
pump-induced electron-hole in the Si, we sum up all diffraction orders of the (scalar) pump electric
field,

E(u,z,w) = A(ky)exp(ikyu) eth=? 4 peth=(2d=2) | (A7)
ky

Here, u is the in-plane coordinate perpendicular (L) to the orientation of the wires, and z is the
coordinate perpendicular to the Si slab. (The axis perpendicular to z and u is ignored because
of translation-invariance along this direction.) Furthermore, w/27 is a frequency of the pump
pulse spectrum, and A(k,) is the amplitude of each Fourier component with wave vector k,, arising
from diffraction by the shadow mask, as specified by Equation (A.8). Finally, the two terms in the
square bracket describe the forward- and backward-propagating wave inside the Si slab, respectively,
where 7 is the Fresnel reflection coefficient of the Si-air interface, and k. is (w?n?/c? — k2)1/2. The

amplitude of cach diffracted wave is given by
A(ky) = Eine(w) - FIT(w)|(ky) - F(ky) - t(ku) (A.8)

where Ej,.(w) is the amplitude spectrum of the plane wave normally incident onto the shadow mask,
and T'(u) is the spatial transmission function of our mask (square-wave-type, assuming values of 0
or 1 for dark and bright regions), and F denotes a FT. Since 7" is periodic with period length a,
only wave vectors k, = m2m/a come into play, where the integer m is the order of each diffracted
wave. For the square-wave-type 1" of our mask, we have F|Ejn.(w)T (u)|(ky,) o< sinc(mmb/a) where
sincx = sinx/x, and b — a is the width of each shadowing stripe of the mask; The filter function I’
quantifies the finite aperture size of the lens, and in our setup, £ is 1 for |m| < 3 and 0 otherwise.
Finally, ¢(k,) is the Fresnel transmission coefficient of the air-Si interface.

We are primarily interested in the pump-induced electron-hole density N (u, z) which is proportional

to the locally absorbed power W (u, z) of the pump pulse, that is,

W(u, z) /thz(u,z,t) x /dw|E(u,z,w)|2 (A.9)
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Figure A.3.: Heatmap of calculated absorbed energy density W (u, z) of a homogeneous pump pulse for (a)
375 pum, reduced to 60 pym, and (b) 5 ym Silicon sample. In case of the thick sample pure Lambert-Beer-type
absorption occurs, while additional interferences of the forward-propagating and reflected pump pulse at the
end of the thin sample can be observed.
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Figure A.4.: Effect of various rectangular window function sizes on the characteristic time domain transients
of the experimental setup without specimen. The corresponding intensity spectra are shown in (b). Narrow
windows (red curve) increase the signal-to-noise ratio whilst smoothing the spectra. Wide window functions
(green) maintain the shape of the spectra while offering a worse signal-to-noise ratio. A balanced window
size (blue) enable shape preservation and sufficient signal-to-noise.

A.4. Windowing effects on Fourier transformation

Terahertz time domain spectroscopy allows the direct extraction of the optical properties of the
sample, e.g. complex refractive index. This technique relies on electro-optic sampling, which enables
the direct detection of the full time domain signal, acquiring amplitude and phase information
simultaneously. The complex spectrum of this THz pulse can be acquired by Fourier transforming

the transient according to
B(v) = F{E(t)} — / B(t)e>™ . (A.10)

One of the limitations of using the Fourier transform to construct an spectrum, is the assumption
of an infinitely periodic input signal in the time domain, while only a margin of the time-domain
is accessible for evaluation. Furthermore the sample and optical components induce reflections,
certain resonances, i.e. water on the sample or perturbations on the electro-optic signal, affecting
the shape of the electric field. Therefore the signal has to be divided into useful information and
noise. For filtering, the signal is multiplied with window function in the time domain. A typical
THz field transient measured in this configuration under varying rectangular window functions is
shown in figure A.4(a). However imprudent use of window functions can lead to truncation artifacts
and linc resolution issucs. To mitigate this issuc, zcros arc appended to the end of the time-domain
signal before the Fourier transform is performed in a process called zero-padding. While this process
does not alter the information in the spectrum nor does it improve its resolution, it improves the

resolution of the F'T and hence also improves the appearance of the spectrum and visibility of the
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peaks. To allow for direct comparability in the frequency domain all signals are interpolated with
a piecewise cubic hermite interpolating polynomial over the same time-window.

The intensity spectra are the result of both the characteristic response of the experimental setup and
the used window function. The spectrum of the transmitted intensity, which is the absolute square
of equation A.10, is shown in figure A.4(b). As can bee seen in regard to the red curve, narrow
windows lead to a smoothed spectra resulting in a loss of information, i.e the water resonance at
roughly 1.65 THz vanishes. In the counterpart wide windows (green) gather up perturbations, e.g.
reflections of the original signal, which are not part of the relevant signal, falsifying the spectra.
Hence a balanced window size (blue) has to be utilized to guarantee high signal-to-noise ratios and

no foreign content in the signal while maintaining the overall shape of the spectrum.
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A.5. 2D cross correlation - global image quality

The point-spread-function determines the local image quality, which is crucial for modulation depth
of metamaterials. But while, the single unit cell of a metamaterial induces certain modulations,
the overall response depends on averaged /effective response of the whole material. On this account
the global image quality has to be warranted.

Comparing the similarity of two signals is an essential task and a numeric measure of similarity is
(cross-)correlation, which is similar two the convolution of two functions. When comparing images,
the cross-correlation becomes a sum of pairwise multiplications of corresponding pixel values of the
images.

Though this method reflects the similarity of the images being compared, it is error-prone. Es-
pecially different image sources, distinctions in terms of brightness falsify the results. However
normalizing the cross-correlation for each image allows more robust measurement of image similar-

ity. The formula for the normalized cross-correlation is

NCC(Imagel,Image2) =

Z (Imagel(@ y) — Imagcl) X (Imag02($, y) — Imagc2> , (A.11)
0192 7y

where N is the number of pixels and oy /5 is the standard deviation of Imagel /2. The result of
the NCC is scaled to -1, 1]. Identical images yield 1, while an image and its negation equals -1.
With this normalized cross-correlation it’s possible to determine the parts of an image that match
a predefined template regardless of their orientation and local brightness. To identify positions
that match the template correlation, their correlation values have to be higher than a predefined
threshold value (i.e. stronger than 0.9) and locally maximal.

In this thesis the 2D cross-correlation compares a template, e.g. a single unit cell, with the whole
image. In figure A.5 a recorded CCD image is shown, while the matched template is shown in the
inset. The red dots on the image represent the cross-correlation points with sufficient accordance.
The majority of unit cells satisfies the quality conditions, confirming the projection setup. Still
some unit cells are overlapped with diffraction patterns, which are induced by particles and dirt
on a neutral density filter positioned in front of the camera to prevent camera saturation due to
high intensities. Additionally damaged SLM pixels can be spotted over the inset, impeding all
modulation of connected row and column pixels. While the particles, dust and dirt on the neutral
density filter are negligible for the experiment, the damaged SLM pixels disturb the homogeneity
of the metamaterials and therefore an undamaged area has to be used for high quality transient

modulation.

59



A. Appendix

Figure A.5.: Recorded intensity pattern on a CCD camera behind a neutral density filter. The 2D cross-
correlation is calculated with the template in the inset. Correlation points with a value greater than 0.8 are
marked with a red dot, proving the overall image quality. While the majority of unit cell fulfills the quality
conditions some pixels are superimposed with diffraction patterns of dirt and dust on the neutral density
filter or damaged pixel on the SLM, which prevent modulation.
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