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Abstract

On-chip THz spectroscopy is a powerful tool to investigate the low-energy dynam-
ics of solids. THz pulses generated by photoconductive switches are confined to the
near-field by metallic transmission lines, which allows studying micrometer sized het-
erostructures of different van der Waals materials. Routing sub-picosecond electrical
pulses over several millimeters requires a transmission line geometry that avoids dis-
persion and damping. In this thesis, different geometries are fabricated and character-
ized to optimize the propagation of THz pulses for on-chip measurements. In addition,
electromagnetic simulations are performed and compared to measured data.

The transmission lines are fabricated by optical lithography, thermal evaporation,
and lift-off processing. This includes the integration of a heater stage in the thermal
evaporator to grow high-quality metal / oxide substrates. The novel transmission line
geometry developed for on-chip spectroscopy measurements provides improved sig-
nal propagation and a rather simple fabrication process.

To implement on-chip THz spectroscopy in complementary experiments, the photo-
conductive switches are required to be operated without direct optical access. In the
framework of this thesis, first steps are taken to integrate the on-chip circuitry into
a scanning near field optical microscopy (SNOM) setup at the Columbia University
in New York. Triggering photoconductive switches with fiber-coupled laser pulses is
tested and a stage is designed that allows sample mounting, beam alignment, as well
as focusing via fiber optics in the SNOM.






Zusammenfassung

On-Chip-THz-Spektroskopie ist eine leistungsstarke Methode zur Untersuchung der
niederenergetischen Dynamik von Festkorpern. Von photoleitenden Schaltern erzeug-
te THz-Pulse werden durch metallische Leitungen auf das Nahfeld begrenzt. Dadurch
ist es moglich wenige Mikrometer grofie Heterostrukturen, welche aus verschiedenen
van der Waals-Materialien zusammengesetzt sind, zu untersuchen. Um elektrische
Pulse mit einer Dauer von weniger als einer Pikosekunde iiber mehrere Millimeter
zu iibertragen, wird eine Leitungsgeometrie benotigt, die Dispersion und Dampfung
gering hélt. In dieser Arbeit werden verschiedene Geometrien hergestellt und charak-
terisiert, um die Propagation von THz-Pulsen fiir On-Chip-Messungen zu optimie-
ren. Zusdtzlich werden elektromagnetische Simulationen durchgefiihrt und mit den
gemessenen Daten verglichen.

Die optimierten Signalleitergeometrien werden mittels optischer Lithographie, ther-
mischer Deposition und Lift-off-Prozessen hergestellt. Dazu gehort die Integration ei-
nes beheizbaren Probenhalters in die thermische Verdampfungsanlage, um hochwer-
tige Metall/ Oxid-Substrate zu erzeugen. Die neu entwickelte Leitungsgeometrie fiir
On-Chip-Spektroskopie-Messungen iiberzeugt durch eine geringe Dampfung und Di-
spersion in Kombination mit einem vergleichsweise einfachen Herstellungsverfahren.

Um die On-Chip-THz-Spektroskopie in komplementdren Experimenten einsetzen
zu konnen, miissen die photoleitenden Schalter ohne direkten optischen Zugang be-
trieben werden. Im Rahmen dieser Arbeit werden erste Schritte zur Integration der
THz Schaltkreise in einen SNOM-Aufbau an der Columbia Universitdt in New York
realisiert. Um die photoleitenden Schalter mit Laserpulsen zu betreiben, werden die
Pulse durch optische Fasern geleitet. Zusatzlich wird ein Probenhalter entworfen, der
die Kopplung, Ausrichtung sowie Fokussierung der optischen Fasern im SNOM er-
moglicht.
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1. Introduction

Today’s world is defined by technology. Multifunctional devices revolutionizing our
everyday life are becoming increasingly faster and smaller. The exploration of quan-
tum materials is thus key to open the door for a new generation of electronics and
photonics devices with still unimaginable functionalities. The experimental realization
as well as gaining control over quantum phases of matter is of particular importance,
since this will potentially provide access to quantum phenomena on demand [1].

The characteristic energy scale of electronic interactions in solids ranges from
0.4meV to 40 meV (0.1 THz to 10 THz) [2]. Therefore, terahertz spectroscopy is a
powerful tool to investigate quantum materials and 2D heterostructures [3]. The stable
generation and detection of THz radiation (sub-picosecond pulses in time-domain)
was extremely difficult for a long time. In the 1960s, a breakthrough was achieved by
Auston by developing photoconductive switches [4], which can generate or detect THz
tields when triggered by femtosecond laser pulses. But only when mode-locked sub-
picosecond lasers were introduced in the early 1980s, THz pulses could be generated
and detected reliably, and the door towards THz spectroscopy was opened.

The long wavelengths of THz radiation (3000 pm to 30 pm) limits the resolution in
far-tield experiments [5]. For example, the resolution limit of 1 THz is 150 pm (half
the wavelength) [6]. Thus, far-field THz spectroscopy is restricted to large samples.
Moreover, the lowest frequencies generated in far-field THz spectroscopy end at
500 GHz [7].

In recent years, 2D quantum materials and heterostructures with dimensions of the
order of ten micrometers have become an active topic of research. However, their small
size precludes the use of far-field THz techniques. But by putting THz spectroscopy
on-chip, THz pulses generated by photoconductive switches can be confined to the
near-field by metallic transmission lines. Thereby, one overcomes the diffraction limit
and it is possible to study these tiny structures.

On-chip THz spectroscopy has other advantages as well. For example, the band-
width spans DC all the way up to a few THz, exceeding that of conventional far-field
THz spectroscopy. Additionally, the on-chip THz devices incorporating the sample
material allow more control. The small structures can directly be contacted by metal
leads and currents can be applied at room as well as cryogenic temperatures. The
Fermi level can also be gated.

To do this, THz circuits are required where only one single mode propagates in the
transmission line. Recently, such circuits were used to measure the light-induced an-
omalous Hall-effect in graphene [8]. In this experiment, ultrafast transport properties
of monolayer graphene, driven by a mid-infrared femtosecond pulse of circularly po-



larized light, were measured and an anomalous Hall effect in the absence of an applied
magnetic field was observed. In this case, the THz circuitry enabled a quantitative
measure of anomalous ultrafast Hall currents in graphene.

The THz circuitry was fabricated on doped silicon wafers with dry oxide layer,
which formed in combination with the metallic transmission lines a microstrip. Ul-
trafast Hall currents generated in the graphene were routed in the microstrip, before
they were detected by laser-triggered photoconductive switches. The microstrip geo-
metry has a number of advantages such as single-mode propagation, the possibility to
gate the Fermi level of the sample by changing the potential of the doped silicon as
well as out of plane electric fields. In principle, these circuits could also be used in THz
spectroscopy. However, signals suffered notably from dispersion and damping before
being detected, which would prevent meaningful THz spectroscopy experiments in
future studies.

Thus, there is an urgent need to develop circuitry capable of transporting sub-pico-
second current and voltage pulses on-chip with reduced dispersion and damping.
Therefore, it is the goal of this thesis to develop and characterize different transmis-
sion line geometries to find the best candidate for on-chip THz spectroscopy.

This thesis is organised in the following way: The theoretical background of on-chip
THz spectroscopy and transmission lines is provided in chapter 2. Chapter 3 contains
the experimental part of this thesis. This chapter includes the design of THz circuits,
methods to grow high-quality metal / oxide substrates as well as the fabrication of
different transmission line geometries. Further, the experimental setup and the on-chip
measurements are introduced. The experimental results are presented and compared
to electromagnetic simulations in chapter 4. In chapter 5 the results of this thesis are
discussed. The final chapter gives a conclusion of this thesis and an outlook for further
implementation of this project in complementary experiments, where first steps are

already taken in the framework of this thesis.



2. On-chip THz spectroscopy

This chapter introduces the basics of far-field and near-field THz spectroscopy. Firstly,
an overview over THz generation and detection for conventional far-field spectro-
scopy is given. This work focusses on near-field THz spectroscopy, which is described
in the following section. Near-field spectroscopy is particularly useful to study the
low-energy dynamics of samples with dimensions below the diffraction limit of THz
radiation. To perform near-field spectroscopy, THz radiation needs to be generated,
captured, and detected in an on-chip transmission line geometry.

Section 2.2 explains the fundamentals of THz transmission lines, including the Tele-
grapher’s equation, the signal propagation model as well as the skin effect. This back-
ground is crucial to understand and eliminate the undesired effects of dispersion and
damping during signal propagation.

At the end of this chapter, three different transmission line geometries, which are
studied in this work, are discussed in detail.

2.1. THz spectroscopy

Terahertz (THz) spectroscopy has been employed to detect and control properties of
matter with electromagnetic radiation between the microwave and the infrared (IR)
region (see figure 2.1). The THz spectrum is defined within the frequency range of
0.1THz to 10 THz, corresponding to wavelengths of radiation from 3000 pm to 30 pm
and energies ranging from 0.4 meV to 40 meV [5].

Figure 2.1.: Spectrum of electromagnetic radiation from low energies (left) to high en-
ergies (right). The THz spectrum ranges from 30 um to 3000 pum.



Thus, the THz spectrum bridges the gap between millimeter (electronic) and sub-
millimeter (photonic) wave technologies (therefore, called the THz gap). Terahertz
waves are nonionizing, noninvasive, and penetrate materials with penetration depths
smaller than that of microwave radiation. The radiation is also very sensitive to many
different kinds of resonances as for example translational, vibrational, rotational and
torsional states, providing material information, which is not accessible with other
techniques [9]. Therefore, THz radiation provides a powerful and unique tool to ex-
plore a wide variety of physical phenomena, such as optical phonons in crystals [10],
superconductor gaps [11], and Josephson plasma resonances [12].

Compared to its neighbouring frequency ranges, the THz-gap has been less de-
veloped since it was hard to generate and detect THz radiation with conventional
methods of photonics and electronics. The technology experienced a great break-
through when broadband THz sources were developed [13]. There are various differ-
ent methods nowadays to generate and detect THz radiation such as electronic, laser
and optically driven sources (see Zouaghi et al. [7]). This thesis focusses on optically
driven sources, which will be discussed in the following and used for experiments in

this work.

2.1.1. THz sources and detection for far-field spectroscopy

Optically driven THz sources rely on frequency conversion of femtosecond lasers,
which delivers coherent few-cycle pulses. Thereby, time-domain THz spectroscopy
becomes possible, with the ability to characterize the electric field of a THz pulse with
full phase and amplitude information [14].

There are two different ways to generate THz pulses among the optically driven
sources: Either by optical rectification or by using a photoconductive switch. Optical
rectification is a second order nonlinear process. When a laser pulse with a duration of
less than 1 ps hits a non-linear crystal, the outcome is a very short single-cycle electro-
magnetic pulse in the frequency range between 500 GHz and a few THz. The detection
of the generated fields can be performed with electro-optical sampling [14].

However, if frequencies below 500 GHz are required, photoconductive switches are
the means of choice. Photoconductive switches can be used for both generation and
detection at room- as well as cryogenic temperatures. They were first developed by
David H. Auston at Bells Labs in the 1960s and are therefore referred to as Auston
switches [15].

Figure 2.2 shows a schematic of a photoconductive switch. The switch consists of
a transmission line antenna which is bridged by a semiconductor with a short carrier
lifetime, such as gallium arsenide or silicon [4]. The two electrodes of the antenna are
biased with a voltage of 10 - 100 V. Without focusing a laser beam on the semiconductor,
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the switch acts as an insulator. When the semiconductor is hit by a femtosecond laser
pulse, electrons are promoted from the valence band into the conduction band, creating
free carriers (see figure 2.2 (b)). Subsequently, the free carriers are accelerated by the
bias field, leading to a transient current pulse I(¢) (see figure 2.2 (c)). The duration of
the current pulse is determined by the carrier relaxation time. As depicted in figure
2.2 (d), the transient current generates a coherent single-cycle THz pulse. For silicon
photoconductive switches, green laser light (~ 520 nm wavelength) is required to make
this process happen efficiently [16], [17].

Figure 2.2.: Generation of far-field THz radiation with a photoconductive switch: (a)
A photoconductive silicon switch is biased by two metal electrodes and
illuminated by 520 nm femtosecond laser pulses to generate THz radiation.
(b) General THz emission process in wide gap semiconductors (silicon): A
femtosecond laser pulse promotes electrons from the valence band (VB)
to the conduction band (CB). (c) The generated carriers are accelerated by
the bias field, which creates a transient current pulse I(t). (d) The transient
current pulse induces the emission of a THz field (inspired by [5], [18]).

In order to use a photoconductive switch as a detector, the geometry is kept but no
bias voltage is applied (see figure 2.3) [19]. Instead, the incident THz field acts as a
bias to the photoconductive switch. When the switch is activated by a much shorter
(~100ts) laser pulse, the excited photo-charge carriers are accelerated by the electric
field of the THz pulse and a photocurrent flows through the metal electrodes, which



can be measured. The magnitude of the current is related to the THz field strength
during the time of switch activation. Therefore, the entire span of the THz pulse can
be sampled by varying the time delay between the femtosecond gate pulse and the
incident THz pulse (see figure 2.3).

Figure 2.3.: Detection of a THz field with a photoconductive switch: The incident THz
field acts as a bias for the photoconductive switch. Upon illumination with
short femtosecond laser pulses, photocurrents are generated, which can be
measured.

The concepts explained so far concerning THz generation and detection are used
for free space THz time-domain spectroscopy, using the generated far fields to analyse
materials. The spatial resolution of far field spectroscopy is approximately limited to
the wavelength of THz radiation. Thus, many interesting 2D heterostructures such as
twisted bilayer graphene, which can only be produced on micrometer scales, cannot
be studied with far field spectroscopy. In the next section, the concept of near-field
THz spectroscopy is introduced which allows to study samples with micrometer di-

mensions.

2.1.2. Near-field THz spectroscopy using transmission lines

For near-field THz spectroscopy, photoconductive switches are embedded in transmis-
sion line structures. This approach allows to confine the THz radiation generated by
photoconductive switches to the near field and to guide the radiation to the sample
position. Among higher spatial resolution due to the near field confinement, the in-
tegration of THz generation and detection in an on-chip circuitry yields additional
advantages: The sample is contacted by the transmission line which allows to send
ultrafast current pulses generated by a photoconductive switch into the sample. Also,
the Fermi level of the material of interest can be tuned by gating and a much higher
frequency resolution (~ 2 GHz or greater) can be realized by carefully designing the
device [5].



A typical on-chip THz spectroscopy setup is shown in figure 2.4: Two photocon-
ductive silicon switches are connected by a transmission line. The generation switch
on the left is biased with a DC bias voltage and is excited by focused pump laser pulses
of 520nm wavelength. Thereby, the switch becomes highly conductive and current
pulses are coupled to the metallic transmission line, in which they propagate towards
the detection switch. The detection switch is excited by a time delayed probe beam of
the same wavelength, which excites photo-charge carriers in the photoconductive gap
(~3mum). The THz pulse acts as a bias voltage for the detection switch (similar to the
free space THz system). When the detection switch is activated while the THz pulse
passes by, a photocurrent is generated, which can be measured by the combination of a
transimpedance amplifier and a lock-in amplifier, getting feedback from a mechanical
chopper. By using an optical delay stage, the probe beam can be delayed in time and
the full THz pulse can be mapped.

Figure 2.4.: On-chip transmission line system for THz generation and detection: Photo-
conductive switches are embedded in a metal transmission line to transmit
a THz pulse from the generator switch to the detector switch. To sample
the entire THz field, the probe beam is delayed with respect to the pump
beam. Photocurrents can be measured by a lock-in amplifier using a mech-
anical chopper for the pump beam.

In former experiments performed by Mclver et al. [8], such on-chip THz devices
were fabricated on doped silicon wafers with a 285 nm SiO, layer on top. The doped
silicon plane with the oxide layer in combination with the metal line form a microstrip
(see chapter 2.3.1) which has various advantages: Silicon wafers are easily accessible
substrates, doped silicon can be used as a backgate for tuning the Fermi-level of the re-



spective material, e.g. graphene, and only a single mode is propagating. Nevertheless,
the problem was, that THz pulses travelling in such transmission lines over distances
in the range of a few hundreds of micrometers suffered from dispersion. Especially in
ultrafast transport experiments using THz on-chip spectroscopic techniques, non- or
low-dispersive pulse propagation is essential in order to directly measure the induced
currents.

In the framework of this thesis, low-dispersive single-mode transmission lines are
developed and characterized, with the goal to overcome the above mentioned prob-
lems. To understand the pulse propagation between the generation and to be able
to develop low-dispersive single-mode transmission lines, the theory of transmission
lines is explained in the next chapter.

2.2. Theoretical description of transmission lines

This chapter is dedicated to the fundamental concepts of transmission line theory. Par-
ticularly, on-chip planar transmission lines such as microstrips, striplines and coplanar
waveguides are discussed here with special emphasize on the frequency regime up to
the THz range. All three types of transmission lines are utilized in the experimental

section.

2.2.1. Overview

In telecommunication theory, a transmission line is defined as a region of space where
RF signals can propagate with the best compromise between minimum attenuation
and available space. Depending on the transmission line shape, different frequency
ranges are transmitted [20].

There are four different types of transmission lines: Coupled wires, parallel plates,
coaxial cables and waveguides, whereby the first three types belong to the family of two
conductor transmission lines, which are treated in this thesis. The physical dimensions

of the transmission lines highly influence the natural propagation mode of the line [20].

Each transmission line has one fundamental polarization as well as one fundamental
mode of propagation. Both phenomena are of course strongly frequency-dependent
and it is also possible that at some frequencies other modes than the fundamental
mode propagate [20]. Possible propagation modes for signals travelling in positive
x direction are shown in the following table 2.1.

Further, only "long" transmission lines are discussed, where the line length is larger
than the maximum wavelength component of the signal divided by four. In this case,

wave characteristics of the signal arise.



Table 2.1.: Propagation modes in transmission lines

TE, transverse electric E,=0 | Hy#0
TM, transverse magnetic E,#0| H,=0
TEM, transverse electro-magnetic | E, =0 | H, =0

2.2.2. Telegrapher’s equations

Transmission line problems are solved using Heaviside’s transmission line model [21],
which is based on Maxwell’s equations. Two sets of linear differential equations exist,
which can be applied to every transmission line. The so called telegrapher’s equations
describe the voltage V and current I along the transmission line with its characteristic
impedance Z( with respect to distance and time.

In the transmission line model, a two conductor transmission line, which connects a
power source to a load, can be represented by a distributed network. The transmission
line is divided into infinitesimal pieces dx, when signals are propagating in positive

direction x (see figure 2.5).

Figure 2.5.: Two conductor transmission line and its distributed network representa-
tion: For signals propagating in positive x direction, the transmission line
is divided into infinitesimal segments dx.

Furthermore, every infinitesimal piece dx can be modelled as a lumped element cir-
cuit with the primary line constants R’, L, C" and G’ specified per unit length as shown
in figure 2.6. R’ represents the series resistance due to the finite conductivity of the
conductor (expressed in ohms per unit length), L is the distributed inductance due to
self-inductance of the conductor which is represented by a series inductor (in henries
per unit length). C” is the capacitance between the two conductors standing for a shunt
capacitor, since some electrical energy is stored (expressed in farads per unit length). G’
is the conductance which is responsible for the loss in the dielectric material (lossy by
nature) separating the two conductors and is represented by a shunt resistor between
the signal line and the ground line (in siemens per unit length).

Applying Kirchhoft’s circuit laws to the lumped model shown in figure 2.6, the fol-



Figure 2.6.: A two conductor transmission line (left) can be represented by a lumped
element circuit with the elementary components resistance R’, inductance
L’, capacitance C” and conductance G’. The transmission line consists of an
infinite series of the elements shown in the infinitesimal segment of the
transmission line.

lowing equations can be found:

V(x,t) = R'dxI(x,t) +L’dx%](x,t) +V(x+dx,t) (2.1)
/ / a
I(x,t) =G'dxV(x,t)+C de V(x,t)+1(x+dx,z1). (2.2)

By applying the mathematical definition of the derivative and using the phasor
forms for time-varying voltage and current as shown in Ref. [22], the telegrapher’s
equations can be derived:

% V(x,t) = —(ioL' +R')I(x) (2.3)
d[ . i0wC +GHV 24
T 1(x1) = ~(i0C +6)V(x). 24

Differentiating again, the two following differential equations can be obtained:

d?V (x)

2 (R +ioLl')(G +ioC)V(x) = P V(x) 2.5)
dzc@ _ (R +ioL)(G +ioC)I(x) = P1(x), (2.6)

with the complex propagation constant y:

y=0a+if =/ (R +iol) (G +inC), 2.7)

where the real part o is the attenuation constant (signal amplitude reduction) and the
imaginary part f8 is the phase constant that corresponds to the angular wavenumber.
Attenuation arises from three different phenomena: conductor loss o, dielectric loss
o, and radiation loss «,. Thus, the propagation constant (which is not constant, but
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frequency dependent) is a measure for the undergone change of amplitude and phase
of a sinusoidal wave propagating in one direction in a transmission line. For a com-
plex amplitude Ag at the source and the changed amplitude A, after a distance x, the

propagation constant is defined as

Ao _
A= e 7, (2.8)

Another important parameter for a transmission line is the characteristic impedance
Z. It is a function of geometry and materials, and its value is independent of the trans-
mission line length [23]. Z measures the ratio of the amplitudes of voltage and current
of a wave propagating in one direction in a transmission line without any reflections
in the other direction. For a transmission line with infinite length, the characteristic
impedance is defined to be equal to the input impedance.

Based on the telegrapher’s equations, the characteristic impedance Z can be ex-

R +iol’
Ty 29)

Z is a complex parameter, whose absolute value |Z| and phase & are shown as

pressed by

function of frequency  in figure 2.7. The characteristic impedance reaches the value
|Z| = \/R'/G' for frequencies ® — 0. In the weak damping limit, for frequencies ® >
R'/L' and @ > G'/C’" (occurs for THz frequencies), Z becomes real (Im(Z) ~ 0) and

Ll
Zo = ,/5. (2.10)

The transition frequencies to the weak damping limit are not fixed values for every

approaches the value

transmission line. They are dependent on the primary line constants R’, L', C” as well
as G” and vary between different transmission line types and geometries.

The primary line constants R, L’, C" and G’ can be derived from the secondary line
constants y and Z by multiplication or division of equations 2.7 and 2.9:

Im[Z -]
w

, G’:Rem, o=l 2.11)

R = RelZ- L =
elZ -], Z .

Further, also the real part o and the imaginary part 8 of the propagation constant y
can be visualized as function of frequency o, as shown in figure 2.8. The attenuation

constant « has at low frequencies ® — 0 its minimum value 0,
Omin = VR'G'. (2.12)
In the weak damping limit, the attenuation constant & approaches the value
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Figure 2.7.: Absolute value |Z| and phase ® of the characteristic impedance Z as func-
tion of ®: In the weak damping limit Z becomes real and approaches Zj.

1 /R
% =5(7+0%). (2.13)

Thus, weak damping limit does not mean, that the attenuation constant has a min-
imum value. Furthermore, the attenuation constant is constant for the frequency range
of the weak damping limit and thereby signals in this frequency range are propagating
as if they would not experience any losses or dispersion.

Signals can be composed of many different frequencies. Since different frequency
components propagate at different velocities, pulses suffer from distortion, which is
known as dispersion. Therefore, a distortionless propagation is only possible when all
waves travel with the same velocity. This comes true in the weak damping limit. The
phase constant 8 corresponds to the wavenumber k:

2n
B=k= T (2.14)
and in the weak damping limit, B approaches linearly the curve wv/L'C’ (see figure
2.8). Since the phase velocity is defined as

A

Vph = T = E, (215)

the phase velocity is 1/v/L'C’ in the weak damping limit and is independent of the

frequency w. Usually, signals containing many different frequencies are not only com-
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Figure 2.8.: Attenuation constant oo and phase constant f8 as function of w: o(®) ap-
proaches o and fB(®) becomes proportional to @ in the weak damping
limit.

posed of frequencies in the weak damping limit. Thus, lower frequencies have lower
phase velocities and signal distortion occurs. However, the highest frequency com-
ponents of the signal propagate with the maximum phase velocity without distortion.

2.2.3. Signal propagation model

Another approach to calculate the wave propagation in a transmission line was shown
by Thiede [24]. This approach has the additional advantage that signal propagation
can be modelled in a simple and visual way.

Thiede understands the propagation constant as a sum of three factors:

y=ioVL'C + DVLC + VL (\/ (io+D)?—-K?—(io +D)> : (2.16)

Equation 2.16 is a transformation of equation 2.7 with the newly introduced damp-
ing factor D and distortion factor K:

1 /R G 1 /R G
D=—-|—=+—= K==-|-—=). 2.17
2(L’+C’)7 2( ) ( )
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In the resulting exponential equation

oY — g iVITx | (-DVECx | (VT (V0D =R ~(w+D) s (2.18)

the first term corresponds to the time delay of the signal 7 = v/L'C'x, the second term
is seen as a damping factor e~** with the damping constant o = DvL'C’ and the

third factor can be interpreted as a signal distortion. An exemplary propagation of a

rectangular signal modelled with this approach is shown in figure 2.9.

Figure 2.9.: Exemplary propagation of a rectangular signal in a transmission line: A

pulse propagating with a maximum phase velocity of \/% experiences
damping (damping constant &) and distortion. The maximum phase velo-
city (phase velocity of the highest frequencies contained in the signal) can

be found at the steepest slope.

The damping constant & should not be confused with the attenuation constant o,
the real part of the propagation constant (see equation 2.7), because also the third term
of equation 2.16 has a real part and contributes to the damping. But o) equals o when
the transmission line is distortionless, where the third term of equation 2.18 is zero.

As shown by Thiede, also the characteristic impedance Z can be expressed as a func-
tion of damping factor D and distortion factor K:

io+D+K
Z=2Zp\) —— 2.1
"Vie+D-K’ (219)

where Zj is again the characteristic impedance of a distortionless transmission line. Z
equals Zy when the distortion factor K is zero, which is the case when the Heaviside
condition is fulfilled:

R G
L c

This is the condition for a distortionless, but not for a lossless transmission line,

(2.20)
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because in the distortionless case (weak-damping limit) the attenuation constant « has
a non-zero value of oy (see figure 2.8).

2.2.4. Skin effect

In the previous sections, the primary line constants R’, L', C' and G’ were assumed
to be constant within pulse propagation in the transmission line and with respect to
the propagating frequencies. However, the so called skin effect changes the effective
conductor resistivity dependent on the frequency of the propagating signal.

The skin effect defines the phenomenon that high-frequency alternating currents
(and magnetic flux) penetrate into the surface of a conductor only up to certain depths,
the so called skin depth. Therefore, the current density is largest near the conductor
surface and decreases with greater depths in the conductor (see figure 2.10). The skin
depth (depth in meters at which the current density is 1/e of the surface current dens-
ity) is defined in the good conductor limit (¢ > &y€,w) by

5= |- 2P _ 2 2.21)
oMoy Ol O

where p is the specific resistivity of the conductor, ¢ is the specific bulk conductivity,

Lo is the permeability of free space (uy = 471077 Vs/Am) and p, is the permeability
of the conductor [25]. Equation 2.21 shows, that the skin effect becomes increasingly
prominent with increasing frequency. At higher frequencies, the skin effect causes an
increasing effective resistance of the conductor as the skin depth is smaller and the
effective cross section of the conductor is reduced [26].

The skin effect occurs due to circulating eddy currents! arising from the changing
magnetic field of the alternating current. The eddy currents cancel the current flow in
the center of the conductor and reinforce it in the surface area (see figure 2.10). Typ-
ical skin depths 6 in copper and gold for three different frequencies w are exemplary
shown in table 2.2.

Table 2.2.: Skin depths in gold (6 =4.6-10” S/m, y, = 1) and copper (6 =5.96-10’ S/m,
Uy = 0.999991) for three exemplary frequencies .

) | Gold | Copper
10GHz | 1.86 ym | 1.63 ym
100 GHz | 0.59 pm | 0.52 pm
1THz 0.19 pm | 0.16 pm

Loops of electrical currents induced in a conductor by a changing magnetic field (Faraday’s induction
law) are called eddy currents.
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Figure 2.10.: Skin effect in a cylindrical conductor: The current density decreases ex-
ponentially from the surface to the center of the conductor for alternating
currents. The skin depth 6 marks the depth at which the current dens-
ity is only 1/e of the current density at the conductor surface. The effect
arises from circulating eddy currents Iy cancelling the current flow 7 in
the center and reinforcing it at the surface.

THz pulses containing a range of frequencies propagating in transmission lines ex-
perience an additional dispersion due to the skin effect. Higher frequencies propag-
ate with a higher resistance suffering thereby more from distortion and damping (see

equation 2.7 for example).

2.3. Transmission line types

Various geometries can be considered for transmission lines consisting of planar metal-
lic strip conductors sitting on a non-conductive substrate. It is crucial to gain know-
ledge about their electrical properties as characteristic impedance, effective permittiv-
ity, modes of propagation as well as conductor and dielectric losses.

This chapter discusses the design and characterization of the three planar transmis-
sion line geometries utilized in the framework of this thesis: Microstrip, stripline and
coplanar waveguide. Usually, those transmission lines are used for radio-frequency
signals. But some fundamental properties change when higher frequencies such as
THz signals are propagating, which is taken into account in the following.

2.3.1. Microstrip

The most popular transmission line type for high-frequency applications due to its
technological simplicity is the microstrip. A microstrip consists of a conducting signal
strip which is separated from the ground plane by a dielectric layer called substrate.
Most of the electric field lines are concentrated in the dielectric substrate, but a fraction
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of the field lines also passes though the air or vacuum (see figure 2.11).

Figure 2.11.: Microstrip geometry with electric and magnetic field lines: A conducting
signal strip is separated from the ground plane by a dielectric substrate.

Since the dielectric constant of the substrate is higher than that of the air above,
signals are propagating in an inhomogeneous medium. Therefore, the propagation
velocity is somewhere between the THz signal velocity in the substrate and the velocity
in air. This makes a pure TEM mode propagation impossible, since the electrical field
lines are tilted slightly due to the higher propagation velocity in air. The outcome
is, that the electrical field has a small component in x direction [27]. This effect is
frequency dependent and has to be considered especially for frequencies higher than
10 GHz.

The hybrid TE and TM modes supported by the transmission line are then called
quasi-TEM mode. At high frequencies, also higher order modes can propagate (lossy
in nature), for example the first higher order mode is a TE mode [20].

In order to describe the quasi-TEM mode propagation, the effective dielectric con-
stant is commonly introduced. This is the dielectric constant of an equivalent homo-
geneous medium, which exhibits the same phase velocity

Vop = —— (2.22)

1/Seﬁr

(c is the speed of light in vacuum) as the inhomogeneous medium. The effective dielec-
tric constant &, can be approximated by ([28], [29]):

&+l e+l 1

£ = v , 2.23
) 2 T+ 12h)w 2.23)

with &, being the dielectric constant of the substrate, & the height of the dielectric sub-
strate and w the width of the conductive signal strip.

Further, the characteristic impedance Z in Q of a microstrip as proposed by Ham-
merstad [30] is given by:

601 +W
[
1207

[ w/h+1.393+0.6671n(w/h+1.444)]

==

==
(AVARRVAN

(2.24)
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Microstrip transmission lines have a number of disadvantages, for example the line
is dispersive. The effective dielectric constant gradually approaches that of the sub-
strate with increasing frequency, as seen in this equation [31]:

8r — Eeﬁ'

27
Z-5
1+1/ %0 (98.39?20/}1))

with substrate height 4, implying that most of the energy propagates through the sub-

Efr2(@) = & — (2.25)

strate and less through the air at higher frequencies. This phenomenon leads to a
gradually decreasing phase velocity [32]. Although the dielectric constant of the sub-
strate gets usually smaller with increasing frequency, this effect even occurs in non-
dispersive substrate materials. Additionally, also the characteristic impedance of the
transmission line slightly changes with frequency causing dispersion [33].

Besides dispersion, also signal attenuation occurs in microstrips, mainly due to con-
ductor and dielectric losses. Since the microstrip is an open line, radiation losses occur,
but using high & materials as well as precise conductor shape and matching, con-
ductor and dielectric losses are predominant [20]. For a propagating quasi-TEM mode,
the conductor loss o, and the dielectric loss o, are [34]:

R _ koer(seﬂ— 1) tand

Ay
2, /Seﬂf(gr - 1)

with the wavenumber ky, microstrip width w, loss tangent tand = G’/wC’ [35] and

O =

= 2.26
o’ (226)

surface resistivity R, given by Ry = /7wl tofp, where p, and py are relative and free
space permeability, f is the frequency of operation and p is the specific bulk resistivity
[36].

The loss tangent usually measures the fraction of the imaginary part over the real
part of the complex electrical permittivity. Thereby, the real part refers to the lossy
component of an electromagnetic field and the imaginary part to the reactive or lossless
imaginary part. If tané = 0, there is no dielectric loss.

As seen in equation 2.26, the conductor loss increases with increasing transmission
line resistance. In order to construct low-loss lines, strip materials with a high conduct-
ivity are prefered, for both signal and ground plane.

With equation 2.26 for the dielectric loss «, one finds that

8,(8eﬁr— 1)

Ol o —————.
\/ 8eff(€r_ 1)

Since the effective dielectric constant &, is is a linear function of the relative dielectric

(2.27)

constant €, (see equation 2.23), which can be approximated with

Eeff =g 41, (2.28)
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it can be shown that

o gle,+1-1) g &>l
Ve De-0 JeEi

So, dielectric losses increase with increasing dielectric constant. In order to minimise

g . (2.29)

dielectric losses, a substrate with a rather low electrical permittivity should be chosen.

Furthermore, also the substrate thickness has an impact on the resulting effective
permittivity. Considering finite metal thickness as well as /A < 0.2; 0.1 < w/h < 20;
and &, < 16, equation 2.25 can be rewritten to [31]:

;o g&—1 t/h
Eoff = Eeff — 4.6 /_w/h,

where £ is the substrate height, ¢ is the strip height and w is the strip width. Equation

(2.30)

2.30 shows that the effective permittivity decreases with increasing substrate thickness.

Thus, thicker dielectric substrates reduce the attenuation in microstrips.

2.3.2. Stripline

Another type of planar transmission lines, which is less dispersive when compared to
the microstrip, is the stripline. It can propagate a pure TEM mode. The stripline was
tirst invented by Barrett in the 1950s [37].

The geometric structure and the electric and magnetic field lines for the fundamental
TEM mode of a symmetric stripline are shown in figure 2.12.

Figure 2.12.: Stripline geometry with electric and magnetic field lines: A conducting
signal strip is embedded in a homogeneous dielectric medium enclosed
by two parallel ground planes.

Three layers of conductors are required for the stripline construction: The internal
signal line is commonly called hot conductor, which is embedded in a homogeneous
dielectric with electrical permittivity &.. The dielectric medium is a solid material

which provides good electromagnetic shielding and low attenuation losses compared
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to the microstrip line (and coplanar waveguide) [5]. The other two conductors are the
cold or ground conductors, which are connected to signal ground. To prevent propaga-
tion of other modes than the fundamental mode, the two ground conductors must be
shortened.

Striplines are used in wideband networks and devices because of their non-disper-
sive behaviour, the high cut-off frequency and their low radiation and attenuation
properties. Unfortunately, they present a rather complex geometry, which makes the
device fabrication more difficult compared to the microstrip geometry.

A common stripline characteristic is the typically lower wave impedance of the strip-
line compared to a microstrip. One can easily reach 20 Q with a stripline which is a
value that would cause an immense rise of higher order modes in a microstrip [20].

The characteristic impedance of a symmetric stripline with distance b between the
two ground conductors, signal strip height ¢ and strip width w, that fulfill the condi-
tions w/b < 0.35 and ¢ /b < 0.25 is given by [38]:

60 4b
7~ l . 2.31
Na (O.677r(t+0.8w)> (231)

Further, the phase velocity of the propagating TEM mode is:

c
Vpp = ——.
ph /g,

Due to the finite conductivity of the stripline conductors as well as the finite res-

(2.32)

istivity and damping of the dielectric, any stripline exhibits attenuation. In contrast
to the microstrip, a stripline is a closed transmission line and radiation losses can be
neglected. Attenuation arises from conductor and dielectric losses.

Calculating the conductor loss in a stripline is rather complex as shown by DiPaolo
[20]. It is shown that the conductor loss is proportional to the surface resistivity R;.
Therefore, better conductors cause less attenuation. The dielectric losses ¢; (in dB per

unit length) in a TEM transmission line are given by:

27.29+/€, tano
Oq = )‘O ’

showing, that dielectric losses become smaller with lower electric permittivities.

(2.33)

2.3.3. Coplanar Waveguide

Coplanar waveguides have been widely used in integrated circuits for microwaves and
were invented by Wen in 1969 [39]. They consist of a center conductor separated by a
narrow gap from two ground conductors sitting on either side on a dielectric substrate
as illustrated in figure 2.13.

In contrast to microstrip and stripline, the electric field lines are strongly coupled
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Figure 2.13.: Coplanar waveguide geometry with electric and magnetic field lines: A
conducting signal strip is separated by a narrow gap from two ground
conductors sitting on either side on a dielectric substrate.

to the ground conductors on both sides, leading to an electrical field confinement in y
direction. Microstrip and stripline have an electrical field that is stronger coupled in z
direction. Depending on whether horizontal or vertical electric fields are required for
the on-chip spectroscopy experiment, one has to chose between either the microstrip
or stripline and the coplanar waveguide.

As in the microstrip, the propagation of a true TEM mode is not possible. The elec-
tromagnetic wave exists in the dielectric substrate as well as in the air on top. Thus,

the wave is travelling in an inhomogeneous medium with

1+ &

Eoff = (2.34)

and a phase velocity of

Vop = (2.35)

\ /8@5‘

The propagating coplanar mode having non-zero longitudinal components for both
the electric and magnetic field is described as a quasi-TEM mode [40]. For the coplanar
mode, the electric field is strongly confined to slot gaps, which makes it less dispersive
[5].

Besides the coplanar mode (shown in figure 2.13), also the slot line mode exists.
The electric field of the slot line mode extends from one ground plane to the other.
Usually, a mixed-mode signal is propagating in a coplanar waveguide, consisting of
both coplanar mode and slot line mode.

The characteristic impedance Z of a coplanar waveguide is a function of ground line
width a, gap width b and effective electric permittivity & For 1 / V2<a /b<1,Zis
given by:

Z=

\/af ( i fﬁ) , (2.36)

Regarding equation 2.36, the logarithm becomes larger for slot gap widths b being
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much bigger than the ground line width a. The characteristic impedance decreases
therefor drastically for narrow gap widths.

Coplanar waveguides have a few advantages over other transmission lines. For ex-
ample, they have more degrees of freedom for device optimization: The signal con-
ductor width as well as the slot gap width can be varied. Further, they require less
fabrication steps as a stripline (and the same number of steps as a microstrip), since
signal and ground conductors are in the same plane.

Signal attenuation in coplanar waveguides mainly exists due to conductor, dielectric
and radiation losses. Dielectric losses ¢; in dB/meter are given by [5]:

tand & €1
Ao VE &1

Since g is a linear function of &, (see equation 2.34), one can show that @y is propor-

0oy = 8.867 (2.37)

tional to the square root of &,:

& &+1—-1

- = &
Ve & —1 Ve

Dielectric losses can therefore be minimized by using a substrate with low dielectric

a o = /5. (2.38)

g —1

permittivity.

Conductor losses ¢, arise by the finite conductivity, the skin effect as well as sub-
strate roughness of the conductive material and increase with decreasing gap dimen-
sions [5].

Radiation losses o, occur due to the interference of the dominant propagation mode
with higher order modes at higher frequencies (this is one reason for dispersion in
coplanar waveguides) as well as due to leakage into the substrate. Leakage happens
when the phase velocity of the dominant mode is higher than the substrate mode [41],
[42]. Radiation losses and dispersion can be minimized by fabricating coplanar wave-
guides with small slot gap widths [5]. However, this would cause increasing conduct-
ive losses. Thus, a compromise in slot gap width has to be found to keep both, radiation
losses, dispersion and conductive losses low.
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3. Development of low-dispersive

single-mode transmission lines

This chapter is dedicated to the experimental development of planar transmission lines
for low-dispersive, single-mode signal propagation in on-chip THz experiments.

In experiments by Mclver et al. [8], THz signals suffered from dispersion and damp-
ing. To reconstruct the undistorted signal, an elaborate analysis was required. In these
experiments, THz circuitry was fabricated on doped silicon substrates with a 285 nm
silicon dioxide (SiO;) layer. Instead of using a metal ground plane, the doped silicon
acts as a ground plane for the so formed microstrip geometry. Due to the low con-
ductivity of the doped silicon, signals propagating in the transmission line disperse
strongly. This geometry is referred to as a doped silicon microstrip in the following.

In order to reduce dispersion and damping, a number of different transmission line
geometries, dimensions, and materials are investigated. For example, the microstrip
can be improved by a more symmetric stripline design, the thickness of the dielectric
can be adjusted, and the doped silicon ground plane can be replaced by a more con-
ductive gold layer. All of these approaches are tested and discussed in the following.

The chapter is divided into two main sections: The first section describes the fabrica-
tion of transmission lines, including the design of THz circuits (3.1), the fundamentals
of THz circuit fabrication (3.2) and different concepts to grow SiO; for striplines (3.3).
Further, the fabricated devices are presented (3.4). In the second section the experi-

mental pump-probe setup (3.5) and the pump-probe measurements are shown (3.6).

3.1. THz circuit design

THz circuits are designed using the software KLayout [43]. Four different circuits are
fabricated on every substrate with distances of 100 pm, 200 pum, 300 pm and 400 pm
between the photoconductive switches for pulse propagation characterization (see fig-
ure 3.1).

Every single evaporation step is drawn in one layer. The first layer includes the
shapes for the photoconductive switches (18 x 20 yum) as well as the markers for the
mask alignment for further layers. The second layer contains the transmission line
structures with bond pads for wire bonding. The main transmission lines have a width
of 10 ym. The rounded transmission lines contacting the photoconductive switches
have widths of 20 pm and are smoothly bent to avoid reflections. These contacts are
used to apply bias voltages for signal generation and to measure photocurrents during
signal detection.
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Figure 3.1.: THz circuit design in KLayout with two layers for a 1 cm x 1cm substrate:
In a first layer, photoconductive switches and markers for mask alignment
are drawn. Transmission line structures with bond pads are designed in a
second layer.

The designed circuits are transferred to a direct laser writing lithography system
from Heidelberg Instruments (uPG100) and are written in a thin layer of photo resist

as explained in the following.

3.2. Fundamentals of THz circuit fabrication

Ultrafast THz circuits are fabricated using optical lithography, thermal evaporation
and lift-off processing. They are fabricated in two steps as designed in KLayout: Firstly,
amorphous silicon (a-silicon) patches are thermally evaporated, which form the two
photoconductive switches. Secondly, metallic structures (Ti/Au) are constructed by
thermal evaporation to create transmission lines. A schematic cross-section of such a
microstrip geometry is shown in figure 3.2.

For all lithography steps the same procedure depicted in figure 3.3 is used: Firstly a
two-layer photo resist system is spin coated on a substrate. The bottom layer is a heat-
resistant undercut layer of MicroChem LOR-7B. For the spin coating process, a few
drops of resist are placed onto the center of the substrate surface. Then the substrate is
spun at high rotation speeds (4500 rpm, acceleration of 2000 rpm/s, 45 sec) to obtain a
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Figure 3.2.: Schematic cross-section of a microstrip geometry at the photoconductive
switch position.

homogeneous thin layer of resist (~ 500 nm). After spin-coating, the LOR-7B-layer is
cured for 4 min at 180°C.

Figure 3.3.: Fabrication of THz circuits in six steps: 1. LOR-7B is spin-coated and pre-
baked on a substrate. 2. Positive photoresist map-1205 is spin-coated and
prebaked. 3. The photoresist is exposed by an optical lithography system.
4. Resist and LOR-7B are developed, creating a bi-layer sidewall with an
undercut profile. 5. Material is thermally evaporated. 6. Lift-off of bilayer
resist which leaves only the desired structure.

A second layer of positive photoresist micro resist map-1205 is spin-coated with 2000
rpm for 30 s with an acceleration of 2000 rpm/s and heated for 30 s at 100°C. Then, the
structures are written in the bilayer photoresist system with a direct-write optical litho-
graphy system, where a laser beam only modifies the top photo resist layer (see step
three in figure 3.3). Subsequently, the structures are developed using ma —D331/S. The
developer dissolves the exposed photo resist and the LOR layer underneath. The LOR
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will form an undercut as depicted in step three of figure 3.3, which is indispensable for
a clean lift-off after material deposition.

The sample is mounted upside down in a thermal evaporation chamber and the
material is deposited onto the substrate. In a last step, the photoresist is removed in a

bath of mr — rem700 remover heated at 50 °C, leaving only the desired structures.

3.3. Methods to deposit high-quality SiO, for striplines

As discussed before, doped silicon microstrip transmission lines were used in former
on-chip THz experiments to guide THz signals, which suffered from dispersion. The
idea is therefore, to construct different transmission line geometries such as striplines
to improve the pulse propagation. Striplines can be fabricated out of doped silicon
microstrips by covering the signal lines with a dielectric layer such as SiO, followed
by a second ground layer made of gold (compare figures 2.11 and 2.12).

However, the fabrication of this dielectric SiO; layer is not trivial. Different concepts
to grow high quality SiO, are possible such as spin-coating of H5Q), sputtering as well
as thermal evaporation of 5iO,, all of which are tested in the following.

3.3.1. Spin-coating of HSQ

A first approach to deposit SiO, films on doped silicon microstrip structures is to
use hydrogen silsesquioxane (HSQ). HSQ has the property that it turns itself into a
SiO;-containing material after curing at high temperatures, with a relative permittiv-
ity & 5o =2.9...3.2 smaller than the permittivity of pure SiO; (&,5i0, = 3.9). It is widely
used to deposit high quality insulating films for electronic devices such as integrated
circuits [45][46].

The precursor of HSQ, FOX-15 (18 % solid content in solvent methyl isobutyl ketone
(MIBK)), was purchased from Dow Corning. By changing the amount of MIBK solvent
in the HSQ solution, the film-thickness can be varied. In order to construct a symmet-
ric stripline with doped silicon wafers (285 nm dry SiO,), a film thickness of 285 nm
is desirable. Differently diluted FOX-15 solutions are spin-coated on a 1 cm x 1 cm
doped Si wafer with 4000 rpm for 60 s with an acceleration of 2000 rpm/s. Measur-
ing the film thicknesses with an atomic force microscope (AFM) reveals that a FOX-15
concentration of 75 % in MIBK provides a film thickness of 285 nm (see figure 3.4).

The analysis of structural changes of HSQ during the curing process has been stud-
ied by Loboda et al. [46] and Belot et al. [47] amongst others. They report that there are
four possible stages in the HSQ curing process depending on the curing temperature.
For temperatures from room temperature up to 200°C, only solvent loss was observed.
For temperatures between 250 and 350°C, the cage-network structure is redistributed

and a SiO,-containing material arises:
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Figure 3.4.: Measured thickness of spin-coated HSQ as function of FOX-15 concentra-
tion in MIBK. A concentration of 75 % provides a film thickness of 285 nm.

2HSIO3/2 — H28102/2 + 8104/2 (31)
H28i02/2 + HSIO3/2 — 8104/2 + H3Si01/2 (32)

When the temperature is further increased, thermal dissociation of Si-H followed by a
collapse of the pore structure is reported [48].

To deposit SiO, layers on doped silicon microstrip structures, HSQ (75 % FOX-15
in MIBK) is spin-coated with 3000 rpm for 30 s. To cure the HSQ on the microstrip
structure, the sample is heated to 160° C for 5 min to lose the solvent and afterwards
to 300° C for 30 min to redistribute HSQ into the SiO, containing material.

The HSQ coated microstrip structure (see figure 3.5 (a)) is then mounted on a sample
holder and wire bonded for photoconductive switch resistance measurements. The
bond pads have to be scratched for wire bonding, since the HSQ covers the entire cir-
cuit including bond pads and switches. The measured switch resistance is 80 €, which
is three orders of magnitudes lower than the switch resistance former experiments. The
microscopic picture of the switches shown in figure 3.5 (b) indicates, that the thermal
curing process of the HSQ (see Egs. 3.1 to 3.3) destroys the switches.
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Figure 3.5.: First approach to deposit SiO»: a) Hydrogen silsesquioxane (HSQ) is spin-
coated on a microstrip structure. In order to turn HSQ into a SiO»-
containing material, the sample is heated to 170° C for 5 min and after-
wards to 300° C for 30 min. b) The thermal curing process of the HSQ
transformed the Auston-switches, which resulted in a measured Auston-
switch resistance of only 80 Q at room temperature.

Since it is not possible to protect the photoconductive switches from the HSQ solu-
tion in the spin-coating process, another approach has to be found in order to grow

SiO; for stripline development.

3.3.2. Sputtering of SiO;

SiO; thin films can also be deposited by radio frequency (RF) magnetron sputtering. In
RF magnetron sputtering, Argon ions are accelerated by a RF electric field and hit an
electrode consisting of the deposition material. The target material is sputtered radially
in all directions and a thin film of the sputter material is grown on the substrate.

The substrate is a 1 cm x 1 cm doped silicon wafer with thermally evaporated pho-
toconductive switches and transmission lines. Prior to deposition, the chamber is
pumped to 7 x 10”7 mbar. Sputtering of 285 nm SiO; is performed with an Ar pressure
of 1 x 1072 mbar and with a low RF power of 30 W.

The sputtered SiO, covers the entire structure including photoconductive switches
and transmission lines. In contrast to the HSQ film deposition, the photoconductive
switches are not transformed by a chemical reaction. Also, using photolithographic
methods, it would be possible to construct a mask that protects the photoconductive
switches from sputtered SiO,. Nevertheless, the disadvantage of sputtering is, that the
roughness of the sputtered SiO; is ~ 3 nm (see figure 3.6).

In the process of fabricating striplines, there is at least one more evaporation step
for the upper Au layer required. Therefore a flat, homogenous SiO; film with a lower
roughness is preferable. One promising technique for growing ultra-flat films in gen-

eral is thermal evaporation.
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Figure 3.6.: (a) AFM picture of 285 nm sputtered SiO, on top of an evaporated photo-
conductive switch and evaporated transmission lines. (b) The SiO, rough-
ness was measured to be ~ 3 nm.

3.3.3. Thermal evaporation of SiO;

Since spin-coating and heating of HSQ damages the photoconductive switches and
sputtering does not provide a smooth SiO; film, another approach is required to grow
high-quality dielectrics for stripline fabrication. A common technique is thermal evap-
oration. This method includes the simple process of emission of the heated source
material which then condenses on the cold substrate. The source material is stored
in a crucible and is evaporated by an electron beam in high vacuum (< 107 mbar).
The deposition rate is determined by the vapor pressure of the evaporating material at
the evaporation temperature. Also, the main advantage of electron-gun heating is that
contamination by the crucible can be avoided [49].

The evaporator which is used to evaporate silicon, titanium and gold for the mi-
crostrip structures, has never been used to deposit SiO, before. Thus, SiO, evaporation
is tested step by step adjusting the deposition rate and sweep diameter of the electron
beam on the source material. Since SiO; has a low thermal conductivity of ~ 1.4W /m-K
(for comparison: gold has a thermal conductivity of 314 W /m - K), the sweep diameter
as well as the deposition rate is kept low to deposit smooth films in high vacuum of
less than 1-10~7 mbar. A deposition rate of 1.5 A /s yields the best SiO, quality.

Thermally evaporated SiO, films have the advantages that the roughness is lower
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than the roughness of sputtered SiO; and the dielectric can be shaped using standard
photoresist and lift-off techniques. However, a problem is that pinholes occur, which
limits the break-through voltage of the dielectric (see figure 3.7).

Figure 3.7.: Thermally evaporated SiO, (285nm) on a doped silicon substrate: The
roughness is 1 nm, but pinholes limit the break-down strength of the dielec-
tric.

Pinholes can be avoided by heating the substrate to high temperatures above 300°C
during the thermal evaporation of SiO,. Therefore, a heating stage is required in the
vacuum chamber of the evaporator shown in figure 3.8 (a). The evaporator is not
equipped with a heating stage and the installation provides some challenges: Firstly,
the heating plate has to be shaped in such a way, that it fits in the circular sample
mount holder of the evaporator. Secondly, samples are mounted upside down. Thus,
the heating stage has to provide a sample holder for 1 cm x 1 cm substrates. Thirdly, the
heater has to be mounted in vacuum with electrical feedthroughs to the outside. Fur-
ther, the evaporator provides a rotary drive function with which the mounted sample
can be rotated and evaporation is performed from different angles. Since the rotation
is sometimes useful, the heating stage cannot be connected with fixed cables, but plugs
are required to disconnect the heating stage in case the rotary drive is used. And last
but not least, the vacuum chamber provides an inner detachable shielding (13 separ-
ate peaces) which protects the vacuum chamber from material deposition. All of the
peaces have to be exchanged for extra protection of the heating stage connection and
simplified mounting for cleaning.

The heater is designed and installed in the framework of this thesis (see figure 3.8),
but will only be finished afterwards. Therefore, the samples are fabricated without

heating during evaporation.
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Figure 3.8.: Device for thermal evaporation with implemented heating plate for sample
heating during evaporation: (a) A crucible filled with the desired evapora-
tion material is placed in the vacuum chamber of the evaporator and heated
by an electron-gun. The sample is mounted upside down in the rotary
drive. (b) Technical drawing of the modified vacuum chamber shielding,
plug/ cable inlet as well as protection for the heating plate. (c) The rotary
drive is switched off, when the heating stage is activated and can only
be turned on when the heating plate is not connected. (d) Heating stage
mounted on the circular holder for the rotary drive with the sample holder
for three 1 cm x 1 ¢cm substrates. The heating system has been realized by
Michael Volkmann with help of Boris Fiedler.
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After thermal evaporation of SiO; it was sometimes observed that the material in
the crucible changed its color from transparent to brown. This is an indication for the
formation of SiO, silicon monoxide. SiO; can turn into SiO when reacting with silicon,
carbon or hydrogen [50], especially at higher temperatures. Achieving higher vacuum
before SiO, evaporation (< 10~ mbar) is one approach to avoid SiO formation. An-
other method is to insert pure oxygen in the high vacuum. Since SiO oxidizes rapidly
to SiO,, no SiO will be deposited on the substrate. The evaporator already provides a

gas inlet, thus, oxygen insertion can be realized.

3.4. Fabrication of low-dispersive transmission lines

In the framework of this thesis five different devices are fabricated and measured to
implement a low-dispersive, single-mode transmission line for on-chip THz spectro-
scopy. Every sample is measured before the next sample is fabricated. This chapter
presents the sample fabrication. The results are discussed in later chapters.

The first sample is a doped silicon microstrip, similar to the one used in former on-
chip THz experiments. As shown in figure 3.9, the microstrip structure is constructed
in two steps of thermal evaporation. Firstly, 200 nm of silicon is deposited to form the
photoconductive switches. Then, 10 nm of titanium and 250 nm of gold are evaporated
for the transmission lines. The titanium serves as an adhesion promoter between the

gold and the smooth SiO; surface of the silicon wafer.

Figure 3.9.: (a) Si* ™ microstrip: Transmission line structure in two evaporation steps.
Firstly, 200 nm silicon in shape of patches for the photoconductive switches
is evaporated on a clean doped silicon wafer with a 285 nm thick dry oxide
layer. Secondly, 10 nm titanium and 250 nm gold are evaporated for the
microstrip structure. (b) Microscope picture of the fabricated doped silicon
microstrip.

To improve the THz signal propagation, the doped silicon microstrip is modified to
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a simplified stripline. Figure 3.10 shows the simplified stripline. The doped silicon
acts as the lower ground line and a gold layer forms the top ground line. As discussed
in chapter 2.3.2, striplines are less dispersive compared to a microstrip. The disadvant-
age is, that more fabrication steps are required. Therefore, this simplified stripline is
tabricated as a first approach. Simplified, because the upper ground line is not plane
and the distance from the signal line to the upper and lower ground lines are different
(compare figure 3.10 (a) and figure 3.11).

The simplified stripline is fabricated in four evaporation steps. The first two steps
are the same as those for the doped silicon microstrip. In a third step, 285 nm SiO; is
evaporated on the entire substrate. 285 nm are chosen to ensure that no short between
the signal line and the upper ground line occurs and to keep the dielectric thicknesses
underneath and on top of the signal line equal. In a last step, 250 nm gold is deposited
onto the sample. In this step, a resist mask is used to open windows in the gold film,
so that the switches can be triggered by laser light and the bond pads can be contacted

via wire bonds.

Figure 3.10.: Simplified Stripline (a) Firstly, the microstrip structure as shown in figure
3.9 is evaporated. Subsequently, 285 nm of SiO, is evaporated. In a last
evaporation step, 250 nm of gold is deposited on the whole sample, but
not on the switches and not on the bond pads (see figure (b)).

As a third sample, a stripline is fabricated in four evaporation steps as shown in
figure 3.11. In the first two steps, the doped silicon microstrip structure is fabricated.
Then, a lithography step is used to evaporate 270 nm of SiO; in broad strips around,
but not on top of the transmission lines and photoconductive switches. Thereby, the
SiO; and the signal line (10 nm Ti + 250 nm Au + 10 nm Ti) have equal heights and
form a plane. In a fourth step, a resist mask is used to evaporate 285 nm of SiO, as
well as 10 nm Ti and 250 nm Au on the transmission lines as well as on the previously
deposited broad SiO; strips. The resist mask is also used to open windows in the top

SiO, /Au layer to allow access to the photoconductive switches.
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When SiO; is deposited on the sample without heating the sample to high temper-
atures (250 - 350°C), pinholes can occur. Thereby, currents can tunnel from the signal
line through the evaporated SiO; layer in the upper Au ground line. Thus, currents can
bypass the photoconductive switch and the generation as well as detection of currents

is only possible for low bias voltages or in the worst case becomes impossible.

Figure 3.11.: Stripline (a) Cross section of the stripline structure: 270 nm of SiO; is
evaporated in broad strips around but not on top of the transmission lines
to form a plane with the gold signal line. Then, 285 nm of SiO,, 10 nm
Ti and 250 nm Au are evaporated on the transmission lines as well as on
the previously deposited SiO,. (b) Microscope picture of the sample. (c)
AFM picture of a photoconductive switch. A resist mask is used to open
windows in the top SiO,/ Au layer to allow access to the switches.

The implementation of the sample heater in the evaporator is laborious as explained
in chapter 3.3.3 and is performed in parallel to the sample fabrication and measure-
ment. To bypass the pinhole problem without sample heating, another sample is de-
signed. This fourth sample, the stripline with stripline islands, has SiO, as well as
ground line islands with floating potentials, which are not connected to each other (see
tigure 3.12). Thereby, DC voltages across the switch will not lead to a current through
the top SiO,/ Au layer. The sample with stripline islands is fabricated similarly to the
stripline sample, only using different resist masks to construct the islands.
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Figure 3.12.: Stripline with stripline islands: The sample is fabricated similarly to the
stripline sample, only using different resist masks to construct the islands.
Thereby, tunnelling of currents through pinholes in the evaporated SiO,
can be prevented. (a) Microscope picture of the sample with evaporated
Si0; islands. (b) AFM picture of a photoconductive switch.

The striplines have symmetric geometries around the signal line, but the ground
lines are composed of materials with vastly different conductivities: Doped silicon
(3-10*S/m) and gold (4.6 - 107 S/m). Therefore, not only the transmission line geometry
by itself influences the signal propagation, but also the conductivity of the material
used for the ground lines. Since gold wafers with an oxide layer are not as easily
accessible as doped silicon wafers, gold substrates are fabricated. Constructing and
measuring gold microstrips will provide new insights into the effect that the material

of the conductive ground has to pulse propagation in transmission lines.

A first step to produce gold/SiO, substrates is to fabricate a flat gold surface. When
gold is evaporated without heating, the roughness amounts to 1.8 nm. Compared to
silicon substrates with roughnesses smaller than 0.1 nm, this value is too high. Alloys
can be used to evaporate flatter metal films. For a comparison with the gold film, a
gold germanium layer is evaporated. The roughness of the gold germanium film is
measured to be 0.9 nm, which is an improvement, but not flat enough to grow high-

quality substrates. In addition, gold germanium has a lower conductivity than gold.

As shown by Wagner et al. [51], ultra-flat gold surfaces can be fabricated with the
method of template stripping. A thin film of gold (250 nm) is evaporated with 0.5 A/s
on a clean 6” silicon wafer. Then, properly cleaned small silicon wafers (1 cm x 1 cm)
are glued upside down on the evaporated gold (see figure 3.13 (a)).

Several different glues such as HSQ, stycast 2850 FT and epoxy glue (epo-tek 353
ND) are tested with different curing procedures. Only the epoxy glue allowed template
stripping without gold film distortion.
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Figure 3.13.: Template stripping for ultra-flat gold surface fabrication. (a) A 6” wafer is
evaporated with 250 nm gold. Then, a small silicon wafer (1 cm x 1 cm) is
glued upside down on the gold surface with epoxy glue. (b) After curing
at temperatures up to 320 °C, the wafers can be stripped using a tape.

The epoxy glue is a two-component glue with low viscosity that can deal with tem-
peratures up to 350°C. To avoid micro air bubble formation in the glue between the
small silicon wafers and the gold film, the mixed glue is put in a vacuum chamber for
30 min. Meanwhile, the 6” wafer with the gold film is placed on a 70°C hotplate to
vaporize residual molecules from the gold surface. Additionally, the glue viscosity is
lower when heated up. Small drops of the glue are then placed on the gold film wafer
and the small silicon wafers are placed upside down on the drops and pressed down.

For curing, the hotplate temperature is slowly increased to 320°C in the time frame
of 4 hours. After cooling the wafer down, the small silicon wafers are stripped off from
the 6” wafer with help of a tape (see figure 3.13 (b)). Thereby, 1 cm x 1 cm substrates

with a gold surface with a roughness of 0.3 nm are fabricated (see figure 3.14 (a)).

Figure 3.14.: (a) Template stripped gold wafers. (b) The roughness of gold before heat-
ing is 0.3 A. (c) After heating the gold templates for two hours at 310°C,
bubbles have formed.
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To grow high-quality SiO, via thermal evaporation, the substrates need to be heated
to temperatures of 250 - 350°C for several hours before and during the evaporation.
In order to test wether the fabricated gold templates can deal with such temperatures
without being protected by the silicon wafer, the templates are heated up to 310°C for
several hours. A surface measurement with an AFM reveals that during the unprotec-
ted heating large bubbles are formed (see figure 3.14 (b)). Therefore, template stripped
gold wafers cannot be used to grow high-quality gold/ SiO, substrates.

As a first approach to fabricate a gold microstrip without heating the substrate dur-
ing evaporation, 10 nm titanium, 250 nm gold, 10 nm titanium and 600 nm SiO; are
evaporated on a doped silicon substrate at a pressure of 7-10~® mbar. Titanium is re-
quired to promote adhesion between the gold and oxide layers. The increased SiO,
thickness is chosen to reduce attenuation and to improve the signal propagation com-
pared to the doped silicon microstrip with a SiO, thickness of 285 nm as discussed in
chapter 2.3.1.

Photoconductive switches as well as transmission lines are evaporated on the gold/
SiO; substrate, as described before. Since the fragile SiO, layer is deposited on a soft
gold layer, wire bonding will punch through the oxide and short the signal and ground
line. Therefore, the sample has to be contacted manually using uncoated gold wires

and silver conductive paste (see figure 3.15)

Figure 3.15.: Au microstrip: (a) Firstly, 10 nm titanium, 250 nm gold, 10 nm titanium
and 600 nm SiO; are deposited on a doped silicon wafer to fabricate a
gold/ SiO, substrate. Then, photoconductive switches and transmission
lines are deposited. (b) Micrograph of the sample with manually contac-
ted gold wires (black blobs are silver conductive paste).
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3.5. Experimental pump-probe setup and methods

A block diagram of the experimental setup used for pump-probe measurement to char-
acterize the propagation properties of all transmission lines is shown in figure 3.16.

Figure 3.16.: Block diagram of the experimental pump-probe setup.

A commercial Yb-based laser system provides a train of ultrafast laser pulses with a
central wavelength of 1040 nm, pulse duration of ~ 500 fs, repetition rate of 211 kHz
and pulse energy of ~ 80 uJ. 1 % of the total power of 16 W is converted to the
second harmonic wavelength of 520 nm by sending the beam through a B-barium-
borate (BBO) crystal. The 520 nm light, which is required to trigger the photoconduct-
ive switches, is separated from the 1040 nm light by a dichroic mirror.

The green 520 nm beam is then routed through a beam splitter and divided into
pump and probe beam. The path length of the probe beam can be adjusted via an op-
tical delay stage to change its timing with respect to the pump beam. For on-chip meas-
urements, both beams are coupled into the microscope and focused on the switches.
The switches are operated with peak fluences of ~ 15 mJ/cm?, ensuring a non destruct-
ive operation, while inducing a large change of conductivity in the silicon. The spot
sizes (FWHM) of the focused beams are determined by knife-edge-measurements!.
The spot size of 15 um (see figure 3.17) is ideal to evenly illuminate the gaps of the
photoconductive switches (gap size: 3 um).

The device is mounted in an optical microscopy cryostate with wire ring for high
frequency transport measurements. During the measurements, the sample is imaged

via an optical microscope setup. The devices are cooled down to a base temperature

LA razor blade is mounted on a translation stage and moved though the beam at focus position. By
recording the power behind the razor blade for different positions, the beam profile can be measured.
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Figure 3.17.: Measured profile of the green 520 nm pump beam. The red line is a Gaus-
sian fit to the data.

of 80 K. The green laser beams are aligned onto the switches using the imaging of the
sample and are actively stabilized during the measurements.

Generated currents are amplified by a home-built transimpedance amplifier (de-
veloped by T. Matsuyama, SSU-UE, bandwidth: 1-10 kHz, amplification: 2:10° V/A,
DC input signals are blocked with 1 pF capacitance). Signals can be isolated using
a standard lock-in amplifier and optical chopping techniques for the pump beam: A
mechanical chopper rotates continuously at a frequency of 406 Hz and feedback is

given to the lock-in amplifier [8].

3.6. On-chip THz measurements

This section describes the procedure of on-chip pump-probe measurements to char-
acterize the THz propagation in the five fabricated transmission line geometries. The
following sections focus on the transmission line circuits with 400 pm distance between
the photoconductive switches, where dispersion and damping are most prominent. To
characterize the signal damping, measurements of 100 um and 400 pm structures are
compared.

Firstly, the photoconductive switches are annealed and characterized. Then, pump-
probe data can be collected, as described in the following sections.

3.6.1. Characterization of the photoconductive switches

For photoconductive switches used for THz generation and detection, a short carrier
lifetime is crucial to ensure that the pulses are fast enough to generate THz frequency
components. In addition, a high switch resistivity is desirable to suppress any back-
ground currents and increase the signal-to-noise ratio. Therefore, the photoconductive
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switches are laser annealed (laser power: 1 mW) at room temperature in vacuum re-
ducing their resistance from hundreds of MQ to tens of MQ. This process provides a
significant decrease of the carrier lifetime by diffusing gold into the silicon switch.
After annealing, the sample is cooled down to a temperature of 80 K and the switch
resistance is measured by recording I-V curves. A linear switch response (ohmic con-
tact) is crucial to generate and detect signals in the transmission lines. Figure 3.18
shows the I-V curves for the doped silicon microstrip sample (a) and the simplified
stripline geometry (b). The two switches in the doped silicon microstrip show a linear
I-V characteristic with a switch resistance of 1.6 GQ. This is in good agreement with

previous sample generations.

Figure 3.18.: IV sweep characteristics with varying bias of the two switches of the trans-
mission line circuit with 400 pm distance between the switches for the (a)
doped silicon microstrip and (b) simplified stripline. In the simplified
stripline, signals can tunnel through the pinholes of the evaporated SiO,
which is leading to a low photoconductive switch resistance.

In contrast, the switches on the simplified stripline seem to exhibit a strong diode-
like behaviour. Note that the current for an applied bias voltage of 10 V exceeds 3
mA. This is explained by the low breakdown voltage of the evaporated SiO,. For
voltages larger than ~ 2V, the SiO, breaks down and currents tunnel from one side
of the switch through the evaporated dielectric to the top gold layer and then in the
contacted transmission line on the other side of the switch. Thereby, the switch is
bypassed and the I-V curve no longer characterizes the switch, but rather describes
the behaviour of the SiO, layer. This phenomenon is found on all samples except the
doped silicon microstrip and the stripline with stripline islands, where the top gold
layers are separated from each other in the switch regions. As a result, the generation
switch can only be biased with small voltages. Thus, the generated THz pulse is small
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and the signal-to-noise ratio of the measured curves is low.

This shows that the quality of the evaporated SiO, is important and still object of
optimization. Fortunately, this problem will be solved as soon as the heater is installed
in the evaporator.

In order to quantify the dispersion and damping of the electric field propagating in
the transmission lines, the photoconductive switches have to be calibrated. This is per-
formed by measuring the generated photocurrent in the switches upon illumination
with laser light. First, the pump and probe beam (laser power per beam is 1 mW) are
focussed onto the generation and detection switch using mirrors in front of the micro-
scope objective. The final alignment is accomplished by maximizing the photocurrents
generated by the switches.

Then, the switches are individually calibrated. The lock-in voltage is recorded for
different applied DC bias voltages across each photoconductive switch. A calibration
curve for the doped silicon microstrip is shown in figure 3.19. The calibration factor is
given by the slope of the curve. In order to compare data taken from different trans-
mission lines, the recorded data is divided by the calibration factor of the detector and

the generator switch.

Figure 3.19.: Calibration curves for the doped silicon microstrip. Switches are separ-
ately calibrated for the 100 ym circuit (a) and the 400 um circuit (b). The
lock-in voltage is recorded as function of bias voltage across the switch.
To calibrate the different circuits, the measured signal is divided by the
slopes of the curves for the generation and detection switch.
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3.6.2. Pump-probe signal data collection

Once the photoconductive switches are characterized, pump-probe signal data can be
collected. Therefore, the generation switch is biased with a DC voltage and illuminated
by the pulsed laser beam with an average power of 1 mW. The generated THz pulse
is detected at the second switch, which is triggered by time delayed laser pulses (see
tigure 2.4). To increase the signal-to-noise ratio and to eliminate photocurrents gener-
ated by the unbiased detection switch, the pump beam is periodically modulated by
a mechanical chopper. Photocurrents are measured with a transimpedance amplifier
and lock-in techniques using the feedback of the mechanical chopper.

The generation switch can be biased with voltages of 1 to 30 V, depending on the
break-down voltage. The measured signals are presented in the next chapter.

3.6.3. Van der Pauw measurement of doped silicon

The specific conductance ¢ of the doped silicon wafer is an important parameter for the
electromagnetic simulations. As discussed in the theory chapter, the transmission line
properties change for different values of the specific conductance of the ground plane.
o depends on the doping and varies between silicon wafers from different manufac-
turers. Therefore, o of the utilized doped silicon wafers is measured in a Van der Pauw
measurement [52].

A1 cm x 1 cm doped silicon wafer with a thickness 5; = 790 pm is contacted in the
four corners. The contacts are numbered from 1 to 4 in a counter-clockwise order, be-
ginning at the bottom left contact. A current / is imprinted from contact 1 to 2 and the
voltage drop Us4 across contacts 3 and 4 is measured. Then, the measurement config-
uration is rotated by 90° and the voltage U»3 is recorded. The specific conductance o,
which is the inverse of the sheet resistance p, can be calculated by

o 1 _ In2 21 1
p @5 Usa+ Uy f(U)’
where f(U,I) is the correction factor [52].

(3.4)
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4. Experimental results and

electromagnetic simulations

This chapter presents the results from on-chip pump-probe measurements of the five
samples studied here: Doped silicon microstrip, simplified stripline, stripline, strip-
line with stripline islands and gold microstrip (see chapter 3.4). Measured signals are
compared to electromagnetic simulations performed by Toru Matsuyama with the full
wave analysis software CST microwave studio.

For frequency domain simulations the software utilizes S-parameter analysis. S-
parameter analysis (S for scattering) is a convenient method to describe a given cir-
cuit in terms of waves rather than voltages or currents, when high frequencies are
propagating. The approach is discussed in detail for example by Caspers [53]. Thereby,
transmission and reflection coefficients of the propagating wave are calculated with
matrix calculations, delivering the secondary line constants y (propagation constant)
and Z (characteristic impedance) as function of frequency ®. The primary line con-
stants R’, L', C" and G’ can be derived from y and Z as shown in equation 2.11.

The transmission line geometries are constructed with a mesh that is fine enough to
capture THz frequencies. Simulations are performed in time and frequency domain.

For frequency domain simulations, a transmission line of 420 yum length is chosen, in
which an excitation signal of 800 GHz bandwidths is analysed after 10 um (reference),
100 pm, 200 pm, 300 pm and 400 pm.

For time domain simulations, the structures are extended by 1 mm to 1.42 mm to
avoid reflections from the end of the transmission line. Time domain simulations use a
gaussian excitation with length (FWHM) of 1 ps (which corresponds to a bandwidth of
800 GHz). The propagating pulse is analysed simultaneously to the frequency domain
simulations after 10 yum (reference), 100 um, 200 pm, 300 pm and 400 pm.

The excitation signal in time domain simulations is a symmetric gaussian in order
to provide information about any distortion caused by dispersion and damping. In
experiment, the pulse shape is slightly asymmetric. The photoconductive switches
are triggered with gaussian femtosecond laser pulses, causing a rapid excitation of
free carriers in the switch (as discussed in chapter 2.1.1). However, these free carriers
require in spite of the short carrier lifetime of a-silicon some time to recombine after
the excitation, causing an asymmetric pulse shape. This effect is small, but has to be
considered when comparing experimental and simulated results.

Measurement data and results from electromagnetic simulations are presented in
section 4.1 for the doped silicon microstrip, in section 4.2 for the stripline geometries,
and in section 4.3 for the gold microstrip.
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4.1. Doped silicon microstrip

The doped silicon microstrip is the transmission line structure that has been used in
former experiments and is known to be dispersive. The goal of this thesis is to de-
velop single-mode transmission line geometries that are less dispersive compared to
the formerly utilized structure. The doped silicon microstrip was measured and is
presented here as a reference.

Calibrated measured signals after 100 pm and 400 um propagation are shown in

tigure 4.1.

Figure 4.1.: Measured signals in the doped silicon microstrip after 100 and 400 pm
propagation: The THz pulse disperses from < 1ps at excitation to 2.1 ps
FWHM after 100 pm propagation. After 400 pm propagation, the pulse has
a FWHM of 5.9 ps and is damped by roughly 50 % in respect to the pulse
amplitude at 100 pm.

THz pulses in the doped silicon microstrip disperse from < 1ps (FWHM) at excitation
to 2.1 ps (FWHM) after 100 pm propagation. After propagating 400 pum, the pulse
distorted to 5.9 ps (FWHM) and the amplitude is reduced by a factor of two compared
to a propagation distance of 100 pm.

/C/
the steepest slope of the measured signals. The maximum phase velocity of the signal

As discussed in chapter 2.2.3, the maximum phase velocity \/% can be found at

propagating in the doped silicon microstrip can be determined by measuring signals
propagating from switch 1 to switch 2 (bias voltage at switch 1, lock-in at switch 2) and
the other way around without changing the laser alignment. In both measurements the
optical delay stage changes the path length of the laser beam on switch 1. Additionally,
the pump-probe measurements are conducted for positive and negative bias voltages,

as shown in figure 4.2.

44



The time delay Ar between the pump and probe laser pulse is created by moving
the stage by a distance As, so that the laser pulses going in and out of the stage are
delayed by Ar = 2As/c, where c is the speed of light. The distance As = 1.6 mm shown in
tigure 4.2 corresponds to the time the pulse requires to travel twice the switch distance.
For the black curve, laser pulse 1 triggering switch 1 arrives earlier on the sample
than pulse 2. The time delay At; = d /v 4 max corresponds to the time the pulse requires
to travel from switch 1 to switch 2. For the red curve, laser pulse 2 hits the sample
before laser pulse 1. Here, the pulses are delayed by At = —d/vj mar- Consequently,
the distance As corresponds to the time delay Ar = 0t; — Aty = 2d /vpp mar- Thus, the
maximum phase velocity is given by:

d-c 04mm-c

Vphmax = As =0.25¢. 4.1)

1.6 mm

Figure 4.2.: Pump-probe measurement of the 400 pm circuit from switch 1 to switch 2
and vice versa for positive and negative bias voltage. With a steepest slopes
distance of 1.6 mm, the maximum phase velocity of the pulses propagating
in the doped silicon microstrip at THz frequencies is 0.25c.

A Fourier transform of the measured signals for 100 pm and 400 pm switch distances
is shown in figure 4.3. The bandwidth decreases by a factor of two when the signal
propagates from 100 pm to 400 pm distance in the doped silicon microstrip. Especially
the higher (THz) frequencies are disappearing after a propagation distance of 400 pm.

In order to perform electromagnetic simulations for the doped silicon microstrip,
the specific conductance of doped silicon is measured by the van der Pauw method as
describes in chapter 3.6.3. The correction factor f from equation 3.4 can be set to one,
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Figure 4.3.: Fourier transformation of the measured signals in the doped silicon mi-
crostrip after 100 pm and 400 pm of propagation: The bandwidth is de-
creasing by a factor of two after propagating 300 pm and higher (THz) fre-
quencies are vanishing.

because the measurements rotated by 90° varied only by a factor of less than two. The
measured specific conductance of doped silicon og; = 30000 S/m is constant over the
temperature range from 20 K to 300 K.

The results of the simulations are studied in the following. Figure 4.4 depicts a cross
section of the electric field of the THz pulse in the doped silicon microstrip structure.

Figure 4.4.: Cross section of the electric field of the THz pulse in the doped silicon mi-
crostrip: The electric field lines are strongly confined between the gold sig-
nal line and the doped silicon ground.

The results for the simulated mode propagation are presented in figure 4.5. The solid
lines in figure 4.5 show the electric field of the quasi-TEM mode with a reference signal
(after 10 pm of propagation) and snap shots of the signal taken after 100 pm, 200 pm,
300 pm and 400 pum propagation distance. The dashed lines represent a higher order

mode and will be discussed later.
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Figure 4.5.: Measured and simulated pulse propagation in a doped silicon microstrip
with 285 nm SiO; layer and 10 pm wide signal lines: (a) Simulated propaga-
tion of the quasi-TEM mode and the first higher order mode for five differ-
ent propagation distances (Reference = 10 pum). (b) Simulated data as well
as experimental (raw and calibrated) data is shown for 100 and 400 pm
propagation distances.
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For comparison, measured signals with 100 pm and 400 pum distance between the
photoconductive switches are depicted in figure 4.5 (b). The amplitudes of the meas-
ured signals are scaled just that the signal amplitudes of measured and simulated sig-
nals for the 100 pm circuits are equal. For the measured 400 pm propagated signal,
both raw and calibrated data is shown. The simulated pulse (400 pm) has an amp-
litude with a value between the measured raw and calibrated data. Since power and
pointing of the pump as well as probe beam can slightly vary during the measurement,
small errors can occur.

However, the amount of pulse dispersion is in good agreement between measure-
ment and simulation. The measured signals are slightly broader and have longer de-
cays. Two reasons can be identified for this behaviour. Firstly, the signal generated by
a photoconductive switch has an asymmetric shape with a longer decay, which is due
to the carrier relaxation process (as discussed above). Secondly, the simulations reveal
that a second higher order mode can propagate in the microstrip. The amplitude of this
mode relative to the quasi-TEM mode is strongly dependent on the choice of ports as
well as the chosen free space around the microstrip structure. Thus, a reliable statement
about the impact of this higher order mode in experiment is not possible. Neverthe-
less, the fact that the measured signals show a longer decay than the simulated signals
of the quasi-TEM mode suggests that also this higher order mode is weakly excited by
the photoconductive switch.

Spectra for the simulated signals propagating in a doped silicon microstrip are calcu-
lated for different propagation distances. The result is shown in figure 4.6 and matches

well with the Fourier transform of the measured pulses shown in figure 4.3.

Figure 4.6.: Simulated spectra for signals propagating in a doped silicon microstrip:
The pulse bandwidth is decreasing with the signal propagation length. Es-
pecially THz frequencies are vanishing after a propagation of a few hun-
dreds of micrometers.

Measurements and simulations of the doped microstrip presented in this section
show that this transmission line geometry is not ideal to guide ultrashort pulses. High
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dispersion and attenuation suppresses high frequency components and after only 400
pm of propagation almost no frequency component at 1 THz remains. The following
sections show that the more sophisticated stripline designs introduced before indeed

yield an improvement for the propagation of THz pulses.

4.2. Stripline

The fabrication of striplines is a first approach to develop less dispersive transmis-
sion line geometries for on-chip THz spectroscopy experiments. In contrast to the
microstrip, striplines are symmetrically surrounded by a dielectric medium and two
ground planes (see chapter 2.3.2). Theory suggests that this type of transmission line
is less dispersive and only one pure TEM mode is propagating.

As discussed in chapter 3.4, three different types of striplines are fabricated for on-
chip measurements: The simplified stripline with a nonplanar gold ground layer on
top, the stripline with a planar symmetric ground layout and the stripline with stripline
islands with a symmetric ground plane but with islands of SiO, and gold to avoid
breakdown of the evaporated SiO,. When the heater is installed in the evaporator, it
will be possible to evaporate high-quality SiO, with high breakdown strength.

Measured signals from the three different stripline designs and the doped silicon

microstrip with 400 um switch distance are shown in figure 4.7.

Figure 4.7.: Measured signals after 400 pm propagation distance in the doped silicon
microstrip and the three different stripline designs: The width (FWHM) of
the signal is 5.9 ps in the doped silicon microstrip, 2.0 ps in the simplified
stripline, 1.1 ps in the stripline, and 3.5 ps in the stripline with islands.
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The signal in the doped silicon microstrip (black curve), has a FWHM of 5.9 ps after
a propagation distance of 400 pm. This signal is the benchmark for the more sophistic-
ated stripline geometries. With the simplified stripline, the pulse dispersion can be lim-
ited to 2.0 ps FWHM. The symmetric and planar ground layers of the stripline sample
further improves the pulse dispersion to only 1.1 ps FWHM. The signal propagating
in the stripline with stripline islands is broadened to 3.5 ps. Thus, the stripline with
islands is more dispersive than the other two stripline designs. The more developed
distortion is presumably caused by reflections from the pulse at the edges of islands of
the top ground layer.

To check nonlinearities in the signal generation, propagation, and detection, differ-
ent sized signals are coupled into the stripline with stripline islands. Signals for bias
voltages on the generation switch ranging from -30 V to 30 V are shown in figure 4.8.
The linear dependence of the signal size on the bias voltage shows that the circuits
are operated in the linear regime. This is an important detail to perform and calibrate

measurements.

Figure 4.8.: Signals propagating in the stripline with stripline islands measured with
different applied bias voltages: The signal amplitude is proportional to the
applied bias voltage.

Electromagnetic simulations are performed for the simplified stripline and the strip-
line sample and are studied in the following. Figure 4.9 depicts the cross sections of
the electric field of the THz pulse in the simplified stripline structure and the stripline

structure.
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Figure 4.9.: Cross section of the electric field of the THz pulse in the (a) simplified strip-
line structure with a nonplanar top gold ground and (b) stripline structure
with planar grounds. The blue area depicts the doped silicon ground.

Results gathered from experiment as well as simulation for the simplified stripline
are shown in figure 4.10.

As shown in figure 4.10, simulations are performed for the simplified stripline with
and without switch windows in the top ground layer. In experiment it is not possible
to fabricate striplines without such windows since the photoconductive switches have
to be laser triggered (switch windows are shown in figure 3.10).

In figure 4.10 (a) the simulation for pulse propagation in an ideal stripline without
windows is shown. Since striplines have two ground lines, the electric field can propa-
gate on top and on bottom of the signal line. Since the simplified stripline is not
symmetric (planar doped silicon ground versus nonplanar gold ground), the field
propagating on top is smaller compared to the field propagating on bottom. How-
ever, pulses propagating in simplified striplines suffer less from dispersion in contrast
to the doped silicon microstrip.

When switch windows are added to the simulation for the simplified stripline, es-
pecially the 100 um propagated signal matches well with the simulation as shown in
tigure 4.10 (b). The underswing around 6 ps is only present in the geometry with win-
dows, which indicates that it is caused by reflections at the window, which interrupts
the ground line. The measured pulse in the 400 um circuit is broader and has a higher
amplitude than the simulated signal. This is possibly due to reflections in the switch
window of the generation switch. In the simulation, only one switch window for the
detection switch, which is 3 um larger than the switch itself in all directions, has been
realized. The simulation of a generation switch window is not possible, since an excit-

ation signal is directly guided into the simulation box via a wave port.
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Figure 4.10.: Measured and simulated pulse propagation in the simplified stripline.
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(a) Simulated pulse propagation of the quasi-TEM mode for different
propagation distances in a simplified stripline without windows for the
photoconductive switches. The z-component of the electric field is meas-
ured above (top, dashed lines) and below (bottom, solid lines) the signal
line. (b) Experimentally measured pulses for 100 and 400 pm propaga-
tion distances in comparison with simulated propagation in a simplified
stripline without and with switch windows in the top gold ground layer.
In the experiment the windows are required to trigger the switches with
laser pulses.



Figure 4.11.: (a) Simulated propagation of the electric field (z-Component) above
(dashed lines) and below (solid lines) in the stripline without windows
for the photoconductive switches. The black curve represents the corres-
ponding experimental data. (b) Simulated spectra for signals propagating
in a stripline: The pulse bandwidth is higher in comparison to the doped
silicon microstrip.

Next, simulations for the stripline sample are performed. The simulated propagation
for the top and bottom electric field as well as experimental data is shown in figure 4.11
(a). Only the pulse for the 400 um circuit is shown, since other circuits with different

distances between the photoconductive switches on this sample suffered either from a
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high amount of reflections or shorts between signal line and top gold layer. This un-
derlines the difficulty to fabricate such symmetric striplines with common laser litho-
graphy and thermal evaporation methods. However, the measured pulse is in good
agreement with the simulation.

Additionally, spectra for the propagating signals in the stripline are simulated and
shown in figure 4.11 (b). The bandwidth of the propagating signals is clearly higher in
comparison to the doped silicon microstrip (compare figure 4.6). THz frequencies are
vanishing less with increasing propagation distance.

Simulations for the stripline with stripline islands are not performed, since the meas-
ured amount of pulse distortion and reflections are too high to be a serious candidate

for an on-chip THz spectroscopy transmission lines.

4.3. Au microstrip

The last transmission line design investigated in this thesis is a microstrip on an Au/
SiO; substrate. The idea is that not only the transmission line geometry, but moreover
the conductivity of the material used for the ground is crucial to allow low-dispersive
signal propagation. In the doped silicon microstrip, the ground is doped silicon with a
measured specific conductance of 30000 S/m (see chapter 4.1). In the fabricated strip-
lines, the bottom ground is doped silicon, but the top ground is gold. The specific
conductance of gold is 4.6-10’ S/m. First, a microstrip is built on the Au/ SiO, sub-
strate, to test the substrate quality. Later, also the more complicated stripline designs
can be built on the new substrate.

The measured signal in the gold microstrip which propagated over a distance of
400 pm is shown in figure 4.12. The signal has a FWHM of 1.1 ps, the same width as
the measured signal in the stripline. Therefore, the higher conductivity of the ground
material and the higher dielectric thickness improves the dispersion by more than a
factor of five with respect to the doped silicon microstrip.

The results of the electromagnetic simulations are studied in the following. Figure
4.13 depicts a cross section of the electric field of the THz pulse in the gold microstrip
structure.

The simulated signal propagation in the fabricated gold microstrip geometry is de-
picted in figure 4.14 (a). The measured signal matches well with the simulated signal.
The simulation further shows, that besides the low dispersion, also the damping is
low in the gold microstrip compared to all other fabricated and simulated transmis-
sion lines.

A further simulation result is shown in figure 4.14 (b), where the bandwidth of the
pulse is almost constant for the four propagation distances. Especially, the THz fre-
quencies are not vanishing, which is an important improvement for on-chip THz spec-

troscopy experiments.
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Figure 4.12.: Measured signals in the gold microstrip and all other fabricated samples
after 400 pm propagation distance: The signal has a FWHM of 5.9 ps in
the doped silicon microstrip, a FHWM of 2.0 ps in the simplified stripline,
a FWHM of 1.1 ps in the stripline, a FWHM of 3.5 ps in the stripline with
stripline islands and a FWHM of 1.1 ps in the gold microstrip.

Figure 4.13.: Cross section of the electric field of the THz pulse in the gold microstrip:
The electric field lines are strongly confined between the gold signal line
and the gold ground.
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Figure 4.14.: Simulated and measured signal propagation in a gold microstrip with
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600nm thick oxide layer and 10 pm wide signal lines. The dominating
quasi-TEM mode (solid lines) and the first higher order mode (dashed
lines) are shown. The measured pulse after 400 pm propagation (black
line) is in good agreement with the simulation. The signal bandwidth is
almost constant for all propagation distances.



5. Discussion

This chapter discusses the results from measurements as well as electromagnetic simu-
lations. To explain the differences in damping and dispersion of the different transmis-
sion line geometries, further simulations of common transmission line properties such
as real and imaginary part of the propagation constant y, characteristic impedance Z,
and phase velocity v, are shown and discussed here for the eight different geometries
listed in table 5.1. Besides the structures studied in the experimental part, four adjus-
ted gold and doped silicon microstrips with different dielectric thicknesses and signal
strip widths are discussed here. Further, also the skin effect in gold and doped silicon
as well as origins of losses in the fabricated samples are studied.

Table 5.1.: Simulated transmission lines: The first four transmission lines correspond
to the fabricated and measured samples in this thesis. The last four trans-
mission lines are adjusted doped silicon and gold microstrips with smaller
signal line widths and different dielectric thicknesses.

Transmission line | Dielectric thickness | Signal line width
Si™t microstrip 285 nm 10 pm
Simplified stripline | 285 nm on top & bottom of signal line 10 pm
Stripline 285 nm on top & bottom of signal line 10 pm
Au microstrip 600 nm 10 pm
Si 1 (microstrip) 285 nm 6 pm
Si 2 (microstrip) 600 nm 6 pm
Au 1 (microstrip) 285 nm 6 pm
Au 2 (microstrip) 600 nm 6 pm

The experimental and simulated results for the fabricated transmission lines show
that the stripline samples already provide a great improvement in dispersion, damp-
ing as well as band width preservation in comparison to the doped silicon microstrip,
which has been used in formed on-chip THz experiments. However, THz frequencies
are vanishing in striplines (see figure 4.11) and also higher order modes are propagat-
ing.

These problems could be solved with the gold microstrip. The gold microstrip differs
from the doped silicon microstrip by the conductive material of the ground line and by
the thickness of the dielectric (doped silicon microstrip: 285 nm SiO;, gold microstrip:
600 nm SiO;). In order to distinguish the impact on the signal propagation, the real
part () and imaginary part (f3) of the propagation constant y are studied for the eight
different transmission line geometries listed in table 5.1 (see figure 5.1).
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Figure 5.1.: Real part « (a) and imaginary part 8 (b) of the propagation constant y for
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eight simulated transmission line geometries: ¢ corresponds to the attenu-
ation and B to the distortion (phase). Attenuation and distortion is lowest
for the gold microstrip with 600 nm thick dielectric and 6 pm broad signal
strips.



As discussed in chapter 2.2.2, the real part o corresponds to the signal attenuation
and the imaginary part f8 to the signal dispersion. Regarding figure 5.1, a and f8 are
highest for THz frequencies in the doped silicon microstrips. The stripline geometries
provide an improvement, but are beaten by the gold microstrip.

Figure 5.1 shows that narrower signal lines (compare Au microstrip (yellow) and Au
2 (blue)) and thicker dielectrics (compare Au 1 (green) and Au 2 (blue)) lead to lower
attenuation and less dispersion. Thus, signals propagating in gold microstrips with
600 nm SiO, thickness and 6 pm signal line widths experience the lowest amount of
damping and distortion in comparison to all other simulated structures.

In figure 5.2 (a), the characteristic impedance Z is shown. One finds that Z is low-
est for the stripline structures, followed by the gold microstrips and highest for the
doped silicon structures. Further, the characteristic impedance is higher for smaller
signal strip widths and thicker dielectrics. However, the main message, that the curves
for the characteristic impedance show, is not the value of Z by itself, but the trans-
ition frequencies to the weak damping limit of the different geometries. As discussed
in chapter 2.2.2 (figure 2.7), Z approaches a constant value Zj in the weak damping
limit for frequencies @ > R'/L' and o > G'/C’ (frequency-dependent simulations of
the primary line constants R’, L', C" and G’ are shown in Appendix A of this thesis).
Signals are propagating without distortion in the weak damping limit.

Regarding figure 5.2 (a), the characteristic impedance of the gold microstrips ap-
proaches a constant value at frequencies higher than 100 GHz. For the two stripline
designs, the weak damping limit is reached at frequencies higher than 130 GHz. For the
doped silicon microstrip, the plateau cannot be seen in the depicted frequency range.
Thus, the doped silicon microstrip does not reach the weak damping limit within the
bandwidth of the generated pulses. The lower the transition frequency to the weak
damping limit, the less dispersive is the transmission line, meaning that also the sim-
ulation results for the characteristic impedance show, that the gold microstrip is least
dispersive compared to all other structures.

Figure 5.2 (b) presents the simulation results for the frequency-dependent phase
velocities in units of the vacuum light velocity ¢y of the eight simulated transmis-
sion lines. The phase velocity is increasing with increasing frequency and the highest
frequency component propagated with the maximum phase velocity. The gold mi-
crostrips have a maximum phase velocity of ~ 0.5¢, the striplines of ~ 0.35¢o and the
doped silicon microstrips of ~ 0.25¢o. The result for the maximum phase velocity of
the doped silicon microstrip is in good agreement with the measured maximum phase
velocity of the fabricated sample (see equation 4.1).

Further, the phase velocities of the gold microstrips are approaching a constant value
for frequencies higher than 100 GHz (weak damping limit), which causes less disper-
sion, since those frequency components travel with the same velocity.
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Figure 5.2.: Characteristic impedance Z (a) and phase velocity v, (b) in units of the
speed of light in vacuum cy.
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The previous discussion shows that the microstrip geometry (dielectric thickness,
signal line width) influences the amount of signal damping and distortion, but the ma-
terial used as a conductive ground line has the highest impact on the signal propaga-
tion. As already discussed, gold has a conductivity of 4.6 -10’7 S/m and as shown in
chapter 4.1, the conductivity of doped silicon was measured to be 3.3-10° S/m. Accom-
panied by the different conductivities, the two conductive materials have also different
skin depths (see chapter 2.2.4). The frequency-dependent skin depth can be calculated
from equation 2.21 for the two different materials as shown in figure 5.3. One finds
that the skin depth in doped silicon is approximately 40 times higher than in gold.

Figure 5.3.: Calculated skin depths of gold (¢ = 4.6 -10” S/m) and doped silicon (¢ =
30,000 S/m) as function of frequency . The skin depth in doped silicon is
roughly 40 times larger than in gold.

As shown in equation 2.21, the skin depth 6 is proportional to the inverse of the
square root of the conductivity o
5o (5.1)
Vo
Since the conductance G of a transmission line is proportional to the product of con-
ductivity o and skin depth 6, G is proportional to the inverse of o:
Gocg 8ot (5.2)
0
Therefore, the conductance G of the transmission line is decreasing with increasing
skin depth. In particular, the conductance in doped silicon is 40 times worse than in
gold. This is leading to a higher amount of conductor losses in doped silicon.
Figure 5.4 shows the results of simulated conductor losses for the doped silicon mi-

crostrip, the stripline and the gold microstrip. Conductor losses in the doped silicon
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Figure 5.4.: Simulated conductor and radiation losses after 420 pm of propagation as
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function of frequency o for the fabricated samples: (a) Doped silicon mi-
crostrip. (b) Stripline. (c) Gold microstrip. The dashed lines indicate the
imprinted power of the waves at the input port. Conductor losses in the
doped silicon microstrip and stripline mainly arise in the doped silicon
ground. Especially THz frequencies are lost in the doped silicon microstrip.
Conductor losses also occur in the gold signal line (all three structures) and
the gold grounds (stripline and gold microstrip), but these losses are or-
ders of magnitudes smaller compared to the losses in the doped silicon.
Conductor losses in the doped silicon of the wafer do not arise in the gold
microstrip, since the gold ground acts as a shield.



microstrip and in the stripline mainly arise due to the doped silicon ground for THz
frequencies. THz frequencies are almost completely lost. Conductor losses also occur
in the gold signal line and the gold ground, but these losses are significantly smaller
compared to the losses in the doped silicon. This reveals that doped silicon is a bad

choice as a ground material for transmission lines.
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6. Conclusion and outlook

In this thesis, low-dispersive, single-mode transmission line geometries have been in-
vestigated for on-chip THz spectroscopy measurements. Five different transmission
line geometries have been fabricated to characterize the signal propagation via pump-
probe measurements. Firstly, a doped silicon microstrip was measured, the geometry
that has been used in formed on-chip THz experiments. This structure is the bench-
mark for the more sophisticated geometries: The three different types of striplines and
the gold microstrip.

Experiments and simulations have shown that the stripline geometry provides im-
provements for the propagation of THz signals compared to the doped silicon mi-
crostrip. In the doped silicon microstrip, signals disperse from 1 ps to 5.9 ps after
300 pm propagation. The signal is damped by approximately 75 % and the bandwidth
decreases drastically that nearly all THz frequency components vanish after this short
propagation distance. The stripline geometry provides an improved dispersion of only
1.1 ps (measured) or 1.9 ps (simulated) and damping of 50 % after 300 nm propaga-
tion. Further, the bandwidth is higher and some THz frequencies are preserved. How-
ever, the gold microstrip significantly surpasses the stripline geometry. Signals report
a minimum amount of dispersion (1.1 ps) as well as damping (~ 30 %) after 300 um
propagation and the transmission line geometry preserves the entire bandwidth of the
propagating pulse. Therefore, it turned out that not the geometry by itself has the
highest impact on dispersion and damping. Moreover, it is the conductivity of the
ground material. Doped silicon has a specific conductivity that is three orders of mag-
nitudes lower than the specific conductivity of gold. This causes a high amount of
conductor losses in the doped silicon, especially of the desired higher (THz) frequency
components of the signal.

Besides the improved signal propagation, a further advantage of the gold microstrip
geometry is the rather simple fabrication process. The gold/ SiO, substrate can be
prepared prior to the fabrication of delicate samples such as twisted bilayer or other
multilayer heterostructures. After the sample is placed on the substrate, every step of
the lithography process increases the risk of damaging or losing the sample. Therefore,
the two steps of lithography and evaporation required to build the photoconductive
switches and the transmission lines of a gold microstrip device are ideal compared to
the five steps required for the stripline geometry.

In addition, it was shown that thicker dielectrics (600 nm instead of 285 nm) and
narrower signal lines (6 yum instead of 10 yum) further improve the signal propagation
in the microstrip geometry.

The novel transmission line geometry of choice has a broad range of different applic-
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ations in the future. For example, they can be used to perform on-chip THz spectro-
scopy experiments on structures such as twisted bilayer graphene at millikelvin tem-
peratures to explore superconducting states. In this case, the sample has to be placed
in a closed millikelvin cryostate and the photoconductive switches need to be operated
without direct optical access. Therefore, fiber optics are required to guide laser pulses
into the setup. In the framework of this thesis, preliminary results are achieved by
implementing fiber-coupled pump beams in the experimental pump-probe setup (see
Appendix B).

A further application of fiber-coupled photoconductive switch devices can be found
in the combination of scanning near-field optical microscopy (SNOM) experiments of
current pumped materials, which are planned in collaboration with the group of Pro-
fessor Dimitri Basov from the Columbia University in New York. This experiment
is motivated by the desire to understand the interaction between ultrashort current
pulses generated by a photoconductive switch with a material such as (twisted) bilayer
graphene. Possible phenomena that may emerge include plasmonic waves or band
gap openings in bilayer graphene structures. In order to perform such experiments, a
tiber-coupled pump beam has to be implemented in the SNOM setup. In this thesis,
tirst steps are taken by developing a SNOM stage that allows sample mounting, beam
alignment, as well as focussing via fiber optics in the SNOM setup (see Appendix C).

At the moment, delicate bilayer graphene samples encapsulated in boron nitride
with a graphite backgate for a first current pump - SNOM probe experiment in collab-
oration with the Columbia University are in fabrication. Another experiment that will
be pursued in the framework of a PhD position is the integration of on-chip THz spec-
troscopy in a millikelvin magnet setup. A first exciting experiment in this new setup is
the characterization of the superconducting states in twisted bilayer graphene.
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A. Simulated primary line constants

Figure A.1.: Simulated resistance per unit length R’ (a) and inductance per unit length
L’ (b) as function of frequency f for the eight simulated transmission line
geometries listed in table 5.1.
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Figure A.2.: Simulated capacitance per unit length C’' (a) and conductance per unit
length G’ (b) as function of frequency f for the eight simulated transmis-
sion line geometries listed in table 5.1.
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B. Operating THz circuits using fiber

optics

In order to conduct future on-chip THz spectroscopy experiments on structures such as
twisted bilayer graphene at millikelvin temperatures to exploit superconductive states,
samples have to be placed in a closed millikelvin setup. The generation and detec-
tion of THz signals via photoconductive switch triggering is then not directly possible.
Moreover, fiber optics are required to guide laser pulses into the setup to focus on the
sample.

Besides low-dispersive transmission lines, a further step towards advanced on-chip
THz spectroscopy at millikelvin temperatures is therefore to operate THz circuits us-
ing fiber optics. The following sections describe test measurements that have been per-
formed in order to implement fiber-coupled pump beams in the experimental pump-

probe setup.

B.1. Experimental setup

To test whether switches can be triggered with short laser pulses using fiber optics, the
pump - probe setup used to measure the signal propagation in different transmission
line geometries is modified. A fiber-coupled pump beam is implemented in the setup
as depicted in figure B.1.

In order to trigger the photoconductive switches for pump-probe signal data collec-
tion, the fiber-coupled pump beam and the probe beam have to be focussed close to
each other (400 pm switch distance) on the sample. Since it is rather difficult to realize
that both beams are focussed on the sample from one direction, a coplanar waveguide
(see chapter 2.3.3) sitting on a transparent sapphire substrate is fabricated. In this co-
planar waveguide design, photoconductive switches can be triggered from both sides
of the sample. As shown in figure B.2, the pump beam is focussed though the fiber
from the back through the two-side polished sapphire on the generation switch and
the probe beam is guided through the microscope objective from the frontside onto the
sample.

As a first fiber, a 1 m long single-mode fiber with 3.5 pm core diameter is utilized.
Laser pulses with 520 nm wavelength, 1 mW power, a repetition rate of 211 kHz and
pulse lengths of 500 fs are coupled into the fiber for the pump beam.

The pump-probe measurement results are presented in the following section.

79



Figure B.1.: Implementation of fiber optics in the pump-probe setup: The pump beam
is guided through a single-mode fiber and focussed on the device, which
is subject to study. The probe beam is guided through free space and a mi-
croscope objective, as in the previous pump-probe setup (see figure 3.16).

Figure B.2.: Fiber-coupled pump-probe signal measurement on a coplanar waveguide
structure: The pump beam is focussed through a fiber from the back on the
generation switch and the probe beam is focussed from the front on the
detection switch.
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B.2. Fiber-coupled current pump generation

Pump-probe signal data collection is performed as previously described in chapter
3.6.2. For the fiber-coupled current pump generation, a bias voltage of 200 V is applied
to the generation switch. As shown in figure B.3, switch 1 is used as the generation
switch which is triggered from the back through a fiber and through air without a fiber
for comparison. Switch 2 is operated as the detection switch without fiber optics.

Figure B.3.: Coplanar waveguide sample in measurement: Generation switch 1 is
biased with 200 V and triggered from the backside through the fiber. Detec-
tion switch 2 is triggered through the microscope. Currents are measured
via a transimpedance amplifier and lock-in techniques.

Figure B.4 shows the measured signals without fiber (black curve) and with the 1 m
single-mode fiber (red curve). The measured signal width without a fiber amounts to
approximately 1.2 ps (FWHM) and with the fiber to 9.9 ps (FWHM). Thus, the fiber
causes a pulse broadening by a factor of more than eight.

The reason for the laser pulse dispersion in the fiber is the self-phase modulation,
which is caused by the Kerr-effect. The Kerr effect [54] says that the refractive index n
of a medium is intensity dependent for high intensities 7 (> 10'* W/m?):

n(l) =no+ny-1(1). (B.1)

The pump beam with 1 mW laser power, which is guided through the fiber with core
diameter of 3.5 um reaches peak intensities of 10!> W/m?2. Thus, self-phase modulation
is indeed a problem for the fiber-coupled pump beams. Fortunately, this problem can
be avoided using shorter fibers, larger diameter fibers (multimode), phononic crystal

fibers or by reducing the laser power.
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Figure B.4.: Measured signal with and without fiber-coupling of the pump beam: The
measured signal width without a fiber (black curve) amounts to approx-
imately 1.2 ps (FWHM) and with the fiber (red curve) to 9.9 ps (FWHM).

Different fibers will be tested in the future in order to reduce the pulse broaden-
ing. However, these first test measurements reveal that the generation of fiber-coupled
current pumps is possible, moving a further step closer to on-chip THz spectroscopy
experiments in a closed millikelvin setup.

82



C. Fiber-coupled current pump -
SNOM probe experiment

A further application of fiber-coupled current pumps can be found in scanning near-
tield optical microscopy (SNOM) experiments of current pumped materials, which are
planned in collaboration with the group of Professor Dimitri Basov from the Columbia
University in New York. The motivation is to see what happens if a material such as
(twisted) bilayer graphene is pumped with a current (see figure C.1). Possible phe-
nomena are plasmonic wave generation or band gap openings in bilayer structures.

Figure C.1.: What happens when a sample is pumped with a current pulse? To find out
which phenomena arise in a material that is contacted in a coplanar wave-
guide circuit with current pump generation via photoconductive switches,
a time-resolved scanning probe is required.

In order to measure such phenomena, a time-resolved scanning probe is required
such as SNOM. SNOM promises a detailed characterization of optical properties of
materials over a broad spectral range and with fine spatial resolution on the nano-
scale. In the last decade, SNOM has become a successful tool to study condensed mat-
ter systems such as polaritonic wave propagation in plasmonic or dielectric samples,
especially low-dimensional materials (graphene, boron nitride, etc.) [55] and sub-
wavelength electrodynamic responses from artificial nanostructures [56], [57].

The working principle of a scanning near-field optical microscope is depicted in fig-
ure C.2. In a SNOM, a probe beam is focussed onto the apex of an AFM (atomic force
microscopy) tip. The laser interacts with the tip-sample system and is scattered elast-
ically. The backscattered light includes the information of the evanescent waves and
can be collected by a detector. Thereby, the far field resolution limit can be broken and

local dielectric functions of the sample volume under the tip can be extracted [57].
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Figure C.2.: Principle of SNOM: A probe beam is focussed on the apex of an AFM
tip. Thereby, the near-field of the tip-sample system is confined forming
a mirror dipole. The backscattered light includes the near-field inform-
ation about dielectric properties of the sample and can be collected by a
detector.

The SNOM setup at the Columbia university is shown in figure C.3 (a). An AFM
tip close to the sample surface is triggered via a focussed pump beam. Scanning can
be performed by moving the sample with the sample stage under the fixed AFM tip.
In order to implement a current pump beam in the setup, the sample stage has to be
modified. There is no space between sample and AFM to focus a laser from the top
on the photoconductive switch of the sample. Therefore, the switch has to be triggered
from the bottom through fiber optics in a modified sample stage as shown in figure C.3

(b). Both, sample stage and fiber optics have to be movable for the sample scanning.

Figure C.3.: SNOM setup at Columbia University: Since there is not enough space
between AFM and the sample mounted on a sample stage (a), a modi-
tied sample stage is required (b), that focusses a fiber coupled pump beam
through the stage from underneath the sample on the photoconductive
switch (red cross).
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A small sample stage with fiber optics has been developed as depicted in figure
C.4. The fiber-coupled pump beam is guided into the stage via a fiberport collimator
(f =4 mm or f = 15 mm). The collimator guides the beam towards a prism mirror
in approximately 2 cm distance to the collimator, which reflects the beam onto the
sample. The collimator in combination with different lens adapters allows focussing
and pointing of the pump beam on the photoconductive switch.

Figure C.4.: Technical drawing of the developed miniature fiber-coupled SNOM
sample stage: The fiber-coupled pump beam is coupled to the sample stage
via a collimator port, which allows beside sample mounting also the beam
alignment as well as focussing.

85



Figure C.5.: Picture of manufactured fiber-coupled SNOM sample stage with two dif-
ferent fiberport collimators (f = 15 mm and f = 4mm), as well as different
lens adapters to have some variability concerning beam dimensions and
sample adjustment during the measurement time in New York.

A picture of the manufactured fiber-coupled SNOM sample stage is shown in figure
C.5. Since the sample stage can just be tested in New York when the experiment is
performed, it is desired that the sample stage offers as much variability as possible.
Therefore, two different fiberport collimators (f = 15 mm and f = 4 mm) are obtained
from Thorlabs and different lens adapters are manufactured to ensure that the laser
beam provided in New York can be focussed on the samples.

Since the photoconductive switch has to be triggered from the bottom through the
substrate, the sample has to be placed on a two-side polished sapphire in a coplanar
waveguide design. The developed gold microstrips from chapter 3 would have been
great to use for this experiment, but laser triggering from the backside through the gold
substrate is not possible. Fortunately, photoconductive switch triggering from through
a sapphire substrate has already been successfully tested as explained in Appendix B.

The next step for this current pump - SNOM probe experiment will be to fabricate
delicate samples of bilayer graphene, encapsulated in boron nitride with a graphite
backgate, contacted in a coplanar waveguide design on two-side polished sapphire
substrates. Graphene was chosen as a first test material for this experiment, since high
expertise in graphene sample assembly is already there. Further, a bilayer of graphene

might provide the possibility to measure a band gap opening.
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