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Kurzfassung

In dieser Arbeit wird ein THz-Mikroskop eingesetzt, um additiv gefertigte
Strukturen auf ihre Reflektions- und Beugungseigenschaften bei Bestrah-
lung mit einem Ferninfrarotlaser zu untersuchen. Das THz-Mikroskop
wurde am Institut für Elektrische Messtechnik und Grundlagen der Elek-
trotechnik aufgebaut. Es erzeugt dreidimensionale Bilder durch die räum-
liche Bewegung eines Sensors oberhalb einer zu untersuchenden Probe.

Hierbei kommen als Sensoren Josephson-Cantilever zum Einsatz, die
aus dem Hochtemperatur-Supraleiter YBa2Cu3O7 auf LaAlO3 Bikristall-
Substraten bestehen. Diese Sensoren sind für hochfrequente elektroma-
gnetische Strahlung, statische Magnetfelder und Temperaturfelder emp-
findlich. Die hierfür vor dem Einsatz erforderliche Charakterisierung der
Sensoren kann sowohl im THz-Mikroskop selbst, als auch in einem geson-
derten Messaufbau erfolgen.

Zusätzlich können im THz-Mikroskop auch topografische Daten mit ei-
nem Rasterkraft-Verfahren aufgenommen werden. Außerdem kann der
Josephson-Cantilever durch andere Sensoren, wie beispielsweise pyroelek-
trische Detektoren, ergänzt werden. Diese sind ebenfalls empfindlich für
hochfrequente elektromagnetische Strahlung und bieten eine günstige Al-
ternative. Dabei erreichen sie aber weder die räumliche Auflösung des
Josephson-Cantilevers noch dessen Frequenzauflösung.

Der Ferninfrarotlaser wird durch einen Kohlendioxidlaser optisch gepumpt.
Der gaußförmige Strahl wird über mehrere Spiegel und Linsen quasioptisch
in das THz-Mikroskop eingekoppelt. Die berechneten Strahlparameter
werden durch Messungen verifiziert.

Additive Fertigungsverfahren bieten die Möglichkeit Prototypen für op-
tische Komponenten sehr schnell zu fertigen. Die Verfahren der Stereoli-
thografie (SLA), der Schmelzschichtung (FDM) und der keramische Pas-
tendruck können für sehr unterschiedliche Anwendungen genutzt werden.
Um reproduzierbare Ergebnisse zu erhalten, kommt der Metrologie im
Bereich der Additiven Fertigung eine immer größer werdende Rolle zu.

Beugungsgitter eignen sich besonders als optische Komponenten zur Strahl-
manipulation. Diverse Beugungsgitter wurden ausgelegt, konstruiert und
schließlich additiv gefertigt. Diese Objekte wurden abschließend im THz-
Mikroskop eingebaut und die Beugungsmuster dreidimensional untersucht.





Abstract

THz microscopy was employed to investigate reflection and diffraction
properties of additive manufactured structures in this thesis. These struc-
tures were irradiated by a far-infrared laser. The THz microscope was
developed at the Institut für Elektrische Messtechnik und Grundlagen der
Elektrotechnik. It generates three dimensional images by moving a sensor
above a sample.

The sensors are Josephson cantilevers, which consist of the high tempera-
ture superconductor YBa2Cu3O7 on LaAlO3 bicrystal substrates. These
sensors are sensitive to high frequency electromagnetic radiation, static
magnetic fields and temperature fields. A pre-characterization of the sen-
sors is necessary. It can be performed in the THz microscope or in a
separate setup.

A scanning force procedure can be employed to collect topological data in
addition. Furthermore, the Josephson cantilever can be complemented by
other sensors such as pyroelectric detectors. These are also sensitive for
high frequency radiation and are available at favorable prices. Though,
they cannot reach the spatial resolution of the Josephson cantilever and
not their frequency resolution.

The far-infrared laser is optically pumped by a carbon dioxide laser. The
Gaussian beam is quasi-optically coupled into the THz microscope by
multiple mirrors and lenses. The calculated beam parameters are verified
by measurements.

Additive manufacturing processes offer the opportunity to manufacture
prototypes for optical components very fast. The printing processes stereo-
lithography (SLA), fused deposition modeling (FDM) and ceramic paste
extrusion can be employed for different applications. Metrology is gaining
importance in the field off additive manufacturing to obtain reproducible
results.

Diffraction gratings are optical components which are particularly sui-
ted for beam manipulation. Multiple diffraction gratings were calculated,
constructed and eventually additively manufactured. These objects were
implemented into the THz microscope and the diffraction patterns were
investigated.





Glossary

ABS acrylonitrile butadiene styrene

B-IGSM Braunschweig International Graduate School of
Metrology

BIPM Bureau International des Poids et Mesures

CAD computer-aided design

CCE Consultative Committee on Electricity

CNC computerized numerical control

CH3OH methanol

HCOOH formic acid

CO carbon monoxide

CO2 carbon dioxide

CuBe copper beryllium

DoE design of experiment

emg Institut für Elektrische Messtechnik und Grundlagen
der Elektrotechnik
Institute for Electrical Measurement Science and
Fundamental Electrical Engineering

ETP electrolytic tough pitch copper

FDM fused deposition modeling

FET field effect transistor

FIR far-infrared

FWHM full width at half maximum

Ge germanium

GPIB general purpose interface bus

GUM Guide to the Expression of Uncertainty in
Measurement



viii Glossary

H hydrogen
He helium
HeNe helium neon
HF high frequency
HTS high temperature superconductor
KrF krypton fluoride
LaAlO3 lanthanum aluminate
LED light emitting diode
MgO magnesium oxide
N nitrogen
N2 nitrogen molecule
NC numerical control
NIST National Institute of Standards and Technology
NMI national metrology institute
O oxygen
OFC oxygen free copper
PIR passive infrared
PLA polylactic acid
PEEK polyetheretherketone
PEG polyethylene glycol
PETG polyethylen terephthalate glycol-modified
PLD pulsed laser deposition
RCSJ resistively and capacitively shunted junction
SEM scanning electron microscopy
SLA stereolithography apparatus
STL stereolithography or standard tesselation language
SrTiO3 strontium titanate
TDS time-domain spectroscopy

THz terahertz (= 1012 hertz)
USB universal serial bus
UV ultraviolet
Xe xenon
YBa2Cu3O7 yttrium barium copper oxide
ZnSe zinc selenide
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1 Introduction

The frequency of THz radiation is located between the infrared and the
microwave region in the electromagnetic spectrum. Its range is often
defined between 0.1 THz and 10 THz, or wavelengths between 3 mm and
30 µm, respectively [1]. This region was rarely used for technical appli-
cations in the past due to the lack of adequate sources and detectors.
Therefore, this band was often referred to as THz gap. This gap was more
and more closed in the recent past and many THz applications can be
found today [2].

The electromagnetic spectrum around the THz gap is depicted in figure 1.1.
Devices below the far-infrared region are often characterized as electronics,
while devices above are assigned to the field of photonics.

The earliest drivers for THz technologies have been astronomy and space
research as many processes in space can be observed in this spectral re-
gion [3]. In the meantime, many THz sources and detectors have been
developed and research fields like THz imaging and THz communication
gained much in importance. A vast variety of applications and current
research topics can be found in science and technology [4].

Figure 1.1: Electromagnetic spectrum around the THz gap
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THz-TDS (time-domain spectroscopy) is, for instance, employed for ma-
terial research on a regular basis [5]. Mail and luggage is screened for
explosives or narcotics by THz technology as they have a distinct signa-
ture in the THz spectra [6].

Far-infrared radiation can be modified by quasi-optical components. Such
components are often not commercially available due to a limited availa-
bility of sources. Fortunately, quasi-optical components can be manufac-
tured by simple means as the wavelengths are comparable large. Additive
manufacturing processes can be employed to gain access to rapid prototy-
ping of objects made from a large variety of materials.

However, the huge growth of THz technologies and their commercial appli-
cations require accurate characterizations of devices. This describes a big
challenge for the field of metrology as accurate measurement procedures
for calibration purposes are not available for these new devices. There-
fore, metrological methodologies have to be developed and measurement
processes have to be improved to enable traceable measurements [7].

Information technology is approaching the THz gap due to increasing
clock frequencies of integrated circuits. Single transistors can reach up
720 GHz [8]. With higher frequencies, effects like crosstalk between wires
and components are gaining importance, particularly for devices with a
high level of integration. Conventional measurement methods are reaching
their limits when characterizing such circuits due to the high frequencies.

A measurement device capable of three-dimensional visualizations of in-
tensity distributions of high frequency radiation above a sample was de-
veloped at the Institut für Elektrische Messtechnik und Grundlagen der
Elektrotechnik (emg). This device is referred to as THz microscope. It
employs a sensor, which is named Josephson cantilever. It is much more
sensitive than many other THz detectors and achieves very small spatial
resolution. Other sensors such as pyroelectric detectors can be implemen-
ted as well.

In this work, all components of the THz microscope are described in de-
tail. The measurement setup consists of a positioning system, a contact
detection, a vacuum system, a cryo system, measurement electronics and
a far-infrared laser system. Basics on optics are introduced and applied
to describe the Gaussian beam propagation of the laser beam. Diffractive
optical elements are discussed and quasi-optical microstructures are ad-
ditively manufactured. For this, some additive manufacturing processes
are outlined.

Finally, both the Josephson cantilever and the laser system are charac-
terized and measurements with the additive manufactured elements are
performed. These objects are irradiated by the far-infrared laser and the
diffracted radiation is subsequently measured with the THz microscope.



2 THz Microscope

The THz microscope has been developed at the Institut für Elektrische
Messtechnik und Grundlagen der Elektrotechnik (emg) of the TU Brauns-
chweig within the scope of three PhD theses [9–11] and a European patent
is granted [12]. It was built in order to image spatial distributions of ul-
trahigh frequency signals in next generation analogue and digital chips
for clock frequencies well above 1 THz. For instance, measurement results
on edge coupled filters, branch line-couplers, striplines and oversized wa-
veguides have been published [13–17].

The THz microscope consists of a superconducting sensor, the so-called
Josephson cantilever, and other subsystems which are necessary to operate
the sensor. These subsystems are a vacuum chamber, a vacuum system,
a cryo system, a positioning system, control electronics, a personal com-
puter with software, and a far-infrared (FIR) laser system.

Figure 2.1: Schematic overview of the THz microscope and its subsys-
tems
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All components of the THz microscope are shown in figure 2.1 and are
described in detail in the following sections starting with a section on the
basics of superconductivity.

2.1 Superconductivity
Superconductivity was discovered by Heike Kamerlingh-Onnes in 1911
while he was studying the residual resistance of mercury cooled by lique-
fied helium [18]. The resistance of mercury leads filled in U-tubes suddenly
vanished around the boiling temperature of liquid helium beneath mea-
surable values [19]. He was awarded the Nobel prize in physics for his
discovery of this new state of matter in 1913.

The disappearance of electrical resistance is only one remarkable physical
effect appearing in superconductors below a material specific critical tem-
perature Tc. Another effect is the expulsion of external magnetic fields
from the interior of superconductors. This ideal diamagnetism of super-
conductors is named Meissner-Ochsenfeld effect, after its discoverers [20].
The expulsion of external magnetic fields is not ideal at the surface of a
superconductor. The magnetic field can penetrate the material, which
is described in the phenomenological London theory [21]. The authors
introduced the theory as an extension of Ohm’s law for superconductors.
The associated parameter is the London penetration depth λL, which
describes the depth that magnetic fields can penetrate a superconductor.
Magnetic flux that flows through any superconducting loop like a ring,
is always quantized in integer multiples of the magnetic flux quantum
Φ0 = 2.07 · 10−15 Wb.

The microscopic theoretical description of the superconducting state was
significantly improved by J. Bardeen, L. N. Cooper, and J. R. Schrieffer
with the publication of their so-called BCS theory in 1957 [22]. They
explained superconductivity with quantum theory and postulated that
the charge carriers in superconductors at the critical temperature are
condensing to so-called Cooper pairs, which can be described by a single
macroscopic wave function. This effect was explained due to the inter-
action of electrons with phonons of the material’s lattice structure. For
this work, Bardeen, Cooper and Schrieffer were awarded the Nobel price
in physics in 1972.

Single electrons are fermions that obey the Pauli exclusion principle.
Cooper pairs are boson-like quasiparticles, which are all occupying the
same quantum state of lowest energy. Therefore, they can be described
with a single wave function. This wave function is a solution of the time-
dependent Schrödinger equation (2.1). In this equation, Ψ is the wave
function of the quantum system, t is the time, i is the imaginary unit, }
is the reduced Planck constant and Ĥ is the Hamiltonian operator.
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i} ∂Ψ
∂t

= Ĥ Ψ (2.1)

The complex wave function Ψ describing the Cooper pairs can be expressed
like in equation (2.2). In this equation, ns as the squared amplitude
of the wave function is the particle density of Cooper pairs inside the
superconductor, i is the imaginary unit and θ is the phase of the wave
function.

Ψ =
√
ns · eiθ (2.2)

All known superconductors had low critical temperatures until the disco-
very of the first high-temperature superconductors (HTS) by J. G. Bed-
norz and K. A. Mueller in 1986 [23]. They found critical temperatures
above 30 K by experimenting with different cuprates and were awarded
with a Nobel prize in physics for this discovery in 1987. After this, many
research groups started to search for materials with even higher critical
temperatures. Superconductivity above a Tc of 80 K was found in the
yttrium barium copper oxide system after a short time [24].

Another phenomenological theory of superconductivity was introduced
by V. L. Ginzburg and L. D. Landau in 1950 [25]. Their theory is ba-
sed on thermodynamic considerations. They proposed another length
parameter for the description of superconductors besides the London pe-
netration depth λL. The Ginzburg-Landau coherence length ξGL describes
the smallest dimension in which the density of Cooper pairs can change.
V. L. Ginzburg was awarded with the Nobel prize in physics in 2003 to-
gether with A. A. Abrikosov and A. J. Leggett for their contributions to
the theory of superconductors and superfluids.

Superconductors can be classified into type I and type II superconductors.
The distinction between both types can be made by the dimensionless
Ginzburg-Landau parameter κ which is calculated by equation (2.3) giving
the ratio of both characteristic lengths. Is κ < 1/

√
2 a superconductor is

classified as type I, is κ > 1/
√

2 as type II [26].

κ = λL
ξGL

(2.3)

Type I superconductors are expelling magnetic fields only up to a critical
value Bc of the magnetic flux density. Superconductivity vanishes above
this critical field and the material changes to the normal conducting state.
Type II superconductors are showing perfect diamagnetism below a lower
critical field Bc1 and are changing to a normal conducting state above a
higher critical field Bc2. This intermediate special state between these two
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Figure 2.2: Schematic view of a Josephson junction

values is called Shubnikov phase [27]. The magnetic field can penetrate
the superconductor and is focused in flux tubes. Every flux tube contains
only a single flux quantum Φ0 and a normal conducting area within the
flux tube is induced.

All critical fields are temperature dependent and decrease at higher tempe-
ratures. HTS materials are always type II superconductors. To describe
the mechanisms leading to superconductivity in these materials an exten-
sion of the microscopic BCS theory is required. However, most supercon-
ducting phenomenons are quite similar to those of type I superconductors
and the established theories deliver good approximations.

The Josephson cantilever (see chapter 2.2) is based on the Josephson effect
in superconducting materials. This coherent phenomenon was predicted
by B. D. Josephson in 1962 [28] and was confirmed by P. W. Anderson and
J. M. Rowell in 1963 [29]. Josephson was awarded a Nobel prize in physics
for this work in 1973. The phenomenon appears when a superconductor
is separated from another superconductor by a thin nonsuperconducting
layer.

This barrier is called Josephson junction and is visualized in figure 2.2.
The squared amplitude of the wave function (2.2) as the density of Cooper
pairs of both superconductors is shown qualitatively as a red and a blue
line. It can be seen, that the density of Cooper pairs is not zero at the
surface of each superconductor and both graphs reach into each supercon-
ductor. Both are coupled by a weak link.

Hence, a supercurrent Is can flow through the barrier as long as the insu-
lating layer is not too thick [30]. This is described in the first Josephson
equation (2.4), where Ic is the critical current of the Josephson junction
and θ1,2 are the phases of the macroscopic wave functions of both su-
perconductors. A direct current can flow, up to the critical current Ic
determined by the phase difference φ = θ2 − θ1. This effect is, thus,
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Figure 2.3: Current-voltage characteristic of a Josephson junction

called DC Josephson effect. The first Josephson equation describes the
dissipationless state with Is < Ic.

Is = Ic · sin(θ2 − θ1) = Ic · sin(φ) (2.4)

For Is > Ic, a dissipative state is entered and the second Josephson
equation (2.5) applies. Cooper pairs are breaking up above the critical
current Ic and a voltage drop U can be measured across the Josephson
junction. In the second Josephson equation, φ is the phase difference of
the macroscopic wave functions of both superconductors, t is the time,
e is the elementary charge, ~ is the reduced Planck constant and Φ0 is
the magnetic flux quantum. If the current Is exceeds the critical current
Ic, the phase difference becomes time dependent, with φ = θ2 − θ1. This
results in an alternating current in the Josephson junction, which is the
reason why this phenomenon is called AC Josephson effect.

∂φ

∂t
= 2 e

~
· U = 2 π

Φ0
· U (2.5)

Both effects can be visualized by the current-voltage characteristic in fi-
gure 2.3. Up to the critical current Ic, no voltage drop can be measured.
Above this value, the voltage behaves like presented while the current
starts to alternate. These equations are only valid if magnetic fields can
be neglected [31].
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Figure 2.4: Current-voltage characteristic of a Josephson junction with
Shapiro steps

The frequency fJ of the alternating current is only depending on funda-
mental constants and the averaged voltage drop U across the junction.
The constant between the frequency fJ and the voltage U is referred to
as the Josephson constant KJ. Its value was recommended to be exactly
KJ−90 (see equation (2.7)) by the Consultative Committee on Electricity
(CCE) in 1990 [32, 33]. With this constant, a voltage can be related to a
frequency, like in equation (2.6). This is used worldwide by many national
metrology institutes (NMIs) to realize the DC voltage standard [34, 35].

fJ = KJ−90 · U (2.6)

KJ−90 = 2 e
h

= 1
Φ0

= 483 597.9 GHz
V (2.7)

When irradiated with high-frequency radiation, the oscillation of the al-
ternating current in a Josephson junction can synchronize to the external
radiation within certain boundaries. This effect can be observed by equi-
distant voltage steps in the current-voltage characteristic of the Josephson
junction. They are called Shapiro steps as they were first observed by
S. Shapiro [36] and can be seen in figure 2.4.

The position of the voltage steps is related to the frequency of the exter-
nal radiation and can be calculated with equation (2.8). Here, n is an
integer number referring to the n-th Shapiro step, Φ0 is the magnetic flux
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Figure 2.5: Equivalent circuit diagram for a Josephson junction modeled
by the RCSJ model

quantum, KJ−90 is the conventional value of Josephson constant and fHF
is the frequency of external radiation. The width of the steps is related
to the intensity of the external radiation.

The generation of very precise voltage steps can be performed with a
very good knowledge about the irradiating frequency. This is achieved by
high precision measurements of frequency with the help of atomic clocks
[37]. Therefore, Josephson junctions are used in NMIs as quantum voltage
standards up to 10 V [38]. They are usually employed in large arrays.

Us = n · Φ0 · fHF = n · 1
KJ−90

· fHF (2.8)

Josephson junctions can be described by a convenient model introduced
by W. C. Stewart [39] and D. E. McCumber [40]. This model established
an equivalent circuit diagram for a Josephson junction, which is shown in
figure 2.5. The total current through the junction is modeled as the sum
of three individual currents. The current IJJ describes the supercurrent
below the critical current Ic in the junction, which is described by the
first Josephson equation (2.4) with the phase difference φ = θ2− θ1. This
element is symbolized by a cross. The junction has a finite capacitance
determined by the geometrical dimensions among other things. It is
modeled with a capacitor C and the current Id. Above the critical current
Ic some Cooper pairs break up and a voltage drop across the junction
occurs. This effect can be modeled as a current of quasiparticles by a
resistance Rn and a current Iq through this resistance.

Is = IJJ + Iq + Id = Ic · sinφ+ U

Rn
+ CU̇ (2.9)

In equation (2.9), the total current can be calculated as the sum of the
three currents. The displacement current Id = C · U̇ can be used to
describe the current through the capacitance and the equation can be
transformed to a differential equation (2.10), only depending on the phase
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Figure 2.6: Equivalent circuit diagram for a Josephson junction modeled
by the RCSJ model with the influence of high-frequency radiation and
noise

difference φ by using the second Josephson equation (2.5) to replace the
voltage U [31]. This model is referred to as resistively and capacitively
shunted junction (RCSJ) model because of the employed electronic equi-
valent circuit. The differential equation (2.10) can be treated similar
to differential equations describing a physical pendulum in a periodic
potential.

Is = Ic · sinφ+ Φ0
2πRn

φ̇+ CΦ0
2π φ̈ (2.10)

This equation can be normalized. For this, all currents are related to the
critical current Ic, all voltages are expressed as multiples of the characte-
ristic voltage Vc = IcRn, which is also called IcRn product, all times are
expressed in units of τc = Φ0/2πIcRn, and the characteristic frequency is
defined as fc = IcRn/Φ0. With this, the dimensionless differential equation
(2.11) can be expressed. The Stewart-McCumber parameter βc can be
calculated with equation (2.12).

i = sinφ+ φ̇+ βcφ̈ (2.11)

βc = 2π IcR 2
n C

Φ0
(2.12)

For βc < 1 a Josephson junction is called overdamped while it is called
underdamped for βc > 1. Underdamped junctions are showing a hystere-
tic characteristic. The parameters Ic, the IcRn product (Vc) and βc are
the most important values to characterize a Josephson junction.

When irradiated with microwaves, an additional term IHF cos(2πfHFt)
has to be added to the differential equation (2.10) and to the equivalent
circuit diagram in figure 2.6 to consider the effects in the RCSJ model.
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Figure 2.7: Simulation of the widths for the first five Shapiro steps

The resulting differential equation (2.13) can be extended by a current In
to consider noise effects on the characteristic.

Is + IHF cos(2πfHFt) + In = Ic · sinφ+ Φ0
2πRn

φ̇+ CΦ0
2π φ̈ (2.13)

The widths of the Shapiro steps in the I-V characteristic change with the
power of the irradiated microwaves or rather the amplitude IHF. This
variation of the n-th step width can be modeled with help of the n-th
Bessel function Jn(x) [41]. These widths are depicted for normalized
units in figure 2.7 with help of the approximation for the n-th step width
2 Ic |Jn(IHF/Ic)| [31]. This approximation is only valid for large values of
ΩHF = fHF/fc.

Josephson junctions can be employed for THz applications as sensors
[42, 43]. But they are also sensitive for magnetic fields. The variation of
the critical current Ic due to magnetic flux ΦJ which is penetrating the
Josephson junction can be calculated by equation (2.14) [31]. There, Ic(0)
is the critical current of the junction without the exposure to a magnetic
field and Φ0 is the magnetic flux quantum.
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Figure 2.8: Simulation of the Fraunhofer pattern of a Josephson junction
normalized to the critical current Ic(0) and the magnetic flux quantum Φ0

Ic(ΦJ) = Ic(0) ·

∣∣∣∣∣∣∣∣
sin
(
π

ΦJ
Φ0

)
π

ΦJ
Φ0

∣∣∣∣∣∣∣∣ (2.14)

The resulting pattern is depicted in figure 2.8 and is referred to as Fraun-
hofer pattern for its similarity to the resulting diffraction pattern from a
single slit in optics. The suppression of the critical current in a magnetic
field can be employed to measure static magnetic fields.

2.2 Josephson Cantilever
The superconducting material YBa2Cu3O7 is employed to produce Joseph-
son junctions for the Josephson cantilevers in the THz microscope. This
material is deposited as a thin film in a pulsed laser deposition (PLD)
process on bicrystal substrates from LaAlO3 or MgO. The Josephson
junction develops due to the grain boundary in the substrate. A model
of the Josephson cantilever is shown in figure 2.9.

The orthorhombic unit cell of YBa2Cu3O7 is depicted in figure 2.10. The
lattice constants are a = 3.82Å, b = 3.89Å and c = 11.68Å [44]. Since
the superconducting properties develop in the CuO2 planes and the CuO
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Figure 2.9: Photomicrograph of a Josephson cantilever

chains [45], c-axis oriented thin films are preferred for the Josephson can-
tilever. The London penetration depth λL and the Ginzburg-Landau
coherence length ξGL are different for ab-plane or c-axis directions. Lite-
rature values are λL(ab) = 150 nm, λL(c) = 0.8 µm, ξGL(ab) = 1.6 nm and
ξGL(c) = 0.3 nm [31]. The values of the coherence lengths are very small
and little defects in the thin film can have effects on the superconducting
properties. Therefore, a grain boundary is already sufficient to create a
Josephson junction.

Substrate materials must have similar lattice constants to obtain epitaxi-
ally grown c-axis oriented YBa2Cu3O7 layers. They have to be chemical
inert to the superconductor since chemical reactions or interdiffusioncould
destroy superconductivity. The coefficients of thermal expansion of the
substrate and YBa2Cu3O7 have to be similar as high temperatures are
required in the production process. For the use as THz detectors, low
high-frequency losses determined by the relative permittivity εr and the
dielectric loss tangent tan δ are necessary [46]. These requirements are
met by substrates from LaAlO3 and MgO amongst others [47].
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Figure 2.10: Unit cell of YBa2Cu3O7

The bicrystal substrate material usually is delivered as a die with a size
of 10× 10× 1 mm3. They are produced by sintering two single crystal
substrates together in a specific angle, cutting them to the specific size
and polishing them. A symmetric angle of 24° is chosen for the Josephson
cantilevers. The substrates are cleaned in an ultrasonic bath with acetone
and isopropanol before they are coated with a YBa2Cu3O7 thin film. For
this, the PLD process with a heated substrate in an oxygen atmosphere
is employed. YBa2Cu3O7 is evaporated by a pulsed krypton fluoride
(KrF) excimer laser Coherent LPXpro 305F at 248 nm wavelength. The
substrate is positioned into the plasma plume to deposit YBa2Cu3O7 on
it. Many parameters have to be optimized to achieve epitaxial, stoichio-
metric films with good superconducting properties [48, 49]. For instance,
the loading of YBa2Cu3O7 with oxygen in the PLD process is crucial as
it affects the superconducting properties [50]. Therefore, YBa2Cu3O7 is
often referred to as YBa2Cu3O7−δ , where δ is tried to be minimized.

The YBa2Cu3O7 thin film is then coated with silver as capping layer for
a subsequent gold layer, both deposited in a sputtering process. This
layer stack is then coated with photo resist to employ photolithography to
structure the shape of the Josephson junction and the electric leads in a
physical argon ion etching process. The silver and gold layer are removed
from the junction area within a second photolithographic process, but
stay on the contact pads for better results in a subsequent bonding process.
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Figure 2.11: Photomicrograph of a manufactured Josephson cantilever
die

Up to 16 Josephson cantilevers can be placed on a substrate. They
are separated by a dicing saw. A photomicrograph of a manufactured
die with separable Josephson cantilevers can be seen in figure 2.11. The
YBa2Cu3O7 circuit on the substrate can be different for the individual can-
tilevers. Particularly, the antenna design around the Josephson junction
is varying following the considerations in [11]. Antennas of bow-tie, loga-
rithmic periodic and dipole type with a Josephson junction in the middle
are employed. The feed lines contain filters to minimize crosstalk [17].

Usually, two sensors are created on every cantilever. Each sensor can be
measured with four-terminal sensing to eliminate the influence of contact
resistances. The layout of the sensors can either be transferred to a photo
lithographic mask that controls the exposure of the photoresist to light,
or it can be written by electron beam lithography in a scanning electron
microscope (SEM) by the use of another type of photo resist.

A Josephson cantilever has to be contacted in a bonding process to have
an electrical connection to the measurement electronics. For this, it is
glued to a CuBe spring on a copper block which is soldered to a circuit
board. This composition is shown in figure 2.12. The cantilever is bonded
to the circuit board, which has a connector to be connected with the me-
asurement electronics. The assembled cantilever circuit board can also be
installed in an external measurement setup to characterize the Josephson
cantilever (see section 5.1).
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Figure 2.12: Assembled Josephson cantilever circuit board

Figure 2.13: a) Josephson cantilever assembly and bonding support,
b) photomicrograph of a bonded cantilever

An assembly support is necessary to build the cantilever circuit boards.
Such an assembly support is depicted in figure 2.13. It allows for a pro-
duction of the sensors with repetitious accuracy and is used to solder the
CuBe spring to the copper block and both to the circuit board. Subse-
quently, the Josephson cantilever can be glued and bonded.

2.3 Pyroelectric Detectors
The THz microscope allows for the installation of various sensors at the
mounting position of the Josephson cantilever. A sensor that can be em-
ployed to measure far-infrared radiation is the pyroelectric detector. This
sensor type can mainly be found in motion detectors as it is sensitive for
infrared radiation emitted by humans and animals.
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Figure 2.14: Equivalent circuit diagram of the pyroelectric detector
Excelitas Technologies LHi968

Pyroelectricity describes the effect of a crystal generating an electric mo-
ment due to the change of temperature. A pyroelectric detector consists of
a pyroelectric material that is placed between two capacitor plates. Chan-
ges of the temperature causes a change of the spontaneous polarization
of the material due to an asymmetric crystal structure. This produces a
charge change on the capacitor plates [51].

The low current signal of the polarization can be measured when appro-
priately amplified. Such a sensor design is often referred to as passive
infrared (PIR) sensor as it is not consuming any energy to generate an
output signal. A circuit diagram of the pyroelectric detector Excelitas
Technologies LHi968 is depicted in figure 2.14. The signal of the two
sensor elements is amplified by a build in field effect transistor (FET).

Pyroelectric detectors often consist of at least two elements connected
against each other. The elements are often coated with a blackened thin
film to increase the absorption of radiation. When the heat is uniformly
distributed their signals cancel each other out.

The sensor elements and the amplifier circuit are placed into a metal TO-5
package. Radiation can enter the package through a filter glass, which
is only transparent for infrared radiation. Hence, the package has to be
opened and the window has to be removed to prepare the sensors for
far-infrared measurements. A photomicrograph of an opened package of
the pyroelectric detector Murata Manufacturing Co., Ltd. IRA-E712ST3
is depicted in figure 2.15.

The measurement of radiation with the pyroelectric detector is quite slow
as it is based on thermal effects. However, it can be employed to measure
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Figure 2.15: a) Pyroelectric detector Murata Manufacturing Co., Ltd.
IRA-E712ST3, b) photomicrograph of an opened pyrodetector

THz radiation within the THz microscope setup with a very simple mea-
surement setup. Together with a chopper in the laser beam and a lock-in
amplifier, a constant and power proportional signal can be obtained as the
sensor only responds to changes in temperature. An aperture is placed in
front of the sensor to increase the spatial resolution of the THz microscope,
when using a large pyroelectric sensor.

2.4 Contact Detection
The positioning system (see subsection 2.5) and the Josephson cantilever
can be damaged if they have contact with a device under test. Therefore,
it is necessary to implement a contact detection to avoid that. This system
stops the stepper motors and they can be brought into a safe position. A
contact detection with a high resolution enables topographic scans of the
device under test.

The optomechanical contact detection has been developed within the
scope of a Bachelor’s and a Master’s thesis [52, 53] and is shown in fi-
gure 2.16. It employs the beam deflection method [54] that is based on
laser triangulation and is used in atomic force microscopes, for instance.
The laser beam of the laser Arima Lasers ADL-65103TL is deflected by
a fixed mirror onto the back of the Josephson cantilever. The polished
CuBe spring reflects the beam and it gets deflected by the mirror again
to hit finally the quadrant diode First Sensors QP10-6. Without contact,
the beam hits the quadrant diode in the middle of the quadrants. Is the
beam deflected by a contact of the cantilever, the beam hits the quadrant
diode at another position and a contact can be detected.
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Figure 2.16: a) cantilever holder arm attached to the mounting plate,
b) CAD model of the cantilever holder arm with an illustration of the
contact detection

Figure 2.17: Schematic principle of the contact detection
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The displacement of the Josephson cantilever can be calculated with help
of figure 2.17. The Josephson cantilever is tilted at the angle α when the
tip is displaced by ∆x. Hence, the axis of reflection of the laser beam is
tilted at the angle α as well. The relation between the displacement ∆x
and the angle α is expressed in equation (2.15) together with the length
of the cantilever lCantilever ≈ 4.6 mm.

∆x = lCantilever · tanα (2.15)

The mirror image of the beams in figure 2.17 can be used to calculate the
displacement of the beam on the quadrant diode ∆y caused by the displa-
cement of the cantilever. The beam path of the displaced case is depicted
by a dashed line. With the geometric values for the distance between the
quadrant diode and the fixed mirror lQS ≈ 42.52 mm and the distance bet-
ween the fixed mirror and the cantilever lSF ≈ 19.09 mm, the displacement
on the quadrant diode ∆y can be calculated with equation (2.16).

∆y = (lQS + lSF) · tan(2α) (2.16)

The expected values for the angle α are very small as contacts should be
avoided and the stepper motors should stop instantaneously. Therefore,
the trigonometric function can be approximated with tanα = α and
tan 2α = 2α. With this, the sensitivity S of the contact detection can be
calculated with equation (2.17).

S = ∆y
∆x =

(lQS + lSF) · 2α
lCantilever · α

=
2 · (lQS + lSF)
lCantilever

≈ 2 · (42.52 mm + 19.09 mm)
4.6 mm ≈ 26.79 mm/mm

(2.17)

The calculated sensitivity of the presented setup allows together with the
contact detection electronics to detect a displacement of the cantilever of
about 1.5 µm [53]. A further development of the setup would enable topo-
graphic scans with the THz microscope. The activation of the cryocooler
(see subsection 2.8) reduces the contact threshold significantly. However,
contacts can still be detected and damages be avoided.
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Figure 2.18: CAD model of the three micro-translation stages Physik
Instrumente M-111 stacked to a xyz-system

2.5 Positioning System
The positioning system moves the Josephson cantilever spatially in three
dimensions. For this, three compact micro-translation stages Physik In-
strumente M-111 equipped with stepper motors and rotary encoders are
employed. These stages have a travel range of 15 mm each and are stac-
ked together to a xyz-stage as depicted in figure 2.18. The translation
of the rotation of the stepper motors to the linear motion of the stage
is succeeded by a gearbox, a gear belt and a threaded rod. Hall effect
sensors are implemented as reference points and limit switches.

The two-phase stepper motors Faulhaber AM1524-A-0,25-12,5-06-0904
need S = 24 full steps for an entire rotation. Every full step turns the
motor by an angle of 15°. The nominal voltage per phase is 3.5 V and the
nominal current is 250 mA. The movement of the stepper motor can be
monitored by the installed magnetic encoders Faulhaber AE 23B8. These
encoders have 12 lines per revolution and exhibit square waves at their
two output channels shifted by a phase of 90°. The gearbox Faulhaber
15AK employs a planetary gear to achieve a reduction gear ratio of about
G = 14 : 1.

These stepper motor ensembles are built into the micro-translation stage
Physik Instrumente M-111 and driving a threaded rod with a thread pitch
of M = 0.4 mm per revolution. The resolution of the micro-translation
stages can be calculated with equation (2.18).
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Figure 2.19: Control electronics for the micro-translation stages Physik
Instrumente M-111 [56]

M

S ·G = 0.4 mm/revolution
24 full steps/revolution · 14 ≈ 1.190 µm/full step (2.18)

The micro-translation stages are controlled by control electronics that
where developed in a Bachelor’s and a Master’s thesis [55, 56]. They
are depicted in figure 2.19 and can control up to four stepper motors. A
display visualizes the current status of the control electronics and a joy-
stick allows direct inputs. Several connectors can be used for temperature
measurements (TArm, TBlock), control of heating resistors (e-g, HSMD)
and control of a magnetic bias coil (d). Additionally, the measurement
electronics and laser choppers can be connected (a-c) together with the
contact detection to stop the stepper motors.

A microcontroller is used to interpret G-code instructions sent by the THz
program (see subsection 2.10), which is running on a computer that is
connected using USB. G-code is a widespread numerical control (NC)
programming language that is used for the automation of machine tools
and for controlling 3D printers. Therefore, it is suitable for controlling
the THz microscope as the requirements are quite similar. Four driving
units Allegro MicroSystems A4988 are employed to control the stepper
motors.

M

S ·G ·N = 0.4 mm/revolution
24 full steps/revolution · 14 · 16 micro steps/full step

≈ 74.4 nm/micro step

(2.19)
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Figure 2.20: Exterior view of the vacuum chamber with the front flange

These units support micro stepping modes in which the stepper motors can
be operated between full steps. This improves the resolution. Thus, a mi-
cro stepping mode with a micro stepping ratio ofN = 16 micro steps/full step
is employed. The calculated resolution computed with help of equation
(2.19) gives only an estimate of the smallest step size. Micro steps are not
very accurate as the torque of a stepper motor has its maximum value at
the full steps and changes between them. The uncertainty of the position
of the stages can be estimated with at least ±2 micro steps or about
±150 nm. In addition, the usage of the micro stepping mode improves
the running smoothness of the stepper motors.

2.6 Measuring Chamber
The measuring chamber is a vacuum chamber in which all essential me-
asurement equipment is integrated. It contains the positioning system
that moves the cantilever arm and the Josephson cantilever. For this, it
has many feedthroughs to connect all the devices with the control and
measurement electronics (see subsection 2.9) outside the vacuum chamber.

Figure 2.20 shows the vacuum chamber with its most important flange,
the front flange. It contains feedthroughs for the Josephson cantilever, the
stepper motors, the temperature control system, high-frequency connec-
tors and additional cabling to connect any devices under test. Additionally,
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Figure 2.21: Interior view of the measuring chamber

it is constructed as a drawer that can be moved out of the vacuum cham-
ber to change samples or work on parts of the measuring chamber.

The content of the front flange drawer is depicted in figure 2.21. It con-
tains the already presented positioning system connected to the cantilever
arm with the Josephson cantilever. Additionally, the cooling path (see
subsection 2.8) from copper can be seen together with a measuring table,
where different samples can be placed.

The measuring chamber contains also a Mu-metal multilayer shielding to
reduce influences of the measurements by external magnetic fields. When
evacuated, the chamber can be observed by a camera and LED lighting.
The laser power of the FIR laser system (see subsection 2.11) can be mo-
nitored by a quasioptical coupler and a pyroelectric detector. The beam
is guided through a brass tube.

2.7 Vacuum System
The cooling of the Josephson cantilever can only be succeeded in an in-
sulating vacuum. Otherwise, low temperatures could not be reached and
humidity could condensate at the cantilever and destroy it. A vacuum
system is employed together with a vacuum chamber to reach pressures
below 10−5 mbar.

The pneumatic circuit is shown in figure 2.22. The rotary vane pump
Leybold Heraeus D4A is used together with the turbomolecular pump Ley-
bold Heraeus Turbovac 50 to evacuate the system. The pumping station
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Figure 2.22: Pneumatic circuit diagram of the vacuum system

enables different pumping modes and a venting option with high-vacuum
corner valves BALZERS EVA 040 PX.

The vented vacuum chamber is evacuated with only the rotary vane pump
through a bypass path first. For this, only the valves A and F are open.
The bypass path (valves A and F) is closed and the valve D is opened
to evacuate and activate the turbomolecular pump below a pressure of
4 · 10−2 mbar in the vacuum chamber. The valves B and F are opened,
when the turbomolecular pump reaches operating speed. With this, the
chamber is evacuated by both pumps in series down to a pressure below
10−4 mbar. In addition, the cryocooler can be switched on at that pres-
sure and acts as a cryopump to reach pressures down to 4 · 10−6 mbar.
With valves C, E and F open, the vacuum system can be vented with
nitrogen to avoid condensation. Valve E has to be open to prevent the
system from excess pressures.

The pressure is measured by three pressure gauges. Two thermal-conduc-
tivity vacuum gauges of the type Leybold-Heraeus Thermovac TM 220
are employing the Pirani principle [57] to measure pressures down to
10−3 mbar at the rotary vane pump and at a vacuum path near the cham-
ber. The third sensor is a combination of a Leybold-Heraeus Thermovac
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Figure 2.23: Pressure values and valve status visualization, and vacuum
controller

TM 220 and a Leybold-Heraeus Penningvac PM 310 that is a Penning-type
[58] cold-cathode ionization gauge. At a pressure of about 10−3 mbar the
measurement electronic switches between the two gauges to enable measu-
rements down to a pressure of 1 · 10−6 mbar. The sensors are connected
to two vacuum gauge controllers of the type Leybold-Heraeus Combitron
CM 330.

All parts of the vacuum system are controlled by the vacuum controller
shown in figure 2.23 that was developed in a Bachelor’s thesis [59]. The
status of all valves and the pumps is visualized by a circuit diagram and
LEDs. The pressures measured by the three pressure gauges are visualized
by seven-segment displays. The operation modes can be chosen between
bypass pumping, turbo pumping and venting. The pumping process is
activated by a standby switch for the whole system and a security switch
for the activation of the turbomolecular pump.

2.8 Cryo System
The Josephson cantilever has to be cooled below the critical temperature
Tc to enter the superconducting state, while the device under test can
either be cooled or remain at room temperature. For this, a cryocooler is
employed in the THz microscope to realize temperatures below 35 K at
the cantilever. Heating resistors are utilized to control the temperature
of the cantilever.
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Figure 2.24: Schematic of the cryocooler helium circuit

The cryocooler consists of the two-stage cold head Leybold Vacuum COOL-
POWER 5/100 T connected to the compressor unit Leybold Vacuum
COOLPAK 6000. The system is based the Gifford-McMahon principle
[60]. The working fluid is helium, which has an initial filling pressure of
about 15 bar at room temperature. The compressor generates a working
pressure of about 20 bar and some of the thermal energy of the helium is
dissipated into a cooling water circuit [61].

The helium circuit of the cryocooler is schematically shown in 2.24 with
just one cooling stage. A valve at the cold head switches between the
high and low pressure sides of the compressor. The motion of the valve
is synchronized to the displacer units of both cooling stages. The helium
is expanded while flowing through the regenerators and absorbs thermal
energy from the cold head. Then, the valve connects the cold head with
the low-pressure side of the compressor and the displacer is moving back.
The helium is transported back to the compressor, where thermal energy
is transferred to cooling water.

With this system, cooling powers up to 3 W at 10 K and a lowest tem-
perature at the cold head of 6 K can be achieved [62]. The Josephson
cantilever cannot be connected directly to the cold head as it needs to
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Figure 2.25:Measurement of the temperature of the Josephson cantilever
arm over time at the cooling process

be free to move. Furthermore, the cryo cooler should be outside of the
shielded environment to avoid influences. Therefore, there is a path of
copper parts connecting it to the cold end. The whole measurement setup
can be removed from the vacuum chamber by a drawer mechanism. This
enables straightforward sample exchanges. However, the cooling path has
to be separable and the cooling power for the cantilever is reduced to
lowest temperatures below 35 K.

The temperature of the system is measured at the cold head and at the
arm where the Josephson cantilever is connected to (see subsection 2.6)
with silicon diodes Lakeshore DT-417-SD. The temperature can be con-
trolled with a 200 Ω resistance heater at the arm and the temperature
controller Lakeshore DRC-93CA. Two more 150 Ω heaters are placed at
the separable copper block and the cold head to accelerate heating before
opening the vacuum chamber. Otherwise, humidity could condensate at
the Josephson cantilever and destroy it.

The low heat-flow wiring of the cantilever is realized by Manganin wires,
which have a very small thermal conductivity. With this, the introduction
of heat through cabling is reduced. The mechanical connection of the can-
tilever arm to the positioning system is made from polyetheretherketone
(PEEK) to thermally isolate it from the mechanical parts.

In figure 2.25 the cool down characteristic of the system measured at the
cantilever arm is shown. The cooling procedure lasts about 110 minutes
until the end temperature of 33 K is reached. The change of slope at the
end of the curve can be explained by a rising thermal conductivity of the
very pure copper (oxygen free (OFC) and electrolytic tough pitch (ETP)
grade copper) used for the cooling path.

The moving parts in the cold head are causing vibrations at the whole
THz microscope setup. This is not only reducing the resolution of the
positioning but influences also the measurements. The vibrations were
investigated in a Bachelor’s thesis [63] but cannot be avoided with the
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Figure 2.26:Measurement and control electronics in a chassis underneath
the vacuum chamber

current cryocooler setup. A significant reduction can only be achieved
with another cryocooler setup like a low vibration pulse tube cooler [64].

2.9 Measurement and Control Electronics
The THz microscope is controlled by some electronic modules that are
connected by a backplane in a chassis underneath the vacuum chamber.
These modules can be seen in figure 2.26. The leftmost module is a wiring
module. All the wires for the temperature sensors, the heating resistors
and the bias coil are converging in this module. Additionally, some con-
nections are unused to enable cabling possibilities for devices under test.

The module right to the wiring module is the contact detection module.
The next module was already mentioned in subsection 2.5. It controls
the stacked micro-translation stages to position the Josephson cantilever.
All the cabling is lead through the front flange, which is described in
subsection 2.6.

The next two modules to the right are the USB module and the mea-
surement electronics module, which were developed in [11]. These two
modules are able to perform the four terminal measurements at the Josep-
hson cantilever. For this, a current ramp is injected into the Josephson
junction through two wires and the resulting voltage is measured by two
other wires. The modules are connected to a computer to import confi-
gurations and store measured data. The measurements are synchronized
to the positioning module to correlate the measured values to certain
positions.



30 2 THz Microscope

Figure 2.27: New amplifier module for low noise measurements

The two rightmost modules are the power supply system. They provide
voltage levels of ±15 V, 5 V and 3.3 V through the backplane.

The measurement electronics were replaced by pre-amplifiers, which were
implemented in the THz microscope to reduce noise. They are connected
to a new amplifier module outside of the vacuum chamber. Currents
through up to two Josephson junctions are generated by a voltage control-
led current source based on a Howland current pump. They are driven
by the function generator Siglent SDG 2042X.

The voltages across the Josephson junctions and the current proportional
voltages are digitized by a personal computer equipped with a National
Instruments PCI-e6321 Multifunction I/O Device and shielded connector
block National Instruments BNC-2110. The voltages are amplified by a
factor of 200.

2.10 Software
The THz microscope can be controlled by a personal computer running
the THz software. The computer is connected by two USB ports to the
positioning module and to the USB module that is connected to the measu-
rement electronics module. Additionally, connections to the temperature
controller Lakeshore DRC-93CA, the cryo cooler, the vacuum system and
a camera in the vacuum chamber are provided.

The software monitors the most important values of the THz microscope.
With help of the camera and LEDs, the interior of the vacuum cham-
ber can be observed. The temperature of the Josephson cantilever arm
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Figure 2.28: Screenshot of the THz software for controlling the THz
microscope

can not only be recorded but also be changed by sending a temperature
set-point to the temperature controller. The position of the cantilever
can be controlled by the software as well as the measurement procedure.
Measurements can be triggered and the current-voltage characteristics are
visualized in a live-view.

A measurement pattern can be generated with help of the software. The
G-codes necessary for these patterns are generated by the software and
sent to the positioning module. The measurement electronics are configu-
red by the software and measured data is stored on the computer. While
measuring, the software performs a rough analysis of the data to generate
life visualizations of the measured planes.

The positioning hardware can be controlled by many open source 3D
printer software as well. All necessary G-codes are implemented. Only
THz microscope specific codes have to be added.

The new amplifier module is not integrated in the THz software, yet.
Measurements can be performed with a LabView program, that saves
data when externally triggered. For this, the THz software controls the
positioning system and triggers the data acquisition. The measurement
results are evaluated and visualized in MATLAB R2017a.

2.11 Far-Infrared Laser System
The far-infrared (FIR) laser system can be employed as a source for THz
radiation. It is not necessary for the operation of the THz microscope,
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Figure 2.29: Schematic overview of the FIR laser system

if a high-frequency generator or samples that emit high-frequency radia-
tion by themselves are measured. However, it can be used to investigate
the interaction of the THz radiation with objects such as antennas or
diffractive optical elements and to couple very high frequency signals to
the devices under test.

The main components of the laser system are the FIR laser and a carbon
dioxide (CO2) laser Edinburgh Instruments PL3 that serves as an optical
pump source. A schematic overview of the laser system is given in figure
2.29. The laser power of the CO2 laser can be monitored by a bolometric
sensor that is irradiated by the entire laser beam or a pyroelectric sensor
that is irradiated by a part of the beam by the use of a beam splitter. The
frequency of the beam can be determined with the help of a spectrum
analyzer. A chopper interrupts the beam from coupling into the FIR laser
to modulate the FIR beam and to stabilize the system. The power of the
FIR laser can be measured by a pyroelectric sensor in the vacuum chamber.

The first CO2 laser was developed by C. K. N. Patel in 1964 [65]. The la-
ser active medium of the CO2 laser is the CO2 molecule as gas. The laser
action occurs between the rotational-vibrational states of the molecule.
It has three normal modes of vibration which are depicted in figure 2.30.
The symmetric stretch mode a) is referred to as ν1, the bending mode b)
is referred to as ν2 and the asymmetric stretch mode c) is referred to as
ν3 [66]. Transitions between these states are mainly contributing to the
laser action while the electronic states remain in the ground state.

The vibrational states are described with the symbol n1n
l
2n3. There, n1

is the number of quanta excited in the ν1 vibration, n2 is the number of
quanta excited in the ν2 vibration with angular momentum l and n3 is
the number of quanta excited in the ν3 vibration [66]. The state described
with the symbol 0001 would consist of just an asymmetric stretch mode.

The relevant states for the laser process are presented in the energy dia-
gram in figure 2.31. The excited state is the 0001 state which has two laser
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Table 2.1: Gas mix of the laser gas for the CO2 laser

Component Fraction

Helium (He) 64.4 %
Carbon Dioxide (CO2) 15.4 %
Nitrogen (N) 14.2 %
Xenon (Xe) 4 %
Hydrogen (H) 2 %

Figure 2.30: Vibrational modes of the CO2 molecule. a) symmetric
stretch mode ν1, b) bending mode ν2 and c) asymmetric stretch mode ν3

active transitions to the states 0200 and 1000. These lower states have
nearly the same energy and a quantum mechanical mixing occurs that is
called Fermi resonance [67]. It leads to a larger energy separation of the
lower states. The resulting mixed states are referred to as (I) for the lower
state with higher energy and (II) for the state with lower energy. The
transitions from 0001 to (I) or (II) emit photons with wavelengths that
are centered around 10.4 µm and 9.4 µm respectively and are therefore
designated as 10 µm and 9 µm band [68].

The change of the rotational quantum number J obeys certain selection
rules. For any vibrational transitions, the rotational quantum number
can only change by ∆J = ±1. All transitions with a negative change of
the rotational quantum number ∆J = −1 are assigned to the P branch
transitions, while positive changes ∆J = +1 are assigned to the R branch
transitions [68]. A laser line which is named 9R18 refers to the R branch
transition in the 9 µm band down to J = 18.

To achieve population inversion, the 0001 state has to be excited. For
this, a gas discharge plasma is ignited in the laser cavity with help of
three electrodes. The electrons in the plasma can either excite the 0001
state of the CO2 molecule directly or the molecule is dissociated to CO
and O. This dissociated molecule can recombine with the atomic O after
emitting visible photons and attains finally the excited state.

The CO2 laser is operated with the gas mix given in table 2.1 at a pres-
sure of about 10 Torr. Nitrogen molecules (N2) are used to increase the
efficiency of the laser. The gas discharge in the laser cavity leads to the
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Figure 2.31: Energy diagram of the rotational-vibrational states of CO2
and N2, which are contributing to the laser process

excitation of vibrational states of the N2 molecules. The excited mole-
cules can only decay by collisions with the wall or other molecules as
they are not able to decay by sending out photons. The energies of the
vibrational states of the N2 molecule are close to the ν3 vibrations of the
CO2. The difference between these energies is smaller than the average
kinetic energy of the molecules. Therefore, the energy can be transferred
by a collision between these two molecules. This transfer is visualized in
figure 2.31.

The CO2 molecules are still in an excited state after emitting a photon
and have to decay back to the ground state. Otherwise, they would not
be available for a new excitation process to the laser state 0001. The
de-excitation is done by collisions with other gas molecules or the wall
of the laser cavity. This transfered excitation energy increases together
with the discharge heat the thermal energy of the gas. This energy has
to be transported to the water cooled walls of the laser cavity. For this,
helium is added to the gas mixture as it has comparatively high thermal
conductivity. The use of helium leads to a much higher conversion effi-
ciency from electrical to radiation energy of about 20 % [66].
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Figure 2.32: CO2 laser Edinburgh Instruments PL3

Xenon is not a mandatory ingredient of the gas mixture. However, it
improves the discharge process and increases the efficiency of the laser
[69]. Hydrogen is needed when the laser is operated in sealed-off mode
as the laser gas is degenerated over time. The reason for this is among
other things the dissociation of CO2 to CO. Water vapor or hydrogen
can promote the regeneration of the CO2 molecules [70].

A model of the CO2 laser with the most important components is shown
in figure 2.32. High voltage between 3 and 12 kV is applied between the
middle electrode and the two outer electrodes by the power supply Edin-
burgh Instruments type 183D, which is current controlled. It injects two
currents with values between 5 and 25 mA into the laser cavity producing
the plasma. The laser lines are chosen by a blazed grating in a Littrow
configuration at the end of the laser cavity. A piezo actor together with
the programmable high-voltage supply Edinburgh Instruments model 20L
is used to tune the cavity length to achieve resonance. The radiation
leaves the cavity through a mirror from germanium (Ge) and a window
from zinc selenide (ZnSe) positioned in Brewster’s angle. The vacuum
system allows for sealed-off and flowing gas operation mode with help of
a rotary vane pump.

The infrared radiation has to be coupled into the FIR laser by an optical
system with lenses and mirrors. An overview of this coupling path is
shown in figure 2.33. The CO2 laser beam passes a beam splitter after
it leaves the laser window. This element diverts about 3 to 5 % [11] of
the total laser power for monitoring purposes. This part of the beam is
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Figure 2.33: Model of the coupling path from the CO2 laser into the
FIR laser

split afterwards into two parts, which are measured by two pyroelectric
detectors. These are used to monitor the laser power and to implement a
closed-loop control for the stabilization of the CO2 laser.

The main part of the beam is directed to two switchable mirrors. These
mirrors are guiding the beam to either the bolometer Laserpoint AHA-10-
D12 to measure the total laser power or to the grating spectrometer CO2
spectrum analyzer Optical Engineering, Inc.. The bolometer can measure
laser powers up to 10 W. For higher laser powers, a chopper is installed
in front of the detector to reduce the incident laser power by 50 %. The
grating spectrometer is used to determine the laser line of the CO2 laser
chosen by the adjustment of the blazed grating. The employed spectro-
meter is depicted in figure 2.34 without housing. The fluorescent screen
illuminated with ultraviolet light is irradiated by the diffracted laser spot.
The laser beam suppresses the fluorescence at the point of impact and the
laser line can be read from a scale.

The beam is coupled into the FIR laser when the two switchable mirrors
are switched out of the beam path. The beam passes two lenses to mani-
pulate the beam diameter. In between, a chopper is installed to stabilize
the FIR laser and to enable various measurements with a lock-in amplifier.
Three adjustable mirrors are used to optimize the coupling of the beam
into the laser cavity. For this, the beam has to pass a ZnSe window and a
small hole in the input mirror with a diameter of 2 mm. The adjustment
of all optical components is performed with the help of two HeNe lasers
Polytec Typ PL750.
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Figure 2.34: a) Grating spectrometer CO2 spectrum analyzer Optical
Engineering, Inc. without housing, b) fluorescent screen

Figure 2.35: Schematic model of the FIR laser

The first FIR laser was developed in 1970 [71]. A schematic model of the
FIR laser employed in this work is depicted in figure 2.35. The position of
the input mirror and the length of the cavity can be set by an adjustment
unit with a motor and a micrometer screw. A fine tuning of the cavity
length is performed by a piezo actor with the high voltage power supply
Physik Instrumente P-263. The output coupling mirror is a gold coated
quartz glass. The FIR laser beam exits the cavity through a hole in the
gold coating with a diameter of 4 mm. There, the beam is quasi-optically
coupled into the THz microscope. The laser power can be measured by
pyroelectric detectors or the bolometer Laser Instrumentation LTD Indi-
cator Model I54BT MK II.

Different molecules with an electric dipole moment such as formic acid
(HCOOH) or methanol (CH3OH) can be employed as laser active medium
to generate various laser lines. A non-exhaustive overview of identified
laser lines can be found in literature [68, 72]. Most laser lines were dis-
covered by comparing the absorption spectra of different molecules with
the emission spectrum of the CO2 laser.
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Figure 2.36: Energy diagram of the rotational-vibrational states of formic
acid HCOOH contributing to the laser process (cf. [80])

In this work, formic acid is employed as laser active medium. It is opti-
cally pumped with the CO2 laser line 9R18, which has a wavelength of
9.282 µm and a frequency of 32.297 THz [73]. Radiation from this laser
line can excite various laser lines in the formic acid molecule. A specific
line can be chosen by adjusting the length of the laser cavity. Laser action
in formic acid was first reported in 1973 [74]. Subsequently, many groups
discovered and characterized many new lines up to the present [75–79].

The HCOOH molecule can perform nine different normal vibrations, but
the vibrational states ν6 and ν8 are particularly interesting as their ab-
sorption spectra fit to the emission spectrum of a CO2 laser [81]. The
9R18 CO2 laser line can excite the ν6 state from the ground state. An
energy diagram depicting the FIR laser process for this pump line is shown
in figure 2.36. The laser transitions are located between rotational sta-
tes. The strongest laser line corresponding to the 9R18 pump line can be
found at a wavelength of 393.6 µm and a frequency of 761.6 GHz with a
polarization parallel to the polarization of the pump line [82].

The excited molecules have to decay after the emittance of a photon. This
happens by collisions with other molecules or with the wall of the cavity.
Therefore, the FIR laser is employed in the flowing gas mode. A rotary
vane pump is operated to evacuate the cavity. Formic acid is vaporized
and the pressure is controlled by a needle valve. A cold trap filled with
liquid nitrogen is used between the cavity and the pump to freeze the
formic acid to protect the pump. A general description of the FIR laser
process with much more details can be found in [83].
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Figure 2.37: Fabry-Pérot interferometer setup for measurements of the
wavelength of the FIR laser

The wavelength of the FIR radiation can be determined by a Fabry-Pérot
interferometer. The setup is depicted in figure 2.37. Two parallel mirrors
are installed in the mirror block. One of the mirrors is moved by a motor
with an adjustable rotation speed. An output signal can only be measured
when the distance between the mirrors corresponds to the wavelength.
A pyroelectric sensor is employed to measure the output power of the
interferometer. The distance between the peeks and the knowledge about
the speed of the mirror are used to calculate the wavelength of the FIR
radiation.
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In this work, THz radiation is generated by the FIR laser system and is
coupled into the THz microscope. Due to the relatively long wavelength,
not all approaches for the description of visible optics can be applied.
Therefore, the beam path is referred to as a quasi-optical system. All
necessary tools for the description and the understanding of the THz ra-
diation beam path will be presented in this chapter.

Measurements with diffractive optical elements such as diffraction gra-
tings will be presented in chapter 5. The basics for the design of these
diffraction grating structures will be introduced at the end of this chapter.

3.1 Gaussian Beam
Radiation from a laser such as the FIR laser cannot exclusively be descri-
bed by geometrical optics as it cannot be considered as a plane wave. The
diameter of the beam and optical components are in the order of a few
wavelengths and diffraction effects become relevant [84]. Such laser beams
can be described by the Gaussian beam mode theory, which assumes a
paraxial beam. A paraxial beam is propagating in the direction of a given
axis and is confined to its vicinity. Here, only the fundamental Gaussian
beam mode is regarded.

Figure 3.1: Schematic contour of a Gaussian beam
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The profile of the electric and magnetic field perpendicular to the direction
of propagation of a Gaussian beam can be described by a Gaussian dis-
tribution. The diameter of the waist of the beam changes along the
propagation axis. This is depicted in figure 3.1. The radius of the waist
at the focal plane is referred to as w0. The radius of the waist depending
on the position at the axis of propagation w(z) is calculated with equa-
tion (3.1). There, z is the distance to the focal plane along the axis of
propagation.

w(z) = w0

√
1 +

(
z

z0

)2
(3.1)

The distance in which the beam radius is expanded to
√

2 w0 is referred
to as Rayleigh length or confocal distance z0. This length can also be
calculated with help of equation (3.2), where k = 2π/λ is the wave number
and λ is the wavelength of the radiation [1].

z0 = 1
2 k w

2
0 = π w 2

0
λ

(3.2)

The area of a Gaussian beam where z << z0 is referred to as near field,
while z >> z0 is referred to as far field [85]. The beam diameter is growing
approximately linear. Therefore, the asymptotic beam growth angle θ0
can be calculated with equation (3.3). It describes the divergence angle
of the Gaussian beam.

θ0 ≈ lim
z>>z0

[
tan−1

(
w(z)
z

)]
= tan−1

(
λ

π w0

)
(3.3)

The wavefronts cannot be considered planar in a distance larger than z0
from the focal plane. The equiphase surfaces propagate as a spherical
sector that is described by a curvature radius R(z) that is calculated with
equation (3.4). Its shape can be seen in figure 3.2.

R(z) = z + z 2
0
z

(3.4)

A Gaussian beam has a phase slippage compared to a plane wave propaga-
ting in the same direction. This Gaussian beam phase shift is referred to
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Figure 3.2: Gaussian beam with equiphase lines

Figure 3.3: Gouy phase shift of a beam passing the waist

as φ0(z) and can be calculated with equation (3.5) [86]. A phase shift of
π occurs, when a beam passes the beam waist. This effect is also referred
to as Gouy phase shift [87]. It is depicted in figure 3.3

φ0(z) = tan−1
(
z

z0

)
(3.5)

An electromagnetic wave in vacuum without any charges and currents
can be described by Maxwell’s equations in free space (3.6). There, E is
the fundamental electric field, B is the fundamental magnetic field, c0 is
the speed of light in vacuum and t is the time.

∇ ·E = 0 ∇×E = −∂B
∂t

∇ ·B = 0 ∇×B = 1
c20

∂E
∂t

(3.6)
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A wave equation (3.7) can be derived from these equations [88]. Soluti-
ons of this wave equation can be employed to describe electromagnetic
radiation.

1
c 2
0
· ∂

2E(x, y, z)
∂t2

−∇2E(x, y, z) = 0 (3.7)

The Helmholtz equation (3.8) is a partial differential equation. It can be
derived from the wave function with help of the separation of variables
method to get a time-independent form of the wave equation.

∇2 E(x, y, z) + k2 E(x, y, z) = 0 (3.8)

A solution of a wave propagating in positive z direction can be expressed
with equation (3.9). There, the propagation factor exp(−jkz) is extracted
from E(x, y, z). The function u(x, y, z) is a complex scalar wave amplitude.
It describes the transverse beam profile [89].

E(x, y, z) = u(x, y, z) · e−j k z (3.9)

This approach can be inserted into the Helmholtz equation (3.8). This
results in equation (3.10).

∂2u
∂x2 + ∂2u

∂y2 + ∂2u
∂z2 − 2jk ∂u

∂z
= 0 (3.10)

The paraxial approximation of the Helmholtz equation (3.11) assumes that
beam profile or rather the radius of the beam w(z) varies slowly in the
direction of propagation z compared to the wavelength. This means that
the term ∂2u/∂z2 is much smaller than all other terms and can therefore
be neglected.

∂2u
∂x2 + ∂2u

∂y2 − 2jk ∂u
∂z

= 0 (3.11)
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The equation (3.12) of the electric field of a Gaussian beam is a solution of
the paraxial approximation of the Helmholtz equation. It can be expressed
in cylindrical coordinates due to the symmetry of the beam [85].

E(r, z) = E0 ·
(
w0
w

)
· e
−
(

r
w(z)

)2
− jπr2
λR(z) + j φ0(z)− j k z

(3.12)

With this equation, the electric field can be calculated at a distance z from
the focal plane at an offset from the axis of propagation r. The maximum
value of the electric field in the middle of the focal plane is referred to as
E0. The widths of the beam waist w0 and w(z) were already introduced
together with the wave number k = 2π/λ and the imaginary unit j. φ0(z)
is the Gaussian beam phase shift and R(z) the curvature radius.

|E(r, z)|
|E(0, z)| = e

−

(
r

w(z)

)2

(3.13)

The electric field perpendicular to the axis of propagation can be described
by equation (3.13). The power density of the field can be obtained by
squaring this quantity. With this, equation (3.14) can be expressed. Both
equations have a Gaussian shape.

P (r, z)
P (0, z) = e

−2

(
r

w(z)

)2

(3.14)

The radius of the beam waist was defined in equation (3.1). The field
and the power density respectively at the edge of the beam waist can
be straightforward calculated with equations (3.13) and (3.14). At this
position, the electric field is relatively decreased by the factor 1/e and
the power density by 1/e2. The shape of a Gaussian beam is depicted in
figure 3.4.

The fundamental mode of the Gaussian beam is the simplest solution of
the paraxial Helmholtz equation (3.11). Other solutions are describing
higher order modes of the laser beam. These modes are subdivided into
two classes, which are referred to as Hermite-Gauss and Laguerre-Gauss
solutions. Hermite-Gauss solutions are found in rectangular coordinates
while Laguerre-Gauss solutions are found in cylindrical coordinates. Some
solutions are visualized in figures 3.5 and 3.6. The indices of the solution
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Figure 3.4: Three-dimensional visualization of the Gaussian beam shape

are describing the orders of either the Hermite polynomials Hm and Hn
or the Laguerre function L`p [90].

Higher order laser modes are normally not desirable for most experiments.
Under most conditions actions are undertaken to get radiation in the
fundamental Gaussian mode. However, if desired it is possible to gene-
rate and measure higher order modes by simple modifications of the laser
cavity [91].

3.2 Quasi-Optical System
The science of optics was initially restricted to electromagnetic radiation
in the visible spectrum. Radiation with frequencies in the low THz area is
located in the far-infrared region and not visible. The wavelength of such
radiation is large compared to employed devices. Therefore, components
used for this type of radiation are classified as quasi-optical components.
The science of quasi-optics deals among others with the propagation of
Gaussian beams.
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Figure 3.5: Hermite-Gauss solutions of the wave equation for higher
order laser modes

Figure 3.6: Laguerre-Gauss solutions of the wave equation for higher
order laser modes
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A paraxial beam, which is propagating along the z-axis, can be described
with the formalism for ray propagation [92]. For this, the parameter r
is used to describe the displacement of the ray from the z-axis and r′ to
describe its slope. The transformation of a beam can be described by
utilizing ray transfer matrices [93]. These ABCD matrices are used to
calculate the parameters r2 and r′2 after a transformation like shown in
equation (3.15).

[
r2
r′2

]
=
[
A B

C D

]
·
[
r1
r′1

]
(3.15)

The transformation of a Gaussian beam can be described with ABCD
matrices as well. For this, the complex beam parameter q(z) has to be
introduced like in equation (3.16) [94].

q(z) = z + iz0 (3.16)

q(z) can be linked to w(z) and R(z). For this, the equations (3.1), (3.2)
and (3.4) are combined with the inverse of q(z) in equation (3.17). All
important information of the Gaussian beam are contained in the complex
q(z) parameter.

1
q(z) = 1

z + iz0

= z

z2 + z2
0
− i z0

z2 + z2
0

= 1
R(z) − i

λ

π w(z)2

(3.17)

The simplest transformation of a Gaussian beam is the propagation over
a distance d. The beam properties and the q(z) parameter respectively
changing over this distance. This change can be calculated by using ABCD
matrices. The matrix for a propagation in z direction is given in equation
(3.18). The q(z) parameter after the transformation can be calculated
with help of equation (3.19), which is referred to as ABCD rule [95].

[
A B

C D

]
=
[

1 d

0 1

]
(3.18)
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Figure 3.7: Schematic model of a thin lens for the calculation of the
focal length parameter f

q2(z) = A · q1(z) +B

C · q1(z) +D
(3.19)

Another beam transformation can be performed by a quasi-optical fo-
cusing element such as a thin lens that can be seen in figure 3.7. The
approximation of a thin lens is allowed when the thickness of the lens is
negligible compared to the radius of its curvature. This element can be
characterized by the focal length parameter f . This parameter is calcu-
lated in equation (3.20) by the refractive indices n2 of the lens material
and n1 of the surrounding, the radii of the curvature of the first surface
R2 and the second surface R1 [85].

1
f

= n2 − n1
n1

(
1
R2
− 1
R1

)
(3.20)

The ABCD matrix can be expressed with the focal length parameter f
in equation (3.21) . Together with the ABCD rule in equation (3.19) the
transformation of the q(z) parameter can be calculated.

[
A B

C D

]
=
[

1 0
−1/f 1

]
(3.21)

Multiple transformations of the Gaussian beam can be realized by matrix
multiplications [96]. The transformation of a beam through a thin lens
with focal length f in a distance d1 propagating over a distance d2 behind
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Figure 3.8: The beam path of the FIR laser beam from the laser to the
position of measurement

the lens, for instance, can be calculated with the ABCD matrix determined
in equation (3.22).

[
A B

C D

]
=
[

1 d2
0 1

]
·
[

1 0
−1/f 1

]
·
[

1 d1
0 1

]

=
[

1 d2
0 1

]
·
[

1 d1
−1/f 1− d1/f

]

=
[

1− d2/f d1 + d2 − d1d2/f

−1/f 1− d1/f

]
(3.22)

With this tool, the transformation from the laser to the position of me-
asurement can be calculated. The Gaussian beam of the FIR laser is
transformed by two mirrors and two lenses until it reaches the sensor in
the THz microscope. The beam path is depicted in figure 3.8.

The transformation of the planar mirrors can be neglected as a symmetric
Gaussian beam is assumed. Therefore, the distances d1 = d1,1 + d1,2 and
d3 = d3,1 + d3,2 are used in the matrix calculation.
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Equation (3.22) has to be extended by the second lens with the focal length
parameter f2 and the third distance d3 to the plane of measurement. The
calculation of the four matrix elements ABCD is shown in equation (3.23).

[
A B

C D

]
=
[

1 d3
0 1

]
·

 1 0

− 1
f2

1

 ·


1− d2
f1

d1 + d2 −
d1d2
f1

− 1
f1

1− d1
f1



=
[

1 d3
0 1

]
·

 1− d2
f1

d1 + d2 −
d1d2
f1

− 1
f1
− 1
f2

+ d2
f1f2

1− d1
f1
− d1 + d2

f2
+ d1d2
f1f2



A = 1− d2 + d3
f1

− d3
f2

+ d2d3
f1f2

B = d1 + d2 + d3 −
d1(d2 + d3)

f1
− (d1 + d2)d3

f2
+ d1d2d3

f1f2

C = − 1
f1
− 1
f2

+ d2
f1f2

D = 1− d1
f1
− d1 + d2

f2
+ d1d2
f1f2

(3.23)

With this, the q(z) parameter of the beam at the measurement plane can
be calculated with equation (3.19). All necessary beam parameter can
then be derived from the q(z) parameter.

3.3 Diffraction Gratings
The transformation of Gaussian beams cannot only be performed by quasi-
optical focusing elements, but also by diffractive optical elements. Dif-
fraction is known as a phenomenon of waves, which are bent around edges
in the region of shadow. Together with the effect of interference, patterns
of minima and maxima can be observed when radiation is diffracted. The
mathematical description of diffraction was highly promoted by Fresnel
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Figure 3.9: Schematic illustration of a reflection diffraction grating

and Fraunhofer [97]. The mathematical description of the near-field dif-
fraction effects is related to Fresnel while the description of the far-field
diffraction effects is related to Fraunhofer [98].

A diffractive optical element is, for instance, a grating structure. A dif-
fraction grating consists of a structure that is periodical in at least one
spatial direction, which imposes a variation of amplitude, phase or both
to an incident wave. Such a structure is often realized by grooves in a
grating substrate and is depicted as a reflection grating in figure 3.9. The
length of a period is given by the grating parameter g.

The angle of incidence is referred to as α and the angle of the reflected or
diffracted beam as β. All angles are related to the grating normal, which
is perpendicular to the plane of the grating substrate. Angles are positive
when they are measured counterclockwise from the grating normal and
negative when determined clockwise.

mλ = g(sinα+ sin β) (3.24)

The grating equation (3.24) describes the conditions for constructive in-
terference and maxima in intensity respectively. It is expressed together
with the wavelength λ of the incident beam and the diffraction order m.
The diffraction order m is an integer and is positive when it describes
a diffracted beam, which is located counterclockwise from the grating
normal and negative vice versa. The zero order m = 0 satisfies the law of
reflection (α = −β) and is independent of the wavelength. The grating
equation (3.24) is valid for almost arbitrary periodic structures. Is the
wavelength λ small compared to the grating parameter g, the incident
radiation will be split into many scattered modes. The reciprocal ratio
with λ� g results in a specular surface [99].
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Figure 3.10: Interference pattern of a grating with N grooves illuminated
in direction of the grating normal, simulated for a) N = 3, b) N = 6 and
c) N = 12 grooves

When electromagnetic radiation is reflected from or transmitted through
the grating, the grooves act like coherent sources [100]. The reflected or
transmitted radiation interferes either constructively or destructively in
the far-field for different angles. This leads to an interference pattern of
intensity of the radiation in the far-field. It can be calculated with help of
equation (3.25) [101]. There, N is the number of grooves of the grating,
g is the grating parameter, λ is the wavelength of the incident radiation,
α is the angle of incidence and β the angle of the diffracted radiation.

I(β) =

 sin
(
Ngπ

λ
(sinα+ sin β)

)
sin
(
gπ

λ
(sinα+ sin β)

)


2

(3.25)

The dependence of the diffraction pattern on the number of grooves N
of the grating is illustrated in figure 3.10. The patterns were calculated
for a frequency of 762 GHz or rather a wavelength of λ = 393.6 µm, a
grating parameter of g = 2.16 mm and an angle of incidence α = 0°. The
diffracted radiation is more focused to the diffraction orders and small
suborders are suppressed with a higher number of grooves N . For a very
high number of grooves N � 1 the radiation is located at discrete angles.
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Figure 3.11: Diffraction pattern of a slit illuminated in direction of the
slit normal for different slit widths a) d = 10 mm, b) d = 5 mm and
c) d = 0.5 mm

At the same time, every groove acts like a slit. Light is diffracted according
to the Huygens-Fresnel principle that describes every point at a wavefront
as a source for spherical wavelets [102]. Resulting wavefronts can be de-
termined by superposition of the wavelets. The intensity distribution can
be calculated by the diffraction function of a slit (3.26), which is derived
from the Kirchhoff diffraction integral in the Fraunhofer approximation
[101]. There, λ is the wavelength of the incident radiation, α is the angle
of incidence, β the angle of the diffracted radiation and d is the width
of the slit or the active area of a grating respectively. The Fraunhofer
approximation is only valid for the far-field.

I(β) =

 sin
(
πd

λ
(sinα+ sin β)

)
πd

λ
(sinα+ sin β)


2

(3.26)

Some diffraction patterns of a slit are depicted in figure 3.11 for different
slit widths d. They were calculated for a wavelength λ = 393.6 µm at an
angle of incidence α = 0°. The distribution of radiation narrows for larger
slit widths, while more suborders can be seen at proximal angles from the
main order.
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Figure 3.12: a) Interference pattern of a grating, b) pattern of a slit and
c) combined diffraction pattern of a grating

The diffraction pattern of a grating is described by a superposition of
the interference pattern and the diffraction pattern of a slit [103]. It
can be calculated with equation (3.27) [101]. There, N is the number of
grooves of the grating, g is the grating parameter, λ is the wavelength of
the incident radiation, α is the angle of incidence and β the angle of the
diffracted radiation. The width of the active area d is defined as the area
contributing to the reflected or transmitted radiation.

I(β) ∝

 sin
(
Ngπ

λ
u
)

sin
(
πd

λ
u
)

N · sin
(
gπ

λ
u
)
πd

λ
u


2

with u = sinα+ sin β

(3.27)

The interference pattern of a grating together with the diffraction pattern
of a slit and the combination of both is depicted in figure 3.12. The pat-
terns are calculated for a wavelength λ = 393.6 µm at an angle of incidence
α = 0°, a number of grooves N = 5, a grating parameter of g = 2.16 mm
and a width of the active area of d = g / 2. It can be well seen that the
interference pattern is modulated by the pattern of a slit.
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Figure 3.13: Shape of a reflecting blazed grating

The angle of diffraction of higher diffraction orders is depending on wa-
velength. This is used for spectral analysis by grating spectrometers
for almost 200 years [104]. There, the angle of diffraction in a specific
diffraction order is employed to determine either the spectrum of a po-
lychromatic beam or the wavelength of a monochromatic beam. This
method is applied in the spectrum analyzer at the CO2 laser to determine
the wavelength of the chosen mode.

The efficiency of ordinary diffraction gratings is very low as the intensity
is divided into many diffraction orders. This can be improved by engi-
neering the shape of the grooves. This allows for a design of a grating,
which concentrates most of the radiation intensity into a single diffraction
order. Such gratings are referred to as blazed gratings. An example for
the shape of a blazed reflection grating is depicted in figure 3.13.

The small facets of the grating act as tiny mirrors. The angle between
them and the grating plane is referred to as blaze angle γ. The angle has
to be chosen that for a specified angle of incidence α the reflected beam is
found in the same angle as the desired diffracted order. The blaze angle
γ can be calculated with equation (3.28) by using the angle of incidence
α and the calculated angle of diffraction β for the desired order.

γ = α+ β

2 (3.28)

The grating parameter g and the blaze angle γ of a blazed grating can
be used for further optimization of the grating efficiency. They should be
chosen that the minima of the slit diffraction function match the unwan-
ted interference maxima to suppress these. The intensity distributions
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Figure 3.14: a) Interference pattern of a blazed grating, b) pattern of a
slit and c) combined pattern of a blazed grating

of such a configuration can be seen in figure 3.14. There, the slit dif-
fraction pattern, the interference pattern and the resulting diffraction
pattern is depicted for a wavelength λ = 393.6 µm, an angle of incidence
α = 0°, a grating parameter g = 1.6 mm and a width of the active area
of d = cos γ ∗ g = 1.5 mm from geometric considerations.

This grating is optimized for the second order m = 2. It can be well
seen that the slit diffraction function suppresses the unwanted orders of
the interference function. The blaze angle γ has to be subtracted from
both the incident angle α and the diffraction angle β in the slit diffraction
function to obtain these results.

The blaze angle γ can be selected such as the angles of incidence α and
reflectance β are the same. This is referred to as the Littrow configu-
ration. Together with the wavelength λ, the grating parameter g and
the diffraction order m, the Littrow condition can be expressed in equa-
tion (3.29). A grating in such a Littrow configuration is used in the CO2
laser as a wavelength selector [105].

mλ = 2g(sin γ) (3.29)

The polarization of the diffracted radiation can influence the diffraction
pattern. This has to be taken into account when the wavelength is larger
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than about three times the groove spacing. Results for the two polari-
zations differ dramatically then and only the polarization parallel to the
grooves fits to the presented approximations [106].

The influence of a grating on a Gaussian beam can be described by an
ABCD matrix as well. For this, ABCD matrices have to be expressed
for every diffraction order with a significant efficiency. They have to be
expanded to 3× 3 matrices to consider the diffraction angles. Such a
transformation is shown in equation (3.30) [107].

r2r′2
1

 =

A B 0
C D m

λ

g
0 0 1

 ·
r1r′1

1

 (3.30)



4 Additive Manufacturing

The term additive manufacturing is defined from the committee F42 on
additive manufacturing technologies of the voluntary standards developing
organization ASTM International as "a process of joining materials to
make objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies" [108]. The technology is used
in industry for many decades to fabricate prototypes from digital model
data very fast. Iterations with prototypes are conducted to optimize vari-
ous design and engineering processes. Therefore, it is also often referred
to as rapid prototyping or 3D printing.

Nowadays, additive manufacturing experienced an enormous boom with
many new companies selling various 3D printers and many companies
and private households employing such machines [109]. This trend star-
ted with an expiring patent of the company Stratasys, Ltd. on the fused
deposition modeling (FDM) printing process [110]. It was supported by
improvements in computing power that allowed for adequate computers
to control printers and to design three-dimensional objects with help of
computer-aided design (CAD) software. The technology was used to deve-
lop small desktop printers as satisfactory printing results can be achieved
with simple mechanical setups and basic control electronics.

The very fast development of new 3D printers and new printable materi-
als was highly promoted by the open source project RepRap [111]. The
project’s aim was to develop a replicating rapid prototyper that can print
as many parts as possible to build replications of itself by using only
freely available parts in addition. A large community formed all over the
world that supported the spreading of 3D printers and put forth many 3D
printer related inventions.

Additive manufacturing has matured from a rapid prototyping techno-
logy to a manufacturing technology. Improvements of the devices and
new materials led to new applications where the technology is not longer
imitating but is superior to conventional production methods as it elimi-
nates its constrains. Complex parts with internal cavities, for instance,
can be manufactured without any tools and can easily be individualized,
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which leads to mass customization. It offers unprecedented prospects to
control the material composition, the shape and the function of objects.
Therefore, new applications are found at numerous areas. For instance,
research on medical printers for tissue engineering is conducted along with
professional machines that produce spare parts for the aerospace industry
[112].

The general printing process contains always a digital model at the begin-
ning. This model is either designed with CAD software or scanned by a
3D scanner. Such files are usually saved in the STL file format, where STL
stands for stereolithography or standard tessellation language. Within
such a file, the surface of an object is approximated by many triangular
facets, which are each defined by three vertices and a normal direction
pointing to the outside of the object [113].

The STL file of an object has to be processed by control software of the
specific 3D printer. This includes usually a so-called slicer that slices an
object into cross-sectional thin layer. For each layer, an optimal tool path
is planned and machine code is generated, which controls the 3D printer
eventually.

The printing processes that were employed in this work are presented
in the following sections along with investigations and improvements of
the processes. Analogies to the THz microscope are stressed and the
production process for diffractive optical elements is explained. Research
on new materials for future applications is shown.

4.1 Stereolithography
In general, additive manufacturing is a technology that is capable to
translate virtual models, which are designed in a three-dimensional CAD
software, into physical parts without demanding preparations of the pro-
duction process. Most processes generate objects by adding material in
layers. For this, the digital model is sliced by software into single layer,
which are consecutively printed by the 3D printer.

The first 3D printers were based on the stereolithography (SLA) process.
The patent for this technology was granted in 1986 to Charles W. Hull
[114], who co-founded the company 3D Systems. The process employs
photopolymers that can be cured by a laser to produce three-dimensional
objects.

The setup of a stereolithography 3D printer is depicted in figure 4.1. The
radiation-curable resin is located in a vat together with a movable build
platform. The platform is positioned closely under the surface of the resin
and a wiper smooths the surface. The beam of an ultraviolet (UV) laser
is focused on the surface and can be positioned precisely by a xy-mirror
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Figure 4.1: Schematic design of a stereolithografphy 3D printer

scanning system. The resin is solidified and adhered to the platform when
it is exposed by the UV laser. The platform is lowered by the thickness
of one layer when the previous layer is finished to build the subsequent
layer. This process is repeated to build the object layer by layer.

The penetration depth of the Gaussian laser beam is usually larger than
the thickness of a layer. This ensures a safe connection to the previous
layer and the layers cannot be distinguished at the end. This process is
referred to as overcure [115]. Support structures are added by the printer
software to enable printing of overhangs and to attach the objects to the
build platform. These structures have to be removed manually after the
printing process. Remanence of the support has to be removed in further
post-processing.

Manufacturers of stereolithography systems offer different types of photo-
sensitive resins with various material properties. Most resins undergo a
complex chemical reaction when irradiated by UV radiation. They consist
of liquid monomers of epoxies or acrylate, and additives such as photoi-
nitiators, reactive diluents, flexibilizers and stabilizers [116]. The laser
radiation is absorbed and produces reactive molecules like radicals. These
radicals react with other monomers or polymer chains to form a polymer
network until the reaction terminates.



62 4 Additive Manufacturing

Figure 4.2: Stereolithography 3D printer Formlabs Inc. Form 2

All known resins have to deal with shrinkage as the density of material
increases with the polymerization process, which can cause damages at
printed parts [117]. Therefore, research tries to find composites with very
low shrinkage rates. Research on new materials and additives allow for
fascinating applications. For instance, special biodegradable resins are
studied for application in tissue engineering [118].

The stereolithography 3D printer employed in this work is the Formlabs
Inc. Form 2. It is depicted in figure 4.2. The build process is inverted
to reduce the size of the resin reservoir. The platform is installed upside
down and is dipped into the resin. The bottom of the vat is transparent
and the resin can be cured through it by an 405 nm laser, which is positi-
oned by galvanometers and has a full width at half maximum (FWHM)
diameter of about 140 µm.

The platform moves up layer by layer and the object grows out of the sur-
face of the resin. The minimum layer thickness is 25 µm. A peel operation
separates the last printed layer from the print bed by a slide mechanism
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and a wiper glides across the optical window. The resin has to be prehea-
ted to obtain a constant level of viscosity.

Printed objects have to be washed and post-processed in a curing chamber.
This leads to a full polymerization of the objects and no discrete layering
can be observed. Support structures are needed to print overhangs. These
have to be removed manually.

Diffractive optical elements which were manufactured within this work
where post-processed in a plasma reactor for cleaning purposes. Subse-
quently, they were coated with a gold layer in a sputtering process to
increase the reflectance for THz radiation [119]. Wavelengths in the FIR
region are quite large and small surface deviations are not playing a big
role. Hence, no mechanical post-processing is necessary.

4.2 Fused Deposition Modeling
The FDM technology is widespread in desktop low-cost 3D printers due
to its simple mechanics and very basic control electronics. But it is also
often found in a professional environment due to its diversity of materials.
The principle of the FDM process is depicted in figure 4.3.

The material is available as filament, which is fed into an extruder by
a pinch-wheel. Typical filament diameters are 3 mm or 1.75 mm. The
pinch-wheel is driven by a stepper motor. The filament is heated above
its melting temperature in the extruder and pressed through a nozzle.
This nozzle has a much smaller diameter than the filament’s cross section
and is mounted at the hot-end of the extruder. The amount of molten
material can be dosed very precisely with this setup.

The extruder is moved three-dimensionally relative to the build platform
and deposits the molten material to it. The platform is often heated to
avoid deformations of the printed object due to temperature gradients
and to improve adhesion. Single tracks of the molten material are placed
side by side along the tool path until a complete layer is finished. Then,
either the platform is lowered or the extruder is raised by the thickness
of one layer.

The movement of the extruder and the build platform is controlled by
micro controller based electronic circuits [120, 121]. These circuit boards
are usually connected by USB to a computer that transmits commands
from control software. These commands are based on g-code, which is
well-known from CNC machinery [122]. G-code is generated by slicing
software, which slices 3D objects into layers and calculates the instructi-
ons for the 3D printer to print each layer. These electronic circuits have
quite similar requirements as the circuits needed for the THz microscope.
Therefore, the THz electronics were adapted to the 3D printer electronics.
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Figure 4.3: Schematic model of the FDM printing process

Various infill patterns with different degrees of filling can be employed
to save material and printing time. This directly affects the mechanical
properties of the printed object [123, 124]. Together with simulations,
lighter parts with same structural strength or mechanical performance
can be built.

FDM 3D printers can be adapted to a large variety of thermoplastics.
Common materials are PLA (polylactic acid), ABS (acrylonitrile buta-
diene styrene) and PETG (polyethylene terephthalate glycol-modified).
Many other materials, which are often also used in injection molding, are
available. The properties of thermoplastics can be modified by additives.
Filament extruders can be employed to produce modified filaments from
thermoplastic pellets and additives [125, 126]. This diversity of materials
is a huge advantage of the FDM technology. Filaments in all colors, with
modified mechanical properties, like fiber-reinforced plastics [127], and
even electrically conducting filaments are commercially available.

Another big advantage of the FDM process is the availability of multi
material printers as multiple materials are usually very hard to combine.
These printers are build to join different materials in a single printing
process. For this, a printer can be equipped with multiple extruders [120,
128]. This already enables the manufacturing of simple electric circuits
as conducting and nonconducting materials can be combined. This al-
lows for the integration of sensors and additional components into printed
parts [129–131]. Furthermore, electrically conductive materials can be
employed to heat printed parts by thermal losses due to the resistance of
the conductive material [132].
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Figure 4.4: FDM 3D printer renkforce RF1000

Support structures are necessary for any overhangs. They can either be
printed with the same material like the rest of the part or with another
material by a second extruder. Special support materials are solvable in
water or other specific liquids and can easily be washed away. Most pro-
fessional printers employ at least two extruders to print support structures.

The FDM 3D printer renkforce RF1000 from Conrad Electronics SE was
employed in this work to produce diffractive optical elements. It is shown
in figure 4.4. The mechanical rigidity of this device is very good and
modifications can be made very easily due to the open structure. It has
only one extruder, that is movable in the direction of the x-axis by a
combination of a stepper motor and a transmission belt. The build plat-
form can be moved in the direction of the y- and z-axis, which are also
stepper motor driven. The ceramic platform can be heated to improve
the printing process. The maximum volume for printed objects measures
245× 230× 200 mm3. The printer can either be controlled by the front
panel or by a computer with appropriate software [133, 134].
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Figure 4.5: Schematic model of the ceramic paste extrusion process

4.3 Ceramic Paste Extrusion
Most materials processed within additive manufacturing processes are
from plastics. Other material groups like metals or ceramics are much
harder to process, but offer fascinating properties. Substances from ce-
ramics, for instance, can have insulating, conducting or superconducting
properties. But ceramic objects are often very fragile and common pro-
duction processes are quite complex. Arbitrary structures cannot be
manufactured with these processes.

Ceramic 3D printers are already commercially available. But most of
them are only able to print objects consisting of one material. An ex-
citing application of a ceramic 3D printer would be the combination of
ceramic materials with different properties. Insulating materials could
be combined with conducting supply lines and sensors like the Josephson
cantilever (see section 2.2) could be printed by combining insulating sub-
strate materials with superconducting ceramics.

Therefore, a ceramic paste extrusion process was developed within the fra-
mework of four Bachelor’s and Master’s theses at the emg [135–138]. The
printing process is visualized in figure 4.5. A ceramic paste is filled into a
syringe that sits into a 3D printer setup. The plunger is mechanically mo-
ved by a stepper motor to dose the ceramic paste that is pressed through
the needle at the bottom of the syringe. The syringe can be moved by
the printer mechanics and the rest of the process is quite similar to the
FDM process. Hence, a FDM 3D printer RepRap Mendel was modified
with a new developed paste extruder [136]. It is depicted in figure 4.6.

Ceramic pastes contain a powder of the desired ceramic material toget-
her with additives like a binder [139]. This binder’s task is to keep the
paste fluid while it is in the syringe and to stabilize and hold together
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Figure 4.6: RepRap Mendel 3D printer modified to a ceramic paste
extrusion printer [137]

the object when the paste leaved the syringe. For this, different organic
solvents and aqueous systems, such as propylene glycol or polyethylene
glycol (PEG) 200, were examined in order to find suitable binders for
SrTiO3 and YBa2Cu3O7 powders [137, 138]. The YBa2Cu3O7 powder
was prepared by milling the stoichiometric compounds and a subsequent
calcination process at 950 ◦C in a flowing oxygen atmosphere.

The green body has to be post-processed after being printed. The solvent
is drying in the printing process due to a heated build platform, but it
needs some additional time to dry thoroughly after the print finished.
After that a thermal debinding process is needed to decompose the bin-
der. The printing and drying process in air is succeeded by a mandatory
sintering process to obtain a solid ceramic part.

The printing procedure for YBa2Cu3O7 structures on a 3D printed SrTiO3
substrate needs two consecutive printing processes, as the required sin-
tering conditions are very different. The SrTiO3 substrate is sintered
for 3.5 hours at 1.300 ◦C in an oven in air, while YBa2Cu3O7 is sintered
for 12 hours at 950 ◦C in a flowing (5 l/h) oxygen atmosphere to restore
oxygen stoichiometry. Therefore, the substrate is manufactured first and
YBa2Cu3O7 structures can be printed on the substrates afterwards.

Such a printed and post-processed object can be seen in figure 4.7. The
structure of the YBa2Cu3O7 lines was chosen to allow for four-terminal
sensing. It is attached to a circuit board that can be installed into a mea-
surement chamber stick for the characterization of the electric properties
of the superconductor.
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Figure 4.7: 3D printed SrTiO3 substrate with 3D printed YBa2Cu3O7
lines [137]

Figure 4.8: SEM micrograph of a 3D printed YBa2Cu3O7 line [129]

The measurements are showing superconducting behavior of the 3D prin-
ted YBa2Cu3O7 lines [129]. However, the properties have to be improved
to employ 3D printed structures for wiring purposes or even as sensors
in the THz microscope. The scanning electron microscope (SEM) micro-
graph in figure 4.8 shows polycrystalline grains with arbitrary orientation.
These structures have to be brought to larger monocrystalline areas in
the post-processing stage to improve the properties.

An alternative micro printer setup which employs laser induced deposi-
tion could be developed to enable the print of monocrystalline print paths.
With such a setup, sensors such as Josephson cantilevers could be printed
easily. Such a device is part of current research at the emg.
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4.4 Metrology for Additive Manufacturing
The ongoing development of additive manufacturing processes and ap-
plications demands for methods and technologies for the evaluation and
validation of parts [140]. Especially when it comes to constant high
product quality with low tolerances for the assembly of parts, suitable
measurement methods are mandatory.

Additively manufactured parts can be very complex, functionalities can
be integrated and multiple materials can be processed at once. Together
with a large variety of materials, a high degree of customization and many
different printing technologies the standardization of measurement proce-
dures is even more challenging.

The science of measurements - metrology - is very important for the rise
of additive manufacturing technologies [141]. A large quantity of process
parameters and influencing factors are affecting the dimensional accuracy
of printed objects [142]. Many of them are correlated and their effects are
not fully investigated. The understanding and accurate measurements are
crucial for the improvement and consistency of printing results.

Dimensional measurements of the part geometries can be performed opti-
cal or tactile, for instance. Deviations from the CAD model to the real
object can be introduced already in software as the model has to be sliced
into discrete layers and the tool has to be configured at the generation of
the machine code.

The quality of parts often suffers from the lack of process control. Espe-
cially in desktop printers, the moving axes are not closed loop controlled.
The reason for dimensional deviations cannot be assigned to single factors
without any control and measurements. Therefore, capacitive and optical
sensors were implemented into the desktop 3D printer renkforce RF1000
to investigate the positioning accuracy of the 3D printer and to correct
for systematic errors [143–145]. Digital sliding calipers with capacitive
measurement heads were investigated along with optical encoders. The
results showed an improvement in the quality of parts. An implementa-
tion of a closed loop control would further improve the process stability.

Many more factors have to taken into account depending on the employed
process. In the FDM process, for instance, shear failures at the filament
transport can lead to defects as the extrusion rate is limited by the heat
transfer in the extruder. This can be solved with appropriate measure-
ment equipment that enables closed loop control of the filament transport
to avoid this slippage [146].

Different materials can change many parameters of the printing process.
Hence, it is often necessary to optimize the printing process for every
material that is planned to be used. Due to the multitude of printing pa-
rameters, the method design of experiment (DoE) [147] is an appropriate
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Figure 4.9: SEM micrograph of a 3D printed structures from ABS [130]

tool to find an optimized parameter set. This method was, for instance,
employed to optimize the FDM printing process for the conductive fila-
ments. Further measurements and SEM micrographs helped to introduce
a model of conductance for these printed structures [130, 131, 148]. With
this model, resistances of structures printed with the examined materials
could be calculated in advance. Such a micrograph can be seen in figure
4.9. It shows two printed ABS tracks placed on top of each other without
being completely fused. These examinations help to improve the printing
process depending on the application.

National metrology institutes (NMI), such as the National Institute for
Standards and Technology (NIST), starting to investigate the standardi-
zation in the field of additive manufacturing. They published a standard
part, that can be printed with different machines to compare their per-
formance. It combines a number of features that can be difficult to be
printed and allows for comprehensive optimizations [149].
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In this chapter, measurements and results are presented. Starting with the
characterization of Josephson cantilevers, measurements of the FIR laser
radiation are presented together with additive manufactured diffraction
gratings.

Measurement results in general have to be expressed together with their
measurement uncertainty. How this uncertainty has to be calculated is
defined in the Guide to the Expression of Uncertainty in Measurement
(GUM) of the BIPM (Bureau International des Poids et Mesures) [150].
This task can be challenging when it comes to complex systems that have
many output quantities and multiparametric dependencies. Therefore, an
approach was developed within the Research Training Group GrK 1952/1
"Metrology for Complex Nanosystems" to encounter the problems arising
with such systems [151].

A good starting point for the analysis of measurement uncertainties is an
Ishikawa diagram. With such a cause-and-effect diagram, all influencing

Figure 5.1: Ishikawa diagram of the influencing factors for measurements
with the THz microscope
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factors can be illustrated in a simple way. An Ishikawa diagram for measu-
rements with the Josephson cantilever in the THz microscope is depicted
in figure 5.1. Most effects of influencing factors can be understand, but
the calculation of these effects is very challenging. Most of the uncertain-
ties can only be estimated or obtained through repeated measurements
according to the GUM. An exhaustive analysis of the contributing para-
meters to the measurement uncertainty of the THz microscope is within
the scope of the current research.

The measurement electronic of the THz microscope has to be calibrated
as systematic influences can distort measurements. For this, a well-known
ohmic resistance is used and correction factors are calculated according
to the measurement results.

5.1 Characterization of Josephson Cantilevers
The Josephson cantilevers are manufactured in a thin film process. The
properties of a deployed cantilever has to be well-known to enable multipa-
rameteric measurements [152]. For this, two measurement setups, one in
an external sample holder with liquid nitrogen cooling and the other in the
THz microscope, are introduced and measurement results are presented
in this section. Characterization results of Josephson cantilevers in the
sample holder were already published in [153].

5.1.1 Measurement Setup
A sample holder is used for the electrical characterization of the sensors.
It is cooled to a temperature of 77 K with liquid nitrogen while the critical
temperature of the superconducting material is Tc ≈ 92 K. The sensor is
mounted and electrically connected inside of the sample holder. The cool-
ing of the cantilever is realized with helium gas to prevent condensation
of the ingredients of ambient air at the cantilever.

The schematic representation of the measurement setup with the sam-
ple holder is shown in figure 5.2. The sensor is electrically connected to
the measurement unit through a bonding process. A cryoperm shielding
prevents the sensor from influences of external magnetic fields. A Pt100
is located near the cantilever for the determination of the temperature.
The current-voltage characteristics of the Josephson cantilevers and the
resistance of the Pt100 are measured by four-terminal sensing to avoid
influences of contact resistances.

A controllable current source is required to obtain the current-voltage
characteristics. It is realized with an operational-amplifier circuit. The
magnitude of the current is controlled with a shunt resistance and a di-
gital multimeter (DMM-I) Keithley 199 System DMM / Scanner. The
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Figure 5.2: Schematic setup for the characterization of Josephson canti-
levers into a sample holder [153]

voltage is measured by another digital multimeter (DMM-V) of the same
type. The Lakeshore 331 Temperature Controller (temp.) is used for the
temperature measurement. The temperature is calculated from the four-
terminal sensing results and the data is transmitted to a computer by
GPIB (general purpose interface bus) for further evaluations.

High frequency (HF) radiation can be coupled into the sample holder for
further characterization of the Josephson cantilever. The source for the
HF signal is the HF generator Anritsu MG3692A. It is connected to an
antenna in the sample holder, which is positioned above the Josephson
cantilever. This allows radiation to couple into the Josephson junction.
The HF generator provides a frequency range from 2 to 20 GHz with a
power range from −10 to 30 dBm.

A part of the characterization can be performed in the THz microscope
with the measurement setup visualized in figure 5.3. The cooling of the
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Figure 5.3: Schematic setup for the characterization of Josephson canti-
levers in the THz microscope

cantilever is achieved with the introduced cryocooler and the temperature
is measured by the temperature diode Lakeshore DT-471-SD together
with the temperature controller Lakeshore DRC-93CA. The temperature
can be controlled by a heating resistance. Both are connected to the THz
electronics which is controlled by a computer.

The cantilever is mounted in the vacuum chamber, which is evacuated by a
vacuum pump during measurements to prevent ambient air to condensate
at the cantilever. The mu-metal shielding in the vacuum chamber is in-
stalled to reduce the influences of external magnetic fields. The cantilever
is connected with the THz electronics to perform four-terminal sensing
measurements. The THz electronics are connected to a computer, which
visualizes the collected data. The HF generator Anritsu MG3692A can be
connected to an antenna underneath the Josephson cantilever to couple
high frequency radiation into the Josephson junction.

5.1.2 R(T) Characteristics
The first property of the Josephson cantilever which is quantified in the
sample holder measurement setup is the critical temperature Tc. For this,
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Figure 5.4: R(T ) characteristic recorded in the sample holder with a DC
current of 1 µA while cooling down [153]

Figure 5.5: R(T ) characteristic recorded in the THz microscope with a
DC current of 1 µA while cooling down

the resistance of the cantilever is constantly determined, while the canti-
lever is cooled down. The current source generates a DC current with a
magnitude of 1 µA. The resulting potential difference is measured with
1 Hz measurement frequency.

A R(T ) characteristic can be generated with the obtained data. Such
a characteristic of the Josephson cantilever L54 T55 is shown in figure
5.4. The critical temperature Tc is identified in the characteristic at the
resistance drop at Tc = 85± 1 K. Below this temperature the Josephson
cantilever is in its superconducting state.

A similar measurement can be performed with the THz microscope. Re-
sults with another Josephson cantilever with the sample number L54 T14
is presented in figure 5.5. The critical temperature of this cantilever is
determined to Tc = 77.5± 1.0 K.
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5.1.3 DC- and AC-Characterization
A current-voltage characteristic of the Josephson cantilever L54 T55 is
shown in figure 5.6a). It was obtained at a temperature of T = 77 K in
the sample holder. Such a characteristic is typical for Josephson junctions.
The superconducting state collapses at Ic ≈ 35 µA and a voltage drop
can be seen in the characteristic. This region of the characteristic can
be described with the second Josephson equation (2.5). The slope of this
region can be determined to the normal state resistance Rn = 2.30 Ω.

These two parameters can be used to calculate the characteristic frequency
fc with equation (5.1). This parameter characterizes the Josephson can-
tilever for the use for different measurement frequency ranges. The cha-
racteristic frequency was calculated to fc = 38.9 GHz for the cantilever
L54 T55.

fc = 2eIcRn
h

(5.1)

The critical current Ic is dependent on the temperature of the Josephson
junction. Therefore, the characteristic frequency fc can be adjusted by
regulation of the temperature. This option is not available in the sample
holder, as neither a temperature controller nor a heater are installed. Tem-
perature can be controlled with an active heater in the THz microscope.
The results of the characterization in the sample holder are used for an
appropriate adjustment of the cantilever temperature for measurements
in the THz microscope.

The Josephson cantilever can be brought into a high frequency field with
the help of the antenna in the sample holder. The current-voltage cha-
racteristic changes in such a field. This can be seen in the characteristic
in figure 5.6b), where Shapiro steps appear and the critical current Ic is
suppressed. The HF generator was adjusted to a frequency of 18 GHz and
an output power at the generator of −10 dBm.

In figure 5.6c) the derivative of the graph in figure 5.6b) is shown. This
graph represents the differential resistance and helps to determine the
position and the width of the Shapiro steps.

The critical current Ic changes with temperature. This effect can be mea-
sured with the THz microscope as the temperature can be controlled with
a heater. The cantilever with the sample number L54 T14 was used for
this measurement. The set of current-voltage characteristics for different
temperatures is shown in Figure 5.7. The reduction of the critical current
Ic with an increasing temperature can be seen.

The dependency of the critical current Ic on the temperature of the
Josephson cantilever can be expressed with the approximation in equa-
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Figure 5.6: a) Current-voltage characteristic of a Josephson cantilever
at T = 77 K, b) Current-voltage characteristic of a Josephson cantilever
in a high frequency field with f = 18 GHz and an output power of the HF
generator of −10 dBm at T = 77 K, c) Derivative of b) [153]
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Figure 5.7: Current-voltage characteristics of a Josephson cantilever at
different temperatures [56]

tion (5.2) [41]. The parameters in the equation are material specific for
YBa2Cu3O7 on LaAlO3 substrates. The critical current at the absolute
zero point was assumed to Ic(0K) = 1.164 mA, the critical temperature to
Tc = 90.7 K and the exponent n to n = 1.3 from previous experiments [9].

Ic(T ) = Ic(0K) ·
[
1−

(
T

Tc

)n]
(5.2)

The curve of the calculated temperature dependent critical current is
plotted in figure 5.8 together with a plot of the measured temperature
dependent critical current. The measured values are always smaller than
the calculated values. The reason for this is supposed to be the ageing of
the employed cantilevers.

The width of the Shapiro steps is dependent on the current IHF induced by
irradiated power in the Josephson junction. This correlation was already
described in chapter 2.1. For frequencies fHF of external radiation that
are much lower than the characteristic frequency fc the width of Shapiro
steps is not following Bessel functions of first order [154]. The step widths
developing as a function of the normalized frequency parameter ΩHF.
This parameter relates the frequency of the irradiated radiation to the
characteristic frequency fc as shown in equation (5.3).
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Figure 5.8: Dependency of critical current Ic on the temperature of the
Josephson cantilever [56]

Figure 5.9: Simulated widths of the first five Shapiro steps depending
on the high frequency radiation for different ΩHF [10]
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Figure 5.10: Width of the first six Shapiro steps for different output
powers of the HF generator at f = 18 GHz, T = 70 K and ΩHF = 0.49
[56]

ΩHF = fHF
fc

(5.3)

The dependence of the Shapiro step width on the irradiated power and
on the parameter ΩHF is shown for a simulated Josephson junction in
figure 5.9. The current IHF, that is generated by the irradiated power,
is normalized to the critical current Ic. The development of the Shapiro
steps is not distinguishable for small ΩHF at higher powers. Therefore,
the cantilever is only suitable for a certain measurement frequency range
depending on its characteristic frequency fc.

The width of the first six Shapiro steps was determined for different output
powers of the HF generator for the cantilever with the sample number L54
T14. The ΩHF was calculated to ΩHF = 0.49. The results are shown in
figure 5.10. They are comparable to the simulated step widths in figure 5.9
for ΩHF = 0.5. The Josephson cantilever is at a temperature of T = 70 K
suitable for the measurement frequency f = 18 GHz as the Shapiro steps
develop distinguishable.

When irradiated with higher power of the HF generator, more Shapiro
steps can be observed in the current-voltage characteristic. This can be
seen in figure 5.11 where six steps emerge.
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Figure 5.11: Current-voltage characteristic obtained above the directi-
onal coupler with the cantilever L54 T14 Channel A at T = 38 K at the
influence of HF radiation with f = 18 GHz and P = 26 dBm [56]

5.1.4 Magnetic Characteristics
The magnetic properties of the Josephson cantilever can be measured
with help of a coil above it. The coil has N = 900 windings and is able to
generate a maximal magnetic field of B = 1.4 mT [11]. Current-voltage
characteristics for different coil currents are depicted in figure 5.12. The
green curve was measured without the influence of the coil and indicates
a critical current of Ic = 50± 2 µA. The other characteristics were mea-
sured with coil currents of I = ±20 mA, I = ±40 mA, I = ±60 mA and
I = ±75 mA.

The characteristics are showing the expected suppression of the critical
current Ic. Negative currents have a higher influence on Ic. The reason
for this could be an external magnetic field which is superimposed with
the field of the coil.

5.1.5 Characterization of the Operating Point
The Josephson cantilever can be employed at an operating point, when it
is not necessary to record complete current-voltage characteristics. This
reduces both the recorded data and the measurement time significantly.
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Figure 5.12: Current-voltage characteristics under the influence of mag-
netic fields, generated by different coil currents

For this, a fixed current is injected into the Josephson cantilever and the
voltage is measured. A lock-in amplifier can be employed when measure-
ments with the laser are performed due to the CO2 chopper.

The operating point varies from cantilever to cantilever and can change
in a lifetime of a sensor. Therefore, it is necessary to characterize the
response of the sensor to an external signal. For this, the cantilever is
positioned into the laser beam. The amplitude of the injected current is
changed and the response of the senor, which is connected to the lock-in
amplifier, is measured.

The result of such a measurement at an FIR laser frequency of f = 762 GHz
can be seen in figure 5.13. The ideal operating point is located on top of
the shown curve. Small deviations at the bias current can influence the
response of the sensor.

5.2 Laser
The far-infrared laser system was characterized after a new calibration of
the setup. For this, all mirrors and lenses were cleaned and subsequently
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Figure 5.13: Response of a Josephson cantilever irradiated by an FIR
laser with a frequency of f = 762 GHz at various operating points

reconfigured with help of the two HeNe lasers. The beam of the CO2 laser
was adjusted that the beam waist hits the small aperture of the entrance
mirror. At the end of the cavity, the beam diameter should only be as
large as the cavity diameter to avoid reflections at the cavity. Then, both
mirrors at the end of the laser cavity are aligned to be parallel with help
of the HeNe laser.

The FIR cavity has to be filled with the laser medium. For these ex-
periments, formic acid (HCOOH) was employed. It is pumped through
the cavity and is afterwards collected in a cold trap. The CO2 laser
can be operated in sealed-off or flowing gas operation. A pressure of
pCO2 = 10.1 Torr is regulated in these experiments. The influence of the
FIR laser medium pressure on the output power is depicted in figure 5.14.
It was measured with formic acid as laser medium at the 9R18 laser line
at a CO2 laser power of PCO2 = 12 W with a gas pressure pCO2 = 10 Torr
in sealed-off operation.

The startup of the FIR laser is initiated by coupling the CO2 laser beam
into the cavity with a switchable mirror. The laser line 9R18 is chosen
with a micrometer screw at the blazed grating together with the CO2
spectrum analyzer. The beam is constantly interrupted by a chopper
for stability reasons. Laser powers of about PCO2 = 5 W are sufficient
for startup. It can be increased by adjustments of the cavity length,
the position of the grating and the laser currents. The CO2 power is
measured with the bolometer Laserpoint AHA-10-D12. Measurements
are performed with help of an additional chopper that reduces the inci-
dent power by a factor of 2 to enable measurements of powers above 10 W.

The length of the FIR laser cavity is varied by a motor that runs a micro-
meter screw with help of a gear mechanism. In the meantime, the FIR



84 5 Measurements and Results

Figure 5.14: FIR laser power as a function of laser gas pressure

laser power is measured with a pyroelectric detector connected to a lock-
in amplifier that uses the CO2 chopper frequency to reduce background
noise. The bolometer Laser Instrumentation LTD Indicator Model I54BT
MK II can be employed alternatively. When FIR laser power is measured,
the motor is stopped and the cavity length is fine tuned by the piezo actor
regarding maximal laser power.

All mentioned parameters have to be optimized to increase the FIR laser
power every time the laser is operated. The beam can also be monitored
by the built-in pyrodetector setup when it is coupled into the THz mi-
croscope.

5.2.1 Laser Interferogram
The Fabry-Pérot interferometer can be employed to determine the wave-
length of the FIR radiation as for many CO2 pump lines different FIR
lines could be measured depending on the adjustments of the laser sy-
stem. The radiation is coupled into the interferometer and the output
power is measured with a pyroelectric detector. One of the mirrors is
moved at a constant pace. With this, a laser interferogram is measured.
It is shown for a measurement with the CO2 pump line 9R18 in figure 5.15.

A signal can only be measured when the distance of the mirrors equals a
multiple of half wavelengths. The pace of the movement was determined
to vmirror = 4.15± 0.05 µm/s. The time average time between two spikes
is calculated from the obtained data. For this, the time T between the
first and the last spike of the measurement is evaluated and subsequently
divided by the number of periods N to reduce the influence of the time
measurment on the measurement uncertainty. The wavelength of the FIR
radiation can then be calculated with equation (5.4).
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Figure 5.15: FIR interferogram for the CO2 pump line 9R18

λFIR = 2 · vmirror T
N

(5.4)

A total time of T = 334± 1 s was obtained for a N = 7 periods. With
this, a wavelength of λFIR = 396± 6 µm is calculated. This result fits
well to literature values for the strongest laser line with a wavelength of
λ = 393.6 µm on the 9R18 CO2 pump line [82].

5.2.2 Gaussian Beam
The knowledge about the properties of the FIR laser beam is very impor-
tant for measurements in the THz microscope, particularly with regard
to interactions of inspected objects with the laser beam. Without the
knowledge about the beam shape it is not distinguishable whether the
measured effects are due to the power distribution of the laser or due to
interactions with the sample.

Therefore, measurements with a mode pattern scanner were performed. A
pyroelectric detector is moved spatially in two dimensions with the setup
depicted in figure 5.16. The two axes are moved by stepper motors. The
scanning pattern is generated by a control unit [155].

The analog values of the pyroelectric detector are digitalized by the Nati-
onal Instruments PCI-e6321 Multifunction I/O Device and shielded con-
nector block National Instruments BNC-2110. These values are computed
to a two-dimensional representation to evaluate the shape of the beam.
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Figure 5.16: Mode pattern scanner with a pyroelectric detector

Measurement results of the FIR beam are depicted in figure 5.17. The
Gaussian beam shape is also illustrated for x- and y-axis. These informa-
tion can be used for measurements in the THz microscope and prove the
fundamental mode of the Gaussian beam.

The diameter of the beam can also be obtained with help of the presen-
ted measurement results. It is determined at a distance z = 24.2 mm to
w(24.2 cm) = 42 mm. The beam properties in the THz microscope can
be calculated by ABCD matrix calculations presented in chapter 3.2.

The transformation of the beam from the laser to the plane of measure-
ment can be performed with help of the equations (3.15) and (3.23). For
this, the focal length of the two lenses f1 =186 mm and f2 = 51 mm [11]
and the distances d1 = 240 mm, d2 = 860 mm and d3 = 66 mm are requi-
red. The elements of the ABCD transformation matrix are calculated in
equation (5.5).
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A = 1− d2 + d3
f1

− d3
f2

+ d2d3
f1f2

= 0.71

B = d1 + d2 + d3 −
d1(d2 + d3)

f1
− (d1 + d2)d3

f2
+ d1d2d3

f1f2
= −16.32 mm

C = − 1
f1
− 1
f2

+ d2
f1f2

= 0.07/mm

D = 1− d1
f1
− d1 + d2

f2
+ d1d2
f1f2

= −0.1

(5.5)

The beam diameter at the laser window is approximated to r1 = 2 mm
due to its aperture. The slope of the angle of divergence is calculated
to r′1 = 0.0785 mm/mm. With these parameters and the ABCD matrix
elements, the beam properties in the THz microscope can be calculated to
r2 = 0.14 mm and r′2 = 0.12 mm/mm. The positive value of r2 indicates
that the plane of measurement is positioned behind the beam waist.

[
r2
r′2

]
=
[
A B

C D

]
·
[
r1
r′1

]

=
[

0.12 −15.41 mm
0.07/mm −0.1

]
·
[

2 mm
0.079 mm/mm

]

=
[
−0.97 mm

0.12 mm/mm

]
(5.6)

This ray tracing method is not very accurate as it is only valid for a single
ray and is not considering the properties of a Gaussian beam. Therefore,
the calculation of the beam parameters with help of the q-parameter and
the ABCD rule (equation (3.19)) is employed.

The initial q-parameter for the FIR beam at the laser mirror is described
by equation (5.7). The Rayleigh length z0 is calculated with equation (3.2)
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Figure 5.17: Mode pattern evaluated from data obtained by the mode
pattern scanner and cuts through the middle of the x- and y-axis of the
pattern

and the distance to the focal plane along the axis of propagation is set to
z = 0 as the beam waist is located at the laser window.

q1(z) = z + i z0 = 0 mm + i 31.9 mm (5.7)

The transformation of the beam is calculated with the ABCD rule. The
result q2 = 11.2 mm + i 7.2 mm can be used to calculate the missing
parameters to characterize the beam at the measurement position. These
calculations lead to the results in equation (5.8).
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Figure 5.18: Measurement results obtained above a flat mirror in the
THz microscope

z = 11.2 mm
w(z) = 1.75 mm
w0 = 0.95 mm

R(z) = 15.87 mm
θ0 = 0.12

φ0(z) = 1

(5.8)

The slope of the beam radius is the same (r′2 = θ0) for both calculation
alternatives while the results for the beam radius are different(r2 6= w(z)).
This deviation is caused by the position of measurement. The q-parameter
calculations are indicating a measurement within the vicinity of the Ray-
leigh distance from the beam waist of the transformed beam. In this area,
only the q-parameter calculations are giving feasible results.

The laser beam was also measured in the THz microscope above a flat
mirror to verify the calculations. The results are depicted in figure 5.18.
The Gaussian beam shape is not completely transformed into the THz
microscope. The reasons for this are suspected to be reflections in the
vacuum chamber. The beam diameter can be estimated to 2 mm. This
result fits well to the calculated values.
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Figure 5.19: a) CAD model of a mirror and b) additive manufactured
and gold coated mirror

5.3 Additive Manufactured Microstructures
The THz technology requires not only sources and sensors but also ele-
ments to guide and manipulate the radiation. The THz microscope can
be employed to investigate the interaction of optical elements with the
radiation of the FIR laser system. Additive manufacturing technologies
enable a rapid development of such objects, which was already introduced
by printing THz optics such as lenses and diffraction gratings [156, 157].

In this section, the construction, the manufacturing of various additive
manufactured microstructures and measurement results with the THz mi-
croscope are presented and evaluated.

5.3.1 Mirror
The first investigated additive manufactured sample is a mirror. With
this object, the properties of the employed material and the measurement
system can be characterized. It is designed to be placed underneath the
Josephson cantilever and has an angle of inclination of 45° to reflect the
beam in the direction of the cantilever.

The CAD model of the designed mirror and a picture of the additive ma-
nufactured mirror are depicted in figure 5.19. It was designed with CAD
software Autodesk Inventor Professional 2014 and subsequently printed in
a stereolithography 3D printer Formlabs Inc. Form 2. The surface of the
mirror has a size of 50× 50 mm2 and it is coated with a thin gold layer in
a sputtering process to increase the reflectance. The surface of the mirror
was investigated with help of the digital microscope Keyence VHX6000.
A photomicrograph is depicted in figure 5.20. It can be seen that the
surface is not perfectly flat, but the roughness seems to be smaller than
the employed wavelength of 393.6 µm.



5.3 Additive Manufactured Microstructures 91

Figure 5.20: Photomicrograph of the additive manufactured mirror obtai-
ned with a digital microscope Keyence VHX6000

The additive manufactured mirror is implemented instead of the flat mir-
ror and the sample stage. The FIR laser beam is coupled into the THz
microscope and hits the mirror after passing the second lens. The reflected
beam is, eventually, measured by a pyroelectric detector which is mounted
at the cantilever arm. The output signal of the detector is evaluated with
help of a lock-in detector, which is synchronized to the CO2 chopper.

The result of these measurements is shown in figure 5.21. The Gaussian
shape is observable and the beam diameter fits to the calculations of the
previous chapter and measurements with the flat mirror.

5.3.2 Regular Diffraction Gratings
Regular diffraction gratings were also designed with CAD software. A
model of such a grating is depicted in figure 5.22. The gratings have to
be inclined to diffract the FIR laser beam in the direction of the sensor.
This is realized by a backing that is included in the grating design.

Grating properties were calculated with methods described in chapter 3.3.
The parameters of four regular gratings (R1 - R4) are listed in table 5.1.
All diffraction gratings were designed for a frequency of f = 762 GHz or
rather a wavelength of λ = 393.6 µm.
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Figure 5.21: Measurement results obtained above a additive manufactu-
red mirror in the THz microscope

Figure 5.22: Schematic representation of a regular grating
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Table 5.1: Grating parameters for additive manufactured regular gratings

grating
number

angle of
inclination

grating
parameter

active
width

# α g / mm d / mm

R1 45° 1.968 0.984
R2 53.1° 1.968 0.984
R3 45° 1.968 0.656
R4 45° 1.181 0.590

Table 5.2: Diffraction angles for additive manufactured regular gratings

grating
number

angle of diffraction orders

# m = 0 m = 1 m = 2 m = 3

R1 −45° −30.5° −17.9° −6.2°
R2 −53.1° −36.9° −23.6° −11.5°
R3 −45° −30.5° −17.9° −6.2°
R4 −45° −22° −2.3° 17°

Figure 5.23: Simulation results of intensities as a function of the angle
of diffraction for regular gratings
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Figure 5.24: Additive manufactured and subsequently gold coated regu-
lar diffraction gratings (R1 - R4) printed by a) an SLA printer and b) an
FDM printer

The simulation results of these four gratings are depicted in figure 5.23.
The different parameters are influencing the diffraction parameters. Par-
ticularly, the ratio of the beam that can be found in higher diffraction
orders changes due to the chosen parameters. The discrete diffraction
angles for the first three diffraction orders were calculated with the grating
equation (3.24). They are listed in table 5.2. These simulation results
have to be validated by measurements with the THz microscope.

The regular gratings were printed with both the stereolithography printer
Formlabs Inc. Form 2 and the fused deposition modeling printer renkforce
RF1000. All gratings were coated with gold in a sputtering process. No
further post-processing was applied. The additive manufactured gratings
are depicted in figure 5.24.

The gratings were also analyzed with help of the digital microscope Key-
ence VHX6000. For this, many photomicrographs were recorded with
a large depth of focus of an SLA printed grating. These images were
stitched together to a large image. The results are depicted in figure 5.25.
The profile was obtained by a focus based measuring process. It can be
seen, that the grooves of the grating are very periodic. The shape of the
single grooves is very similar to each other and only few surface defects
can be observed.

Gratings which were printed with the FDM process showed similar results.
In figure 5.26 a three-dimensional visualization of a photomicrograph of
such a grating is depicted. The extruded tracks can be observed and the
surface is not as smooth as the SLA gratings. However, the periodicity of
the grooves is very accurate.
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Figure 5.25: Photomicrograph of an SLA grating and optical measure-
ments obtained with the digital microscope Keyence VHX6000

Figure 5.26: Photomicrograph of an FDM grating obtained with the
microscope Keyence VHX6000
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Figure 5.27: Measurement chamber with an installed regular grating in
the THz microscope

The samples were placed underneath the Josephson cantilever instead of
the stage. They were attached to the THz microscope by a clamping
arrangement to avoid them to shift due to the cryo cooler vibrations. The
measurement setup is depicted in figure 5.27. There, the position of the
grating to the Josephson cantilever and the coordinate system for the
evaluation of the measurement results can be seen.

The grating are irradiated by the FIR laser while the laser power is
monitored with the pyroelectric detector in the THz microscope. Two-
dimensional measurements were performed to receive an impression of the
beam distribution above the grating.

The Josephson cantilever is operated at a working point on the first Shapiro
step. For this, a dc current that relates to the position of the first Shapiro
step is injected. The resulting voltage is evaluated by a lock-in amplifier,
which is synchronized to the CO2 chopper. The laser power is monitored
by the pyroelectric detector in the THz microscope to avoid measurement
errors due to fluctuations at long-term measurements.

The measurement results of the SLA printed regulat grating R2 are de-
picted in figure 5.28. Three layers were recorded to visualize the develop-
ment of the diffraction pattern. The lowest position on the z-axis is at
z = 15 mm. There, two beam parts can be identified. The first part is
located at x = 0 mm and continues straight along the z-axis. The second
part can be found at x = 3.3 mm and y = 9.5 mm.
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Figure 5.28: Three-dimensional measurement results obtained above the
SLA printed regular grating R2 in the THz microscope

These two beam parts can also be visualized by a scan on a xz-plane. Such
a measurement is presented in figure 5.29 at y = 10 mm. The distance
between these beams is growing while propagating along the z-axis. This
can be related to the calculated diffraction pattern for this grating.

A grating that was printed with an FDM printer was also examined. For
this, the same grating layout was chosen to compare the results. The
results of these measurements are depicted in figure 5.30.

Again, two beam parts can be observed at the lowest layer z = 15 mm.
Between these two parts a secondary peak can be observed. This result is
also predicted by simulations. The distance between the two main peaks
can be related to the zero and first order diffracted beams. The layer at
z = 5 mm contains only one beam. The second beam is outside the field
of view.
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Figure 5.29: xz-plane measurement results above the SLA printed regular
grating R2 in the THz microscope at y = 10 mm
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Figure 5.30: Three-dimensional measurement results obtained above the
FDM printed regular grating R2 in the THz microscope

5.3.3 Blazed Diffraction Gratings
In this subsection, additive manufactured blazed gratings are examined.
The grating parameters were calculated with methods described in chap-
ter 3.3. Four different gratings (B1 - B4) were designed with CAD software.
The grating parameters are listed in table 5.3. All gratings are designed
for a wavelength of λ = 393.6 µm.

The simulation results are shown in figure 5.31. The gratings are dif-
fracting mainly in one direction as they are designed for this. The tilting
angles of the gratings are chosen in order to diffract the beam in the
direction of the Josephson cantilever.

In table 5.4 the discrete diffraction angles are calculated. But, the beam
is mainly diffracted into the order the grating was designed for. All other
orders are suppressed.

The manufactured blazed gratings are depicted in figure 5.32. They were
printed with the stereolithography printer Formlabs Inc. Form 2 and
subsequently coated with a thin gold layer in a sputtering process.
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Table 5.3: Grating parameters for additive manufactured blazed gratings

grating
number

angle of
inclination

grating
parameter

blaze
angle

# α g / mm γ

B1 30° 2.150 15°
B2 35° 3.204 10°
B3 40° 3.192 5°
B4 40° 6.384 5°

Table 5.4: Diffraction angles for additive manufactured blazed gratings

grating
number

angle of diffraction orders

# m = 0 m = 1 m = 2 m = 3

B1 −60° −43.1° −30° −18.5°
B2 −55° −44.1° −35° −26.8°
B3 −50° −40° −31.3° −23.4°
B4 −50° −44.8° −40° 35.5°

Figure 5.31: Simulation results of intensities as a function of the angle
of diffraction for blazed gratings
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Figure 5.32: Additive manufactured and subsequently gold coated blazed
diffraction gratings printed by an SLA printer

Figure 5.33: Photomicrograph of an additive manufactured blazed gra-
tings printed by an SLA printer
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Figure 5.34: Three-dimensional measurement results obtained above the
SLA printed blazed grating B1 in the THz microscope

The surfaces of the gratings were examined with the digital microscope
Keyence VHX6000. The same structure like the surface of the additive
manufactured mirror can be observed. The step width is constant and
the periodicity is good.

The implementation of the blazed gratings in the THz microscope is si-
milar to the regular gratings. Measurement results for the blazed grating
B1 are presented in figure 5.34. Just an isolated beam can be observed,
as it was expected due to the simulation results.
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Additive manufactured components can be employed for beam manipu-
lation purposes in the far-infrared region. The understanding of the
diffraction patterns can be improved by measurements with the THz mi-
croscope. Almost arbitrary structures can potentially be fabricated to
achieve very promising optical properties.

Many components of the THz microscope at the Institut für Elektrische
Messtechnik und Grundlagen der Elektrotechnik were further developed
in the framework of this work to enable new measurements. The measu-
rement electronics, the positioning system and the vacuum system were
updated with new control units, while the far-infrared laser system was
readjusted.

Additive manufacturing processes were employed to produce quasi-optical
objects. These processes were also optimized and a new process for ce-
ramic paste extrusion of superconducting materials was developed. A
few metrological investigations were conducted to improve the printing
quality and to gain knowledge about the positioning systems as similar
systems are employed in the THz microscope.

The quasi-optical path of the FIR radiation was described theoretically
and was validated by measurements. The influence of optical components,
such as lenses, in the beam path can be calculated to obtain the beam
parameters at the plane of measurement. The beam was characterized
with help of a mode pattern scanner and the THz microscope.

Josephson cantilevers were pre-characterized in terms of their important
parameters. This is necessary to chose the right sensor for a certain me-
asurement task in the THz microscope. These characterizations were
performed in the THz microscope and in a sample holder setup.

Additive manufactured diffraction gratings and a mirror were implemen-
ted into the THz microscope and the diffraction patterns were measured.
The diffraction patterns were previously calculated and simulated. Three-
dimensional visualizations of the field distribution were measured and
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evaluated. The results converge to the expected values and diffraction
patterns were observed. However, more research is necessary to interpret
all details of the obtained data.

Additive manufacturing technologies are appropriate methods to manu-
facture quasi-optical components. The THz microscope is a very valuable
instrument to characterize such structures and to understand many effects.
This combination promises a faster development of optical components
with fascinating properties.

6.1 Outlook
The THz microscope is frequently operated at the Institut für Elektrische
Messtechnik und Grundlagen der Elektrotechnik and many fascinating me-
asurements with active and passive structures are already planned. The
unique possibility to visualize high-frequency radiation in three dimensi-
ons with high resolution will gain importance as the THz gap is more and
more closed.

Therefore, a new version of the THz microscope is already planned and
will be installed in the new research building of the TU Braunschweig
"Laboratory for Emerging Nanometrology - LENA" in the near future. Im-
provements including a new vacuum chamber design with a new vacuum
system, a new far-infrared laser system and an actively damped optical
table. Vibrations are minimized with two pulse tube cryocoolers, which
are cooling the Josephson cantilever and a sample separately when neces-
sary. The Josephson cantilever and samples can be moved individually
by piezo nanopositioners.

This new setup will improve the measurements and increase the resolution
significantly. Research on the fabrication process of the Josephson canti-
levers will reduce the size of the sensors and increase their performance.
Together with planned collaborations with other participating research
groups, many new measurements will be published.

Additive manufactured microstructures will be further investigated. Ar-
bitrary shapes can be manufactured with help of the 3D printers and
exciting results are expected.
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