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Abstract

The detection of radiation with superconducting detectors within the submil-
limeter frequency regime, which spans approximately the frequencies 300 GHz
to 3 THz, is based on two fundamentally different detection principles. Direct-
detection devices or incoherent detectors measure the power of the radiation field
through a response which is caused by pair-breaking effects in the superconduct-
ing material. On the other hand, heterodyne mixers or coherent detectors down-
convert the desired signal to orders of magnitude lower frequencies into an instan-
taneous intermediate-frequency (IF) band where it is analyzed with a spectrome-
ter. This is achieved via a strong nonlinear circuit-element and by superimposing
the usually weak signal with radiation from a much stronger reference-frequency
local-oscillator (LO) source. Heterodyne-detection techniques are of great im-
portance in radio-astronomical receiver systems due to their high sensitivity and
their potential to achieve a high spectral-resolution of order ν/δν ≈ 105-106. Es-
pecially the high spectral-resolution is difficult to obtain with a direct-detection
device.

This thesis studies novel superconductor-insulator-superconductor (SIS)
double-sideband heterodyne mixers and superconducting devices for
next-generation astronomical submillimeter receiver-instruments operating in the
terahertz frequency regime. It focusses on two projects. In the first project a
prototype of a next generation mixer was developed to evaluate the design accu-
racy, the technology and the ultimate possible performance. The frequency range
of 380-520 GHz was chosen to permit the use of mature niobium-based circuit
technology. A waveguide-coupled balanced SIS mixer was developed, designed,
simulated, fabricated and characterized. In contrast to single-ended mixers, bal-
anced mixers have two independent input ports for the desired signal and the LO
radiation and, thus, comparatively simple solutions become possible to arrange
these devices to an array of many mixers. The optical setup to couple radiation
from the telescope to the mixers is not complicated anymore by the diplexing of
signal and local-oscillator radiation. Moreover, optical diplexers limit the instan-
taneous IF bandwidth and the low power of local oscillators working at terahertz
frequencies limits the number of the mixers in an array. Important advantages
of balanced mixers are that the noise contribution of the LO, that might sig-
nificantly lower the receiver sensitivity, is cancelled in the balanced IF output
and that the low LO output power for terahertz frequencies can be used more
efficiently.

The balanced mixer devices in this thesis are fabricated on 9 μm thick sil-
icon membranes on which the various radio-frequency (RF) components of the
device are integrated. This includes in particular two tapered-slotline waveguide
antennas, a 90◦ RF hybrid coupler, two separate SIS junction circuits used as
mixing devices and a RF blocking filter. We find that the balanced-mixer devices
have quantum-limited sensitivity over 70 % of the RF detection bandwidth of
380-520 GHz while providing an instantaneous IF bandwidth of 4-8 GHz. This is
the first time an integrated balanced-mixer is reported with these specifications
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reaching quantum-limited sensitivity. Measurements are reported which show
the functionality and symmetry of the devices in different operation modes when
the two separate SIS junction circuits are biased with either same or opposite
polarities.

Furthermore, we show for the first time a quantitative measurement of the
noise contribution of various LOs using the integrated balanced SIS mixer. Al-
though it is known that LO sources can add noise to a heterodyne receiver, mainly
due to amplitude and phase fluctuations of the LO signal, until now this noise
contribution was not unambiguously quantified. In single-ended mixers during
the frequency-mixing process, any noise from the LO sidebands is downconverted
and is at the end indistinguishable from the desired IF signal. Presently there
are only few sensitive balanced mixers reported in the terahertz regime that are
capable of these measurements. We present a measurement method where any
LO noise-level can be quantified in terms of an equivalent noise temperature. We
show that the noise level of LO sources is largest close to the carrier frequency and
can exceed the quantum noise. Therefore, the sensitivity of a heterodyne receiver
using mixers with low IF, such as hot-electron bolometer mixers, is particularly
lowered by LO noise.

In the second project, we studied the device physics of mesoscopic
NbTiN/Nb/Al-AlOx/Nb/Au/NbTiN contacts. These devices are a promising
technology for future terahertz SIS mixers in the frequency range above 700
GHz where the niobium transmission-line technology becomes lossy. Most im-
portantly, they still use the high-quality niobium-trilayer technology resulting in
very low subgap-current tunnel junctions. We expect that these tunnel junctions
will function as mixers up to frequencies of 1.3 THz. Low-loss transport of RF
signals up to about the same frequencies is now provided by the material niobium-
titanium-nitride. Earlier reported heating of the electron system in the niobium
due to the Andreev trap formed at the interface between the niobium and the
niobium-titanium-nitride, is removed by adding a normal-metal layer of gold. We
show that dependent on the gold-layer thickness and shape, the effective electron
temperature in the niobium can be lowered to values close to the phonon bath-
temperature, a process which we call geometrically assisted cooling. Additionally,
we discuss the influence of the proximity effect in the gold on tuning-circuit de-
signs. For the balanced mixers developed in the first project of this thesis, this
new junction technology is important for realizing the next generation of these
mixers, preferably operating at 1 THz.
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Zusammenfassung

Für die Messung von Submillimeterstrahlung im Frequenzbereich 300 GHz bis
3 THz mithilfe von supraleitenden Devices behilft man sich zweier fundamen-
tal verschiedener Detektionsprinzipien. Inkohärente Detektoren messen die Leis-
tung des Strahlungsfeldes gewöhnlich über das Detektorsignal welches durch
Paarbrechungseffekte im supraleitenden Material hervorgerufen wird. Im Ge-
gensatz dazu wird in einem Heterodynmischer (Überlagerungsmischer), auch als
kohärenter Detektor bezeichnet, die gemessene Signalfrequenz (RF) in eine um
Grössenordnungen kleinere Frequenz in das Zwischenfrequenzband (IF) umge-
setzt, in dem es dann mit einem Spektrometer weiter analysiert werden kann.
Hierzu werden stark nichtlineare Schaltungselemente benötigt in denen das
gewöhnlich schwache RF-Signal mit Strahlung aus einer viel stärkeren Refe-
renzstrahlungsquelle (Lokaloszillator, kurz LO) überlagert wird. Heterodynde-
tektionstechnologien sind in radioastronomischen Empfängersystemen aufgrund
ihrer hohen Empfindlichkeit und der hohen spektralen Auflösung im Bereich
ν/δν ≈ 105-106 von grosser Bedeutung, welche nur schwer mit einem inkohärenten
Detektor erreicht werden kann.

Die vorliegende Arbeit behandelt neuartige Supraleiter-Isolator-Supraleiter
(SIS) Zweiseitenbandheterodynmischer und supraleitende Devices für eine neue
Generation von astronomischen Submillimeterempfängern im Terahertzfrequenz-
bereich.

Es werden zwei Projekte dargestellt. Im ersten Projekt wurde ein Prototyp
eines neuartigen Mischers mit dem Ziel entwickelt, die Designgenauigkeit, die
Technologie und die Performance zu erforschen. Um die ausgereifte Niobtechno-
logie für die Mischerschaltung ausnutzen zu können wurde der Frequenzbereich
380-520 GHz ausgewählt. Hierbei wurde ein balancierter Hohlleiter SIS Mischer
(Gegentaktabwärtsmischer) entwickelt, designt, simuliert, fabriziert und charak-
terisiert. Im Gegensatz zu gewöhnlichen Mischern mit nur einem Eingang für
die RF und den LO haben balancierte Mischer zwei unabhängige Eingänge für
diese Signale und ermöglichen deswegen relativ einfache Lösungen in einem Ar-
ray angeordnet zu werden. Die Optik mit der Strahlung vom Teleskop zu den
Mischern eingekoppelt wird vereinfacht sich, da keine optischen Diplexer mehr
benötigt werden um RF und LO Signal zu überlagern. Weiterhin würden die-
se optischen Diplexer die IF Bandbreite limitieren, desweiteren beschränkt die
niedrige Ausgangsleistung von Terahertzlokaloszillatoren die Anzahl der Mischer
in einem Array. Der Vorteil eines balancierten Mischers ist die Eigenschaft LO
Rauschen zu unterdrücken, welches sonst die Empfindlichkeit eines Empfängers
verringern würde und die Möglichkeit die niedrige Ausgangsleistung von Tera-
hertzlokaloszillatoren effizienter nutzen zu können.

In den balancierten Mischern in dieser Arbeit sind alle RF Komponenten
auf einem 9 μm dünnen Siliziummembran integriert. Dies schliesst zwei Slotline
Hohlleiterantennen, einen 90◦ RF Hybridkoppler, zwei separate SIS Schaltungen
als Mischerelemente und einen Tiefpassfilter ein. Die balancierten Mischer haben
quantenlimitierte Empfindlichkeit über 70 % der RF Bandbreite von 380-520 GHz
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bei einer IF Bandbreite von 4-8 GHz. Somit wird erstmalig ein integrierter balan-
cierter Mischer mit oben genannten Spezifikationen, der quantenlimitierte Emp-
findlichkeit erreicht, präsentiert. Messungen zeigen die Funktionalität und Sym-
metrie der Devices wenn die zwei separaten SIS Schaltungen mit gleicher oder
entgegengesetzter Spannung betrieben werden.

Weiterhin wird erstmalig eine Messung mit dem balancierten Mischer durch-
geführt um den Rauschbeitrag von verschiedenen LO Quellen quantitativ zu be-
stimmen. Obwohl es allgemein bekannt ist, dass LO Quellen Rauschen zu einem
Heterodynempfänger hinzufügen können, hauptsächlich durch Amplituden- und
Phasenfluktuationen des LO Signals, wurde dieser Rauschbeitrag noch nicht ein-
deutig quantifiziert. In gewöhnlichen Mischern wird während dem Mischprozess
jegliches Rauschen von den LO Seitenbändern in das IF Band umgesetzt und
ist letztlich von dem RF Signal nicht mehr zu unterscheiden. Bisher gibt es nur
wenige empfindliche balancierte Mischer im Terahertzfrequenzbereich mit denen
diese Messungen durchgeführt werden können. Wir stellen eine Messmethode vor
in der ein beliebiger Rauschpegel aus dem LO quantifiziert und in einer equivalen-
ten Rauschtemperatur ausgedrückt werden kann. Der maximale LO Rauschpegel
befindet sich nahe des Trägersignals und kann das Quantenrauschen übertreffen.
Als Folge davon sinkt die Empfindlichkeit von Heterodynempfängern mit Mi-
schern, die kleine Zwischenfrequenzen haben, wie etwa Hot-Electron Bolometer
Mischer.

Im zweiten Projekt untersucht die vorliegende Arbeit die Devicephysik von
mesoskopischen NbTiN/Nb/Al-AlOx/Nb/Au/NbTiN Kontakten. Diese Devices
sind eine aussichtsreiche Technologie für zukünftige Terahertz SIS Mischer für
Frequenzen grösser als 700 GHz bei denen Mikrowellenleitungen aus Niob verlust-
behaftet werden. Bei diesen Devices kommt weiterhin die Niob-Trilayer Techno-
logie zum Einsatz mit der man sehr niedrige Barrierenleckströme erreichen kann.
Wir erwarten, dass Mischer aus dieser Materialkombination bis zu Frequenzen
von 1.3 THz funktionieren. Nahezu verlustfreie Übertragung von Signalen bis
zu ungefähr den selben Frequenzen ist nun durch das Material Niobtitannitrid
gewährleistet. Der bekannte Heizeffekt des Elektronensystems im Niob, verur-
sacht durch die Andreev Falle an der Kontaktstelle zwischen Niob und Niobtitan-
nitrid, wird durch eine zusätzliche Goldschicht entfernt. Abhängig von der Dicke
und Form der Goldschicht kann die effektive Elektronentemperatur im Niob auf
Werte der Phononenbadtemperatur abgesenkt werden, ein Prozess den wir geo-
metrisches Kühlen nennen. Weiterhin diskutieren wir den Einfluss des Proximity
Effekts im Gold auf das Design von Anpassschaltungen. Diese neue Devicetech-
nologie ist für eine neue Generation von balancierten SIS Mischern, ähnlich zu
denen die in dieser Arbeit entwickelt worden sind, von Interesse, die dann aber
für das 1 THz Band designt werden sollen.
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Outline of this thesis

The introduction in chapter 1 provides a concise motivation for the research pre-
sented in this thesis which deals with superconducting detection devices for radio-
astronomy. It starts with an outline of important astronomical facts and a sum-
mary of basic radio-astronomical receiver instrument-requirements. After this, as-
pects of future receiver requirements are discussed where the emphasize lies on ar-
rays of superconducting submillimeter detectors. The major differences between
two fundamentally different detection modes, coherent and incoherent detection,
is highlighted in the framework of their use in radio-astronomical receivers. Then,
key technologies are presented which are important for the detector development
in this thesis. Chapter 1 concludes with the presentation of the two projects of
this thesis. In the first project we present the development and characterization
of an integrated 380-520 GHz balanced superconductor-insulator-superconductor
mixer on a silicon membrane substrate (section 1.3.1). In the second project
we demonstrate a new type of superconductor-insulator-superconductor contact
using a high energy-gap superconducting embedding circuit and a normal-metal
energy-relaxation layer for nonequilibrium quasiparticles (section 1.3.2).

Chapter 2 focusses on the physics of mesoscopic detector elements. On the
basis of the fluctuation-dissipation theorem, we discuss the fundamental origin
of the sensitivity limit in coherent detectors as well as in incoherent detectors.
Possible sensitivity limits in arrays of detectors are summarized. After this, the
rest of chapter 2 introduces relevant aspects of superconductivity for this thesis.
Care was taken to give a complete description of the relevant effects in a concise
way. After a comparison of clean and dirty materials in the framework of the
Ginzburg-Landau theory, the microscopic theory of Bardeen-Cooper-Schrieffer is
introduced in which basic equations are motivated for later analysis. The concept
of quasiparticles and their interactions are introduced right after. After this, the
quasiclassical formalism is presented with emphasize on superconductor/normal-
metal hybrid structures in presence of an external magnetic field.

Chapter 3 introduces the design of planar superconducting transmission-lines
and circuits. Here we discuss the electrodynamics of superconductors, normal-
conducting metals and proximity systems, consisting of material combinations of
superconductors and normal-conducting metals. After this, various transmission
lines are explained used for the later design of superconducting mixers. After
this, the electromagnetic design of the single components of a niobium-based
380-520 GHz integrated balanced superconductor-insulator-superconductor mixer
device on a 9 μm silicon membrane is explained.

Chapter 4 outlines the experimental setup which was built for the characteri-
zation measurements of the balanced-mixer device. This includes a short descrip-
tion of the setup in the inside of a liquid-helium dewar. The mixer block in which
the balanced-mixer device is mounted is briefly described. The chapter concludes
with the mixer device fabrication and the general measurement procedure.

Chapter 5 presents extensive balanced-mixer characterization measurements
in two different experimental setups. One uses a balanced-mixer block with a
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step-discontinuity waveguide and the other uses a continuous waveguide. Dif-
ferent operation modes of the balanced mixer are characterized where the bias
polarity of the two mixer circuits on the balanced-mixer chip have either opposite
or the same polarity. The performance of the mixer devices is measured with two
different local-oscillator technologies. A synthesizer-driven local oscillator and a
Gunn-driven local oscillator. The chapter also presents a new formula describing
the Y factor of a non-ideal balanced-mixer device, based on a simple theoretical
reasoning. These non-idealities are apparent in the measurements. We find that
over 70 % of the radio-frequency bandwidth, the balanced-mixer devices have the
highest achievable sensitivity, only limited by the fundamental quantum-noise
limit. Hence, this thesis presents the first integrated balanced superconductor-
insulator-superconductor mixer device in the radio-frequency range 380-520 GHz,
having an instantaneous intermediate-frequency bandwidth of 4-8 GHz, with
quantum-noise limited performance.

Chapter 6 presents for the first time a quantitative determination of noise
from different local-oscillator sources, measured with a superconducting balanced-
mixer device. The local-oscillator noise is quantified in terms of an equivalent
noise temperature. Furthermore, the frequency dependence of local-oscillator
noise is quantified. We conclude that the noise input from the local oscilla-
tor to a high-sensitivity receiver system can substantially degrade the receiver
performance. This is especially the case for mixer devices with an intermediate-
frequency bandwidth at the low intermediate frequencies, like in hot-electron
bolometer mixer devices.

Chapter 7 presents measurement results of mesoscopic
NbTiN/Nb/Al-AlOx/Nb/Au/NbTiN contacts. We find that these contacts are
a promising technology for future developments of terahertz superconductor-
insulator-superconductor mixer devices since they make use of the high-quality
Nb-trilayer technology and provide low loss radio-frequency properties due to the
NbTiN embedding material up to frequencies of 1.3 THz. We provide an exten-
sive analysis of various device geometries where we find an effect which we call
geometrically assisted cooling due to the normal-metal Au layer. A theoretical
analysis of the proximity effect in these devices is presented at the end of the
chapter.

Appendices A and B briefly outline some fundamental properties of noise and
derive the basic formalism to describe the temperature modification of calibra-
tion loads used for noise-temperature measurements. Appendix C contains the
measurement results of chapter 5.
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CHAPTER1
Introduction and motivation

”Le silence éternel de ces espaces infinis m’effraie”, Blaise Pascal in les pensées
206, fragment 91.

1.1 Probing the universe

1.1.1 Short historical background and discovery of the in-
terstellar medium

Already Claude Ptolemeny (90-168) described our galaxy as ”a zone as white as
milk“ [Ferrière, 2001]1 and in the 5th century BC, Demokrit believed that the
Milky Way consists of a countless number of stars [Steinmetz, 2012]. Indeed this
is a remarkable guess, knowing well that Demokrit did not have a modern instru-
ment, like a telescope equipped with state-of-the-art hardware, which he could
use to test his theory. In 1610, Galileo Galilei (1564-1642) was the first person
who observed the Milky Way through an optical telescope and he saw innumer-
able dim stars. Moreover, together with Johannes Kepler (1571-1630) he reached
to the common conclusion of the heliocentric movement of the planets which
can be seen as the first study of the dynamics of astronomical objects. About
one century earlier, this behavior of the planets has been proposed by Nikolaus
Copernicus (1473-1543). Isaac Newton (1643-1727) benefited from the research
of Galilei and Kepler and could complete their observations with his equations
of motion which together with today’s gravitation theory can explain the com-
plicated movement of planets. Not until the 18th century it became clear that
our galaxy appears as a flat disk in which the earth and our planetary system
is deeply embedded. Eventually, at the end of the 18th century it was William
Herschel (1738-1822) who performed a systematic study of the star distribution
across the sky. However, Herschel erroneously concluded that the galaxy is about
five times more extended in the galactic plane than in its perpendicular direction
and that the sun is located near the galactic center. A supplemental work to Her-
schel’s was conducted by Jacobus Kapteyn (1851-1922) and he found a spatial
distribution of stars in our galaxy having exponential scale lengths at half maxi-

1Further historical facts on pages 1-3 are taken from the same reference except when oth-
erwise cited.
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mum of 1.2 kpc in the radial and 0.22 kpc in the vertical direction2(new results
give 3.5 kpc and 0.25 kpc obtained from the RAVE experiment [Steinmetz et al.,
2006]). Herschel and Kapteyn assumed that all stars have approximately the
same intrinsic brightness and that the interstellar space is completely transpar-
ent to starlight, therefore, completely neglecting the obscuring interstellar matter
between the stars. On the other hand, Edward Barnard (1857-1923) revealed on
his astronomical photographs that in the Milky Way there are many dark zones
with various shapes and sizes. Soon after it was realized that these dark regions
might be due to clouds of interstellar matter hiding the stars behind them. This
argument was supported by Hartmann’s discovery (1904) of stationary absorp-
tion lines of Ca+ in the spectrum of the spectroscopic binary δ-Orionis which
could only have an interstellar origin.

Another component of the interstellar medium (ISM) is dust which was con-
cluded by Trumpler (1930) on the basis of the observed reddening effect which
lets light emitted by faraway stars appear to us redder than it actually is. The
reason for this effect is that shorter wavelength blue light is more effectively scat-
tered by dust grains of comparable size. Large scale magnetic fields are another
component of the ISM and align dust particles in the direction of the magnetic
field, resulting in a linear polarization of starlight [Davis and Greenstein, 1951].

The third basic constituent of the ISM are cosmic rays originating from mag-
netobremsstrahlung mainly from relativistic electrons. This source of radiation
was identified by Ginzburg and Syrovatskii [1965]3 during their explanation of
the galactic radio emission.

Shortly after Hartmann’s discovery of gaseous phases in the ISM, duringWorld
War I, Harlow Shapley (1885-1972) took another approach to estimate our posi-
tion in the galaxy and observed that globular clusters concentrate in the direction
of the Sagittarius constellation having roughly a spherical distribution with the
center being approximately the center of our galaxy. Shapley radically concluded
that our sun lies very far from the galactic center at a distance of about 15 kpc
away, a distance overestimation of a factor 2 as became clear in later years. In the
1920s, Bertil Lindblad (1895-1965) and Jan Oort’s (1900-1992) kinematic stud-
ies of the relative velocities of stars and globular clusters with respect to the sun
showed the validity of their differentially rotating galactic model with the sun at a
distance previously predicted by Shapley, whereas the relative velocities were dif-
ficult to match to the total amount of mass predicted by Kaptyen’s model. After
a suggestion of van de Hulst [van de Hulst, 1945] and along with the invention of
microwave devices, measurements of the spatial distribution of neutral hydrogen
became possible [Ewen and Purcell, 1951; Muller and Oort, 1951]. Their mea-
surements proofed that Shapley was correct about the off-center position of the
sun and that its galactocentric radius was overestimated by a factor 2. Compared
to earlier measurements of visible starlight, the measurement of the non-visible
21 cm radio-emission of neutral hydrogen is a truly pioneering experiment. In

21 kpc = 1000 pc = 3260 light years = 3.09 · 1016 km
3Later Ginzburg was awarded the Nobel prize in physics in the field of condensed matter

theory/superconductivity.
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the following centuries, the success of this measurement motivated the develop-
ment of instruments sensitive to even shorter non-visible wavelengths, such as the
submillimeter (submm) regime which approximately spans the frequencies from
0.3-3 THz. Radiation in this wavelength regime contains important informations
about the star-forming process.

Nowadays, we know that our galaxy consists of a thin disk with a radius of
approximately 25-30 kpc and an effective thickness of about 400-600 pc. The
spherical system around the galactic center consists of a bulge with an approx-
imate radius of 2-3 kpc and a galactic halo having an extension of 30 kpc from
the center. The sun is embedded in the disk about 15 pc above the mid plane
and 8.5 kpc away from the galactic center [references within Ferrière, 2001].

Astronomy is one of the oldest sciences but even today there is no clear an-
swer to current questions how stars form and how galaxies, like our own, form
and evolve [Freeman and Bland-Hawthorn, 2002]. Furthermore, seemingly trivial
questions about the mass of e.g. extragalactic nebulae [Zwicky, 1937] are difficult
to answer because of the so-called missing mass problem. This problem is proba-
bly universal since also in our own galaxy it is observed that the mean velocity of
stars circulating around the galactic center only weakly depends on the galacto-
centric radius [Brand and Blitz, 1993]. The observed exponential decrease of the
mass density with aforementioned scale lengths should result in a slower velocity,
however, a constant velocity of about 220 km/s is measured.

1.1.2 Interstellar molecules, chemical networks and star
formation - Tracers and spectral resolution

Stars are formed during the collapse of gravitationally unstable molecular clouds
of the ISM. A collapse can only occur when the gravitational force is larger than
the internal pressure p of the molecular gas (Jeans criterion)

∂p

∂r
≤ −GρM(r)

r2
. (1.1)

Here, ρ is the mass density of the cloud, M(r) is the total mass inside a given
radius r and G is the gravitational constant.

In order to obtain a detailed understanding of star formation, it is important
to resolve the various physical processes inside a molecular cloud. Molecular
level transitions inside a cloud result in the emission of electromagnetic waves
with frequencies in the submm frequency band or are due to the absorption
of continuum photons by the surrounding molecular gas or dust, providing the
possibility to measure and understand the process of star formation. For these
studies it turns out that the submm frequency band contains approximately half
of the total luminosity of the Universe and almost all (98%) photons which were
emitted since the Big Bang [Blain et al., 2002]. However, these processes are
difficult to quantify since the dust makes the clouds opaque to visible or infrared
light. Moreover, the emitted waves with submm wavelengths lie in the non-
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Figure 1.1: Left top: Hyperfine multiplet resolved H2O
+ molecular line in the massive

star forming region DR21 from Ossenkopf et al. [2010] observed with the HIFI instru-
ment on the HERSCHEL space observatory [de Graauw et al., 2010]. Left bottom:
Comparison of the velocity structure of various chemical tracers in DR21 taken from
Ossenkopf et al. [2010]. Right: Observation of isotopic CO J = 2 → 1 transitions in
the Messier 17 molecular cloud core from Stutzki and Güsten [1990] using the IRAM
30 m telescope on Pico Veleta, Spain. This measurement resolves complex emission
line features, the low-dip features are due to self-absorption of surrounding gas.

techniques.
The key technology needed to explore the physics of the ISM, this means to

obtain as much as possible informations from observations of interstellar molecules
through their emission or absorption lines, are state-of-the-art receivers equipped
with the most sensitive detectors providing a very high spectral resolution and
intermediate-frequency bandwidth. This technology has to be combined with
telescopes having a minimum rms dish surface-roughness of the order of 10-20 μm
and a low-loss optical beam-path.

A distant galaxy rotates with a typical velocity of vrot = 102 km/s. The result
is that the observed emission line of a molecule inside the galaxy will be broadened
due to the Doppler effect by Δν = 2ν ·vrot/c, with ν being the observed frequency
from the molecule (which might be additionally Doppler shifted due to a relative
motion of the source to the observer). For example, for ν = 1 THz, the width of a
molecular line is approximately Δν = 1 GHz and a large intermediate-frequency
bandwidth is needed to measure the complete molecular line. Nearby galaxies
like the Large Magellan Cloud show very narrow spectral lines of order 10 km/s
where the fundamental reason for the linewidth is due to magnetohydrodynamic
turbulences in the cloud. In order to resolve molecular lines here, this necessitates
not only a wide intermediate frequency bandwidth but also a spectral resolution

4
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of order 104. Figure 1.1 shows three examples in which the need for a very high
spectral resolution is even more evident. For example, the measurement of the
H2O

+ hyperfine multiplet requires an instrument with a spectral resolution of
at least 105-106 and to resolve the velocity profile of this emission line requires a
resolution of about 0.1 km/s or better. A comparable velocity resolution rendered
the measurement of Stutzki and Güsten [1990] possible and they observed com-
plex self-absorption features in the velocity profile of the isotopic CO J = 2 → 1
transitions towards Messier 17.

A high spectral resolution instrument, however, needs a sufficient high sen-
sitivity in order to fulfill the requirements of state-of-the-art astronomical ex-
periments, examples are given in the next section. Nowadays, instruments use
two different types of detectors. Frequency mixers which sense radiation coher-
ently and direct detectors which measure the power of the radiation field without
intermediate-frequency mixing step. Coherent or heterodyne detection instru-
ments used in submm terahertz astronomy make use of superconductor-insulator-
superconductor (SIS) mixers up to frequencies of 1.4 THz and receivers for fre-
quencies above 1.4 THz employ hot-electron bolometer mixers (HEB) [Zmuidzi-
nas and Richards, 2004]. Direct detection instruments which are employed in the
1 THz frequency regime, generally use either mature technology transition edge
sensors (TES) like e.g. described by Goldie et al. [2011] or a new type of direct
detector called microwave kinetic-inductance detector (MKID) [Day et al., 2003].
The next section first compares recent and future observational experiments at
KOSMA before section 1.2 compares the advantages and the disadvantages of co-
herent and direct detection techniques, their fundamental sensitivity limits and
the requirements for their applicability in astronomical observations.

1.1.3 Comparison of recent and future observational ex-
periments and receiver developments at KOSMA -
Need for array compatible heterodyne detectors at
1 THz

The “Kölner Observatorium für Submillimeter Astronomie” (KOSMA) at the
“I. Physikalisches Institut of the Universität zu Köln” has a long-established
tradition in combining observational astronomy research and detector device re-
search. New observations, for example at increasingly higher frequencies or where
very high sensitivities are needed, often require new detector concepts or a recon-
sideration of materials combinations (chapters 3 - 7 of this thesis).

Figure 1.2 shows two telescopes which are the target instruments for the detec-
tor technologies developed in this thesis. Below I give a brief summary about the
recent and future detector developments of our group and how they are completed
by observations with the example of the future observatory CCAT.

The recent detector developments at KOSMA, e.g. for band 2 of the HIFI
instrument [de Graauw et al., 2010] on the Herschel space observatory or for
the 1.4, 1.9 and 2.5 THz modular dual-color heterodyne instrument GREAT
[Pütz et al., 2012; Heyminck et al., 2012] on the Stratospheric Observatory for
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Figure 1.2: Left: Atacama Pathfinder Experiment (APEX) telescope on 5107 m
altitude on Llano de Chajnantor in the Chilean High Andes [Güsten et al., 2006]. Right:
Design study of the Cerro Chajnantor Atacama Telescope (CCAT) how it should look
like when its constructional work is finished in 2020. The planned telescope site is on a
plateau on 5612 m altitude just below Cerro Chajnantor with worldwide unparalleled
weather conditions [CCAT 2011].

Infrared Astronomy (SOFIA), showed state-of-the-art performance and enabled
very successful observations.4 Usually, these single-ended detector designs are
made for single-pixel operation, although small arrays of these detectors can be
practically realized in a receiver like e.g. in SMART or CHAMP+.

Nowadays the quantum-limited operation of simple single-ended SIS mixers
(compare with figure 1.5) in astronomical receivers, at least up to 700 GHz, is a
mature technique. Furthermore, it is not foreseeable if research on hot-electron
bolometric mixer devices will result in a significant sensitivity improvement in the
near future. It is, therefore, evident that astronomical receivers with single-pixel
detectors reached already their sensitivity limit. However, a further significant
improvement in the sensitivity can be achieved by employing detector arrays,
i.e. a large number of very sensitive detectors which can observe several positions
in the sky simultaneously and use the sparse observation time at a telescope more
efficient than a single-pixel detector.

One of the worldwide very few heterodyne detector arrays is operated from
KOSMA at the NANTEN 2 telescope at 4865 m altitude on Pampa la Bola in
the Atacama desert, Chile. Here a dual color 492/806 GHz heterodyne receiver
(SMART, Sub-Millimeter Array Receiver for Two Frequencies) with 8 pixels per
frequency is successfully operated since several years.

A further important improvement of astronomical observations with the goal
to find new physics of the ISM, is to increase the angular resolution θ of a tele-
scope. The diffraction limit of a telescope follows the well-known Rayleigh crite-
rion sin θ ≈ θ = 1.22 · λ/D, with D being the aperture of the telescope and λ
the wavelength of the observed light. The consequence on the observation time
of high angular-resolution surveys compared to already existing observations can
be summarized with the help of table 1.1. The table compares four observatories
with each other, from which some of them are supposed to implement arrays of

4Early science results from SOFIA observations are contained in the Astron-
omy&Astrophysics special issue vol. 542, June 2012.
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Figure 1.3: Simulated atmospheric transmissivity [APEX2010] of submm frequencies
at the APEX site on Llano de Chajnantor for four different PWV values of 0.2 mm,
0.5 mm, 1 mm and 2 mm. A selection of some important stellar molecules, consid-
ered as important for CCAT as noted by Goldsmith [2011], is shown illustrating the
difficulty of ground-based astronomical observations due to atmospheric absorption.
Frequencies within the gap between approximately 1.1 THz and 1.25 THz, where e.g. a
molecular transition of the important chemical tracer H2O

+ can be observed, cannot be
sensed from ground-based observatories but from airborne or space space observatories
(compare with figure 1.1).

heterodyne mixers. At λ = 610 μm, the telescopes APEX and NANTEN 2, due to
the difference in the aperture, differ in their angular resolution by approximately
a factor three. CCAT will have a better angular resolution by a factor of two
compared to APEX and by a factor of approximately five to NANTEN 2. It will
be mainly used to observe extended astronomical sources. Due to its large focal-
plane area, CCAT is an ideal heterodyne mapping-instrument, i.e. which can be
used for continuum surveys and spectroscopic mapping. Principally, complemen-
tary observations with the Atacama Large Millimeter Array (ALMA) [Wootten
and Thompson, 2009] are possible which has the largest angular resolution among
all telescopes in the world due to its kilometer-long baseline. However, here the
scientific goals are different.

The CCAT site has worldwide unparalleled weather conditions which result
in the highest atmospheric transparency in the world and in the possibility to
observe nearly all important tracers from the ground like indicated in figure 1.3.
With the complementary observations of CCAT and ALMA it will be possible to
resolve molecular cloud structures with unprecedented quality by using already
observed molecular lines as tracers like the low-J CO transitions. The scientific
motivation of these extensive observations is that it is very likely that astrochem-

7
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Table 1.1: Comparison of four observatories in terms of their angular resolution and
survey time evaluated at λ = 610 μm (12C, 3P 1 → 3P 0) for CCAT, APEX and NAN-
TEN 2 and at λ = 158 μm (C+, 2P 3/2 → 2P 1/2) for SOFIA. Ωb ∝ θ2 denotes the
solid angle of the antenna beam [Rohlfs and Wilson, 1999]. The time tsurv estimates
the observation time for a large scale survey (Ωsurv = (1◦)2) for ε = 0.5 and for the
parameter sets shown in table 1.2. The present GREAT receiver on SOFIA is not a
mapping instrument and the survey time for this instrument is only included for a
relative comparison to the survey times of the other instruments.

CCAT APEX NANTEN 2 SOFIA

D [m] 25 12 4 2.7

θ [arcsec] 6 13 38 15

Ωb [arcmin2] 0.011 0.053 0.45 0.071

tsurv [s]

# 1 6.5 · 107 1.4 · 107 1.6 · 106 −
# 2 1.6 · 107 3.4 · 106 4.0 · 105 −
# 3 2.0 · 106 4.2 · 105 5.0 · 104 −
# 4 5.5 · 105 − − −
# 5 1.4 · 105 − − −
# 6 3.4 · 104 − − −
# 7 − − − 1.6 · 108

Table 1.2: Collection of parameter sets used to calculate tsurv in table 1.1 using
eq. (1.3). The value for Δν corresponds to a moderate velocity resolution of approx-
imately 0.5 km/s at a wavelength of λ = 610 μm and 0.2 km/s at a wavelength of
λ = 158 μm. The single-sideband receiver noise-temperatures are average values which
can be achieved with SIS mixers coupled to a telescope beam, i.e. including the atmo-
spheric contribution to the noise temperature.

# T SSB
rec [K] Δνch [MHz] ΔT [K] Np

1 1000 1 0.1 1

2 500 1 0.1 1

3 500 1 0.1 8

4 1000 1 0.1 120

5 500 1 0.1 120

6 500 1 0.1 480

7 4000 1 0.1 1

istry and the molecular cloud structure are crucial for the evolution of a molecular
cloud. This can only be resolved by high-angular resolution instruments.

Detector arrays significantly improve the observation efficiency. A straightfor-

8
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potential of these instruments like for example discussed by Goldsmith [2011].
Assuming proper Nyquist sampling and a final image with angular resolution
equal to θ (table 1.1), the ratio of the solid angle of the survey to the solid angle
of the antenna beam, Ωsurv/Ωb, can be expressed as

Ωsurv

Ωb

= NptsurvεΔνch

(
ΔT

T SSB
rec

)2

, (1.2)

which results in the total time for a survey

tsurv =
Ωsurv

Ωb

(
T SSB
rec

ΔT

)2
1

εΔνchNp

. (1.3)

In the above formulas, T SSB
rec is the single-sideband receiver noise-temperature,

ΔT is the temperature resolution which one would like to achieve and Δνch is
the spectrometer’s intermediate-frequency channel bandwidth. Further details
are given in section 1.2.1 and figure 1.4. The mapping efficiency ε depends on the
time for calibrating the telescope, slewing, telescope acceleration, etc., and Np is
the number of detectors in the array.

Table 1.1 summarizes the time tsurv needed for a survey with Ωsurv = (1◦)2 =
3600′2 for four different observatories. Due to the large focal plane of CCAT, this
telescope allows to operate a larger array than for example APEX or NANTEN
2. Presently, SOFIA is not used as a mapping instrument, however, in the near
future the upGREAT instrument will be commissioned and will provide observa-
tions on SOFIA with a small heterodyne array of HEB mixers. The survey time
given in table 1.1 for SOFIA is thus an unfair comparison, however, it quantifies
the difference between the instruments as of now. For example, with an array of
120 detectors, CCAT can survey a solid angle of (1◦)2 three times faster and with
a twice as large resolution than APEX could do that with an array of 8 detectors.
Nonetheless, for the detector development in this thesis, APEX and NANTEN 2
are very important platforms since they provide the possibility to test small array
concepts which have a technological impact on the detector array development
for CCAT.

Arrays of detectors are not only used for large scale mapping as described
above. They have a second important aspect when they are used in the terahertz
frequency regime. Here they are needed to efficiently use the sparse observation
time which is a difficult task because of the changing weather conditions. In these
circumstances an array of detectors is employed to e.g. spatially resolve nearby
galaxies with a single-shot read-out of the detector signal.

In order to conclude this section, the text below discusses a major disadvan-
tage of the array concept realized in the SMART receiver operated at NANTEN
2. The discussion below has had a major impact on the detector technologies
studied in this thesis. In particular, SMART is not easily scalable to significantly
more than sixteen pixels, mainly due to the following reasons:

9
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1. The distribution of the reference frequency radiation (compare with sec-
tion 1.2.1) to the individual mixers is achieved using a Fourier grating [Graf
and Heyminck, 2001]. Due to the low output power of THz LO sources,
this approach limits the maximum number of the pixels one can achieve in
an heterodyne array.

2. Nowadays, synthesizer-driven local-oscillator sources (SLO’s) are being used
as reference-frequency sources over a large part of the terahertz frequency
regime up to approximately 3 THz due to their easy operation. Chapter 6
of this thesis describes a method which quantifies the noise contribution of a
SLO. We find that the equivalent noise contribution for present SLO devices
is comparable to the receiver sensitivity. This noise contribution, therefore,
degrades the performance of a conventional multi-pixel array usually using
a single-ended mixer technology. In order to fully exploit the advantage
of a many-pixel heterodyne array it is necessary to use a mixer technology
which is not sensitive to the noise coming from the SLO, like balanced
mixers [Kooi et al., 2012; Westig et al., 2011; Serizawa et al., 2008; Maas,
1986].

3. A third major disadvantage is that the sky signal and the reference fre-
quency are superimposed using optical diplexing. For many pixels this is
usually achieved with Martin-Puplet or Fabry-Pérot interferometers which
lead to two major disadvantages. First, this way of combining two sig-
nals works only over a certain bandwidth and limits the instantaneous
intermediate-frequency (IF) bandwidth of the heterodyne receiver system.
Second, the complexity of the interferometer increases with the pixel num-
ber and eventually large interferometers are needed in multi-pixel hetero-
dyne receivers which increase the system complexity.

These reasons justify to reconsider how sky signal and reference-frequency radi-
ation can be superimposed in a more efficient way which does not limit the IF
bandwidth, does not increase the system complexity and to suggest a technology
most suitable for arrays of detectors.

1.2 Photon detectors for radio astronomy - Ar-

rays and fundamental sensitivity

1.2.1 Coherent and incoherent detection

Coherent and incoherent photon detectors differ in their detection principle and
the maximum sensitivity they can achieve. While incoherent detectors cooled to
milli-Kelvin temperatures where phonon noise (temperature fluctuations), noise
from amplifiers and/or thermal loading and Johnson-Nyquist (white) noise are
negligible, are ultimately only limited by photon-fluctuation noise, coherent de-
tectors are fundamentally sensitivity limited due to the Heisenberg uncertainty
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principle, even at milli-Kelvin temperatures. This section shortly summarizes the
advantages and disadvantages of these two types of detectors with respect to an
array configuration.

An upcoming trend in radio-astronomical terahertz instrumentation is to re-
alize a technology very similar to what already has been realized in visual and
infrared astronomy using CCD cameras. Incoherent terahertz detectors consist
of simple circuitry. This is in particular the case for the MKID [Day et al., 2003]
where additional simplicity is provided by the fact that most of the read-out cir-
cuitry is operated at room temperature. A very elegant frequency-domain mul-
tiplexing technique was already demonstrated where only two microwave ports
are needed to read-out hundreds of these devices. It seems that the realization
of a large array is quite feasible where pixel numbers of 1000 or even 10000 will
be realized for future astronomical instruments where only intermediate spectral
resolution is needed. On the other hand, high spectral resolution of a signal is
difficult to achieve in a receiver which uses incoherent detectors. For example, a
spectral resolution of 105-106 at a wavelength of 300 μm necessitates a 30-300 m
grating spectrometer in-front of such an array. From a practical point-of-view
such a system is clearly not possible.

Fabry-Pérot interferometers only transmit a limited bandwidth of frequencies,
hence, they have a disadvantage in sensitivity when combined with a direct-
detector array since they throw away photons and have to be scanned in order
to obtain a complete frequency-spectrum.

Coherent receivers like the one shown in figure 1.4 easily achieve very high
spectral-resolution due to the heterodyne technique. The central element of a
heterodyne instrument is a mixer which shows a strong nonlinear current-voltage
(I-V) characteristic (compare with figure 1.5). The high-frequency sky signal νRF

in the range 0.3-3 THz is down-converted to frequencies in the total IF bandwidth
ΔνIF of the receiver in the frequency mixing device (detector) which produces the
beat frequency between a reference signal (local oscillator, LO) with frequency
νLO and the sky signal (RF). Intermediate frequencies are practically in the 4-
20 GHz range. Among higher order terms and for a double-sideband receiver
νIF = |νRF − νLO|. Commercially available backend electronics, like cryogenic
low-noise amplifiers and spectrometers are used to further process the IF signal.
The typical channel bandwidth Δνch of a high-resolution IF backend spectrometer
is of order 100 kHz. Consequently, a 4 GHz IF signal can be resolved with a spec-
tral resolution of order 105 due to the frequency down-conversion process of the
high-frequency RF signal. It is difficult to put a large array of coherent detectors
into practice, since e.g. in a SIS detector a magnetic field is needed to suppress
the Josephson effect and the detector circuitry is more complex compared to in-
coherent devices. It consists of several microwave circuit-elements like impedance
transformers, transmission-line transitions and different materials. For example,
detector designs make use of combinations of different superconducting materials,
hybrid structures including also normal conducting metals and various dielectric
materials used for example as detector substrates or isolating circuit elements.
This complexity has to be compensated by smart technologies to realize at least
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Figure 1.4: Sketch of a conventional double-sideband single-pixel heterodyne setup.
The inset in the top right shows the down-conversion scheme. The two sidebands (LSB
= lower sideband, USB = upper sideband) contain the desired (signal) frequency νRF .
The LO carrier frequency is a strong continuous-wave line symmetrically between the
upper and the lower sideband. In a double-sideband receiver during the downconver-
sion process, both sidebands are convolved into the intermediate-frequency band with
width ΔνIF . The IF spectrometer resolves the measured spectrum down to its channel
bandwidth Δνch. Usually, LO and sky signal are superimposed inside a diplexer within
a limited bandwidth and are then fed into the mixer device. When a beamsplitter is
used instead of a diplexer (shown schematically in this figure), it does not limit the IF
bandwidth, but in this case a LO is needed having a high output power.

a medium size array of for example 100 SIS detectors in the near future in our
laboratory.

For a single-pixel receiver consisting of one incoherent detector, a measure for
the sensitivity is the noise-equivalent power (NEP). It is defined as the signal
power at the input of a detector which is necessary to produce a signal-to-noise
ratio of unity at the output of the detector in Δν = 1 Hz detection bandwidth and
is measured in units of W/

√
Hz through the voltage noise and the responsivity. An

incoherent detector is a device which measures power through sensing the square
of the amplitude of the electromagnetic field. In the detection process there is
no principle sensitivity limit, however, along with noise sources contained in the
detector system itself, the sensitivity is limited due to photon fluctuations of the
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thermal background. Assuming that no noise source is present, a measurement
with a second detector attached at the output of the incoherent detector would
measure exactly 0 W per unit bandwidth.

The sensitivity of a single-pixel coherent receiver consisting of one coherent de-
tector is usually expressed in terms of an equivalent input noise-temperature Trec.
The measurement of this quantity uses the standard Y -factor method [Rohlfs and
Wilson, 1999]. Dependent on whether only one sideband or two sidebands are in-
cluded in the characterization of the receiver, Trec is defined as the single-sideband
receiver noise-temperature and is denoted with the symbol T SSB

rec or is defined as
the double-sideband receiver noise-temperature and is denoted with the sym-
bol TDSB

rec . In order to circumvent difficulties in the definition of the receiver
noise-temperature due to quantum mechanics, it is beneficial to define this quan-
tity not as an equivalent temperature of a resistor but as follows: The receiver
noise-temperature Trec is equal to a temperature given by the exchangeable input
noise-power per Hertz of a radiation source divided by the Boltzmann constant
which, coupled to the input of a noiseless but otherwise identical receiver, gives
the same output noise-power density as that of the actual receiver connected to
a radiation source at absolute zero temperature [compare with remarks in Kerr,
1999]. An application of this definition is given in this thesis in section 2.1 in
the framework of the fluctuation-dissipation theorem from which a first-principles
derivation of the detector sensitivities is obtained. Trec can be decomposed into
the single noise contributions coming from each element in the receiver,

Trec = T1 +
T2
G1

+
T3

G1G2

+ · · · = T1 +
n∑

i=2

Ti∏i−1
j=1Gj

. (1.4)

The variables Ti and Gi are the equivalent noise temperatures and gains of each
element shown in figure 1.4. After an integration time τ the minimum detectable
temperature is equal to [Stutzki, 2007; Rohlfs and Wilson, 1999]

ΔT =
Trec√
τΔνIF

, (1.5)

where ΔνIF is the intermediate-frequency (IF) bandwidth. A comparison between
NEP and Trec is provided by the relation

NEP = kBTrec
√

ΔνIF , (1.6)

where a factor ”2” has to be included when Trec is measured in a single-sideband
receiver. When the output noise-power equals the input noise-power, Trec = 0.
Particularly this result is never possible when using a coherent detector since
this device amplifies at least the vacuum fluctuation of the electromagnetic field
into the classical regime where it is finally measured, provided that the detec-
tor is phase insensitive, i.e. measures equally the amplitude and the phase of
a signal. In fact the following statement always holds. The minimum output
noise-temperature referred to the input of a coherent receiver is equal to hν/kB
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(≈ 47 K/THz, quantum limit) like derived in section 2.1 of this thesis in the
framework of the fluctuation-dissipation theorem. This is the fundamental ex-
planation for the sensitivity limit observed during the characterization of the
detectors developed in this thesis (compare with chapter 5).

In contrast to these detectors, for an incoherent detector, the vacuum energy
of the electromagnetic field does not represent an exchangeable energy and can-
not be measured, therefore, does not represent a sensitivity limit [Clerk
Gavish et al., 2000], also shown in section 2.1. This result is once more obtained
theoretically in appendix A.2.2 on the basis of a two-level system (electron in a
magnetic field), modeling the incoherent detector. Here we can highlight unam-
biguously the fundamental difference between the detection modes when using
an incoherent and on the other hand a coherent detector.

1.2.2 Superconductive waveguide mixers on silicon mem-
branes

Circuit elements with a strong nonlinear current-voltage (I-V) characteristic can
be used in radio-frequency (RF) circuits as frequency mixers and are implemented
in heterodyne receivers in order to provide coherent detection of signals with high
spectral resolution (figure 1.4). For submm frequencies, nowadays two common
frequency mixers are Nb/AlOx/Nb or high current-density Nb/AlN/Nb [Kawa-
mura et al., 2000; Zijlstra et al., 2007] superconductor-insulator-superconductor
(SIS) contacts and thin (≈ 4 nm) superconducting films which are the most im-
portant elements in hot-electron bolometer mixers (HEBs). SIS receivers were
first reported in the 1979’s [Richards et al., 1979; Dolan et al., 1979]. Nowadays,
SIS device research focusses on increasing the detection frequency together with
achieving the highest sensitivity [Zmuidzinas and Richards, 2004].

The first reported bolometer mixers were made of the semiconducting mate-
rial InSb in a balanced-mixer configuration [Phillips and Jefferts, 1973]. In these
devices, instead of the strong nonlinear I-V characteristic of a superconducting
thin-film microbridge (HEB), the nonlinear I-V characteristic of the InSb ma-
terial was used for heterodyne mixing. On the other hand, state-of-the-art su-
perconducting HEB detectors use films of either NbTiN or NbN superconductors
[Pütz et al., 2012], however, their functionality is not restricted to these materials
only. Bevilacqua et al. [2012] shows a measured performance of a HEB detec-
tor at 600 GHz of 600 K by using a MgB2 film. The motivation of using MgB2

films or other high-gap superconducting materials is to overcome the decreased
IF bandwidth of HEB mixers (0-3 GHz) which represents a major limitation in
radio-astronomical observations and molecular line surveys. In contrast to that
is the wide IF bandwidth of SIS mixers which practically covers the frequencies
0-20 GHz and is only limited by technical challenges like the design of broadband
IF circuitry. The text below compares SIS and HEB mixer technologies with
respect to their applicability to heterodyne arrays of detectors.

At KOSMA, the traditional mixer technology are waveguide mixers, mainly
motivated by the needs of the optical setups in radio telescopes. The first optical
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