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Kurzfassung

Seit der Entdeckung der Supraleitung durch Heike Kommerlingh Onnes im Jahre 1911 wa-
ren supraleitende Systeme Gegenstand intensivster Forschung. Insbesondere im Bereich der
rauscharmen Signaldetektion kommen die Vorteile von gekiihlten supraleitenden Komponen-
ten in besonderem MaBle zum Vorschein. Die weltweit empfindlichsten Empfanger werden
daher auf Basis von supraleitenden Komponenten realisiert.

Die Anwendung von Supraleitern im Zusammenspiel mit dem im Jahre 1962 entdeckten
Josephsoneffekt ermdglichen die Realisierung einer Vielzahl an Bauteilen. Die erfolgreichs-
ten Bauteile und Anwendungen sind hierbei zum Beispiel die Spannungsstandardisierung
mit einer bis dahin unerreichten Genauigkeit. Dariiber hinaus konnen empfindlichste Ma-
gnetfeldsensoren auf Basis von sogenannten Superconducting Quantum Interference Devices
(SQUIDs) realisiert werden. Die Entwicklung von Rapid Single Flux Quantum (RSFQ) ba-
sierter Logik ermoglichte dariiber hinaus auch die Realisierung von logischen Operationen
mit einer Taktfrequenz, welche die der heutigen Halbleitertechnologie um ein Vielfaches
ibertrifft. Dies und auch die Realisierung von Quantencomputern, basierend auf Quantum-
bits (QBits), sind Gegenstand der aktuellen Forschung.

Das drei-Schichtsystem, das den Josephsoneffekt ermdglicht, besteht aus zwei Supra-
leitern, welche durch eine diinne Barriere voneinander getrennt sind. Diese Barriere kann
durch unterschiedlichste Materialien realisiert werden. Ohne Beschrinkung der Allgemein-
heit werden in dieser Arbeit jedoch lediglich Isolatoren als Barrierenmaterial betrachtet. Die-
se Supraleiter-Isolator-Supraleiter (SIS) Strukturen bilden die Basis fiir die Realisierung von
extrem empfindlichen Heterodynempfiangern. Fiir einen solchen Heterodynempfinger wird
ein Bauteil mit moglichst nicht-linearer Kennlinie benétigt. Dieses nicht-lineare Bauteil wird
mit einem lokal generierten Oszillatorsignal und dem zu empfangenden Signal beaufschlagt.
Aufgrund der Nichtlinearitit entstehen Intermodulationsprodukte der beiden Eingangssignal-
frequenzen. Dieser Vorgang wird als Mischvorgang und das nicht-lineare Bauteil als Mi-
scher bezeichnet. Da SIS-Kontakte hochgradig nicht-lineare Kennlinien aufweisen, eignen
sich diese in besonderem MafRe fiir einen Einsatz als Mischer. Insbesondere im Bereich des
empfindlichen Empfangs von Signalen im sub-mm Wellenldngenbereich erweisen sich die
SIS-Mischer als iiberlegen gegeniiber jeder anderen Technologie.
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Zusitzlich zu Mischer und Lokaloszillator wird auch eine Antenne benétigt, welche das zu
empfangende Signal aus dem Freiraum in eine leitungsgebundene Ubertragung iiberfiihrt.
Um eine effiziente Signaliibertragung von Antenne zu Mischer zu erzielen, werden meist
verlustarme, supraleitende Ubertragungsleitungen verwendet. Nicht-integrierte Mischersys-
teme werden mit einem separaten, externen Lokaloszillator realisiert. Um einen supralei-
tenden, integrierten Empfidnger zu realisieren, muss der Lokaloszillator mit dem Mischer
und der Antenne auf einen gemeinsamen Chip integriert werden. Im Falle von SIS Mi-
schern bietet sich die Realisierung des Lokaloszillators als Flux-Flow Oszillator an, da dieser
in der identischen Technologie hergestellt wird. Aufgrund der gleichen Technologie kann
die Herstellung zeitsparend durchgefiihrt werden und es kann auf eine Doppelprozessie-
rung des gleichen Chips mit unterschiedlichen Technologien verzichtet werden. Das aktu-
ell am hiufigsten verwendete Supraleitermaterial ist reines Niob (Nb). Aufgrund der ho-
hen Reproduzierbarkeit und der chemischen Stabilitdt wird damit das drei-Schichtsystem
Niob/Aluminium-Aluminiumoxid/Niob (Nb/AlOx/Nb) realisiert. In dieser Technologie wur-
den integrierte Empfinger bereits realisiert und erfolgreich eingesetzt.

Der Einsatz dieser Empfinger ist jedoch auf einen Frequenzbereich begrenzt welcher
durch die Energieliicke der verwendeten Supraleiter bestimmt ist. Daher konnen die auf Niob
basierten integrierten Empfanger nur bis zu einer oberen Grenzfrequenz von ca. 700 GHz
betrieben werden. Um die Grenzfrequenz zu erhohen, miissen alternative supraleitende Ma-
terialien verwendet werden. Ein vielversprechendes supraleitendes Material ist Niobnitrid
(NbN), welches eine theoretisch maximale Frequenz von 1.4 THz aufweist. Die Herstellung
von NbN ist jedoch deutlich aufwindiger und schwieriger als bei Nb. Insbesondere das Sub-
stratmaterial spielt bei der Herstellung von qualitativ hochwertigen NbN-Schichten eine ent-
scheidende Rolle. Das Substratmaterial, auf dem die mit Abstand hochwertigsten Schichten
realisiert werden konnen, ist Magnesiumoxid (MgO). Bisher konnten auf anderen Substrat-
materialien ohne Zwischenschicht keine vergleichbaren NbN-Filme abgeschieden werden.
Aufgrund der hygroskopischen Eigenschaften von MgO wire ein anderes Substratmaterial
jedoch von Vorteil.

Daher soll im Rahmen der vorliegenden Arbeit die Abscheidetechnologie fiir qualitativ
moglichst hochwertige NbN Diinnfilme auf Silizium- und Saphirsubstraten entwickelt und
optimiert werden . Dies soll mit Hilfe eines drei-Kammer Sputtersystems erreicht werden.
Das Hauptkriterium ist hierbei die erzielte Energieliicke der resultierenden Filme. Dariiber
hinaus sollte die Oberflichenrauhigkeit der 200 nm dicken Schichten moglichst gering aus-
fallen, um eine elektrisch dichte Barriere zu erméglichen. Nur wenn beide Kriterien erfiillt
werden, konnen qualitativ hochwertige SIS-Kontakte realisiert werden. Da der komplexe
Depositionsprozess eine Vielfalt an beeinflussenden Prozessparametern enthilt, kann im All-
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gemeinen nicht nur einer der beiden Filmeigenschaften exklusiv beeinflusst werden, sondern
nimmt in der Regel auch Einfluss auf das jeweils andere Qualititskriterium. Daher wurde eine
Optimierungsstrategie entwickelt, welche eine gezielte Beeinflussung der Filmeigenschaften
durch bestimmte Prozessparameter erlaubt. Durch die Optimierung konnte die Energieliicke
der NbN Filme insbesondere auf Saphir deutlich verbessert werden, sodass diese Schichten
einen Betrieb der Empfinger bei Frequenzen > 1 THz ermdglichen sollten.

Um ein moglichst hohes Mal3 an Flexibilitit bei dem Entwurf der Hochfrequenzschaltun-
gen zu erhalten, wurde der Strukturierungsprozess untersucht und optimiert. Die Optimie-
rung zielt hierbei auf die zuverlidssige Realisierung von moglichst geringen lateralen Abmes-
sungen ab, ohne dabei die Prozessierungsdauer stark zu erhohen. Es kann gezeigt werden,
dass StrukturgréBen bis hin zu 500 nm bis in die obersten Schichtebenen realisiert werden
konnen.

Auf Basis der ermittelten supraleitenden Eigenschaften der NbN Filme und der lateralen
Strukturierungsgrenzen konnen Hochfrequenzsimulationen durchgefiihrt werden, um Schal-
tungen zu entwickeln, welche den Betrieb eines supraleitenden integrierten Empfingers er-
moglichen. Dafiir ist es essentiell, die Materialparameter bei hohen Frequenzen zu bestim-
men und in die Simulationen zu integrieren. Eine weitere Herausforderung besteht in der
korrekten Représentation der beiden aktiven Elemente in der Simulationssoftware. Mittels
dreidimensionalen Feldsimulationen werden die Einzelteile der Hochfrequenzschaltungen
entwickelt. Aufgrund der hohen Komplexitit des Gesamtsystems eines vollintegrierten He-
terodynempfingers werden mit den entworfenen Einzelteilen zunichst Teilsysteme realisiert,
um bestimmte Fragestellungen an vereinfachten Prototypen untersuchen zu konnen. Die Fra-
gestellungen beziehen sich hierbei sowohl auf die zuvor bestimmten Materialparameter, als
auch auf die korrekte Implementierung des Mischers und des Flux-Flow Oszillators in die
Simulation. Durch die gute Ubereinstimmung der gemessenen mit den simulierten Eigen-
schaften dieser Prototypen, konnten die Simulationen verifiziert werden.

Auf dieser Basis wurde ein vollintegrierter Empfianger fiir eine Betriebsfrequenz von
750 GHz entworfen. Trotz der guten Ubereinstimmung zwischen Simulation und Messung
der Prototypen, zeigt dieser vollintegrierte Empfinger jedoch nicht das erwartete Verhalten.
Es kann lediglich eine Leistungsiibertragung von Flux-Flow Oszillator zu Mischer bei deut-
lich niedrigeren Frequenzen nachgewiesen werden. Trotz des unerwarteten Verhaltens wur-
den mehrere dieser Bauteile auf ihre Eigenschaften hinsichtlich der Strahlungseinkopplung
iiber die Antenne hin untersucht. Diese optische Charakterisierung zeigt eine Signaliiber-
tragung bei Frequenzen bis zu 777 GHz. Eine Erkldrung fiir dieses Verhalten konnte auch
durch eine Analyse moglicher Ursachen bisher noch nicht gefunden werden. Der Frequenz-
bereich, in welchem eine Leistungsiibertragung zwischen Flux-Flow Oszillator und Mischer
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nachweisbar ist, erstreckt sich von 300 bis 400 GHz. Daher wurden diese Empfinger in die-
sem Frequenzbereich betrieben, und der Empfangerbetrieb konnte durch externe Strahlung
in Verbindung mit dem Flux-Flow Oszillatorsignal erfolgreich nachgewiesen werden.

In der vorliegenden Arbeit wurde somit ein Herstellungsprozess entwickelt und optimiert,
um qualitativ hochwertige SIS-Kontakte auf Saphirsubstraten zu realisieren. Durch die Op-
timierung des Abscheideprozesses von NbN Diinnfilmen konnte die Filmqualitidt deutlich
verbessert werden. Die damit realisierten Josephson Kontakte zeigen ebenso eine deutliche
Verbesserung der Eigenschaften, insbesondere der Energieliicke. Die erzielten Materialei-
genschaften wurden in eine Hochfrequenzsimulation integriert, mittels derer eine Schaltung
fiir einen integrierten Empfinger erstellt wurde. Diese Schaltungen wurden realisiert, und der
Betrieb eines integrierten supraleitenden Heterodynempfiangers in NbN Technologie konnte

demonstriert werden.
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1 Introduction

The developments and improvements in signal detection significantly enhance the capabil-
ities of other research fields such as radio astronomy, which includes but is not limited to
the investigation of the material composition of objects and galaxies in outer space. This
can be done by analyzing the radiation emitted from these objects, which is in many cases
in the sub-mm wavelength range. The very low intensity of these radiation signals in this
high-frequency range and the awareness, that there is no amplifier with a noise temperature
low enough to reasonably process such a signal, raises the demand of ultra-sensitive detectors
and receivers for radio astronomy.

The devices used for the detection of such signals can be subdivided into two groups: The
first group consists of the incoherent or direct detectors, in which the detection mechanism is
based on the rectification of an incoming signal. The most prominent representative of these
devices is the bolometer which is the most sensitive detector for THz radiation known to
day [1]. The output signal generation is hereby based on the transformation of the incoming
radiation signal to thermal energy, which leads to an increased temperature of the bolometer.
The temperature induced resistance change creates the output signal of the bolometer. This

group of detectors suffers from their low spectral resolution

\%

=y’ (1.1

where the frequency of the signal of interest is given by v and the bandwidth of the output
signal Av. For direct detectors, R is typically in the range of R =~ 10 [1]. Nevertheless, due
to their high sensitivity, bolometer type direct detectors are widely used in systems which do
not require a high spectral resolution rather than ultra-high sensitivity.

Since a significant effort of radio astronomy is dedicated to the recognition of single spec-
tral lines of molecules [1-7], devices with ultra-high spectral resolution at frequencies in the
THz range are of particular interest. This requirement can be granted by the second major
group: the coherent or superheterodyne receivers. The operation principle of such a receiver
is based on the down conversion of an incoming signal to a much lower frequency range, the

baseband. This frequency conversion is achieved by using a mixer, which is a device with a
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strong non-linearity in its transmission characteristic. The non-linear device is subjected to
the small signal of interest and another much stronger signal, generated by a local oscillator.
Due to the much lower frequency of baseband, commercial electronics can be used for the
detection of the signal. Therefore, a high spectral resolution is achieved, with actual values
ranging from R = 10° [1] to R < 108 [8].

As opposed to the direct signal detection, a superheterodyne receiver conserves both, the
amplitude as well as the phase of the signal and is thus subject to the Heilenberg uncertainty
principle. This results in a fundamental quantum limit to the sensitivity, which can however
not be achieved by applying classical mixer diodes or even super Schottky diode mixers
[9, 10]. A large improvement in sensitivity can be achieved by the employment of bolometers
as mixing elements. The application of bolometers as direct detectors has been discussed
above. However, if the time-constants of a bolometer are small enough to follow an incident
radiation signal, this device can be employed as a mixer. The first bolometers employed as
mixers suffered from a strongly limited intermediate frequency bandwidth of less than 1 GHz
[11]. The development of hot-electron bolometers (HEBs), relaxed this extreme drawback,
increasing the intermediate frequency to values around 6 GHz [12, 13]. Research is ongoing
to further increase the intermediate frequency bandwidth [14]. HEB based devices are not
limited in operation frequency and have been shown to exhibit noise levels at the order of the
quantum limit.

The only mixer device with a higher sensitivity is the Superconductor-Insulator-Super-
conductor (SIS)-based quasiparticle mixer. After the deployment of these devices as mixers
and the quantum generalization of the mixer theory by Tucker [15, 16], it became clear, that
these devices are actually able to reach the quantum limit [9, 10], while offering larger in-
termediate frequency bandwidths as compared to the HEB based receivers. The SIS-based
receivers can be operated up to an upper frequency limit imposed by the gap frequency of
the employed superconductors. Due to their superior properties, this type of receiver is em-
ployed in virtually all radio-astronomical research facilities observing the mm and sub-mm
wavelength range.

The first SIS-based heterodyne receivers employed in radio astronomy were realized with
a Pb based technology. These devices suffered from chemical instability and strong limita-
tions in operation frequency. The discovery of the niobium-aluminum oxide-niobium (Nb-
/Al-AlOx/Nb) technology was a major improvement. This technology is nowadays the most
mature superconductor-insulator-superconductor technology and used in a wide variety of
applications. It was a key technology for the realization of reliable and chemically stable de-
vices such as Superconducting Quantum Interference Devices (SQUIDs), Rapid Single Flux

Quantum circuits (RSFQ) or voltage standards and also induced a significant improvement
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in the receiver technology, enabling the realization of ultra-low noise heterodyne receivers
with significantly higher frequencies up to the gap frequency of niobium of 700 GHz. In
order to overcome the limitations and further increase the operation frequency, research is
nowadays focused on the substitution of niobium as electrode and transmission line material
by other superconductors with higher gap frequencies such as niobium nitride (NbN) or nio-
bium titanium nitride (NbTiN) [17-22]. The fabrication technology of these superconductors
is much more challenging, which is why numerous hybrid attempts have been investigated
and demonstrated. This includes the realization of the mixing element in the well-established
niobium based technology, embedded in an RF network which is realized by superconductors
with higher energy gaps. Other approaches also substitute one of the electrodes with a higher
energy gap superconductor. The highest frequency will be achieved with the employment of
superconductors with highest energy gaps for each metalization layer. Therefore, research
is continuing, aiming at an increase in operation frequencies of the receivers by introducing
superconductors with higher energy gaps. Another important criterion for the SIS mixers
is their RF bandwidth, which is determined by the mixer capacity. In order to increase the
mixer bandwidth, SIS trilayers with high critical current densities are of interest. However
the aluminum oxide barrier in the Nb/AlO4/Nb technology seems to exhibit a limitation in
critical current density at around 15 kA /cm?. In order to increase the critical current density,
the aluminum oxide is replaced with aluminum nitride (AIN), which enabled a significant
increase in the critical current density [23].

Apart from increasing the operation frequency and the bandwidth of a single pixel receiver,
the overall size, weight and power consumption of such a receiver is another aspect that has
to be considered. Especially air or space borne applications would significantly benefit from
a system with low weight and low power consumption. Therefore, an integration of as many
parts as possible on a single chip is beneficial. The integration of the passive components
such as the antenna or the matching transformer poses no significant challenge due to the
high quality of fabrication of planar structures and transmission line technology. However,
the integration of a local oscillator requires the implementation of an active device, which
generates THz radiation on the same substrate. This local oscillator can be realized by a flux-
flow oscillator (FFO) which can be fabricated in the same technology as the SIS mixer. A
system integrating a SIS-based mixer with a flux-flow oscillator is called a superconducting
integrated receiver (SIR). The employment of a flux-flow oscillator as a local oscillator also
offers the possibility to create an array of single pixels on a single chip, further decreasing
the space consumption of the heterodyne instruments.

In the context of the possible improvements presented above, this work is dedicated to the

development of an integrated receiver based on niobium nitride electrodes and an aluminum
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nitride barrier. The basics necessary for understanding the optimization processes are pre-
sented in chapter 2 and 3, including both, the high-frequency fundamentals as well as the
physical background. The properties of the superconductors relevant for the optimization
are introduced along with the optimization itself is presented in chapter 4. The optimiza-
tion hereby focuses on the achievement of a maximized energy gap and a minimized surface
roughness of the niobium nitride films. The complex deposition process is therefore in-
vestigated regarding various deposition parameters. The optimization strategy is presented
along with the extracted dependencies. Furthermore, the aluminum nitride barrier deposition
is discussed. Using these optimized deposition parameters, the resulting junctions exhibit
significantly higher quality parameters as compared to those prior to the optimization. For
the development of an integrated receiver based on the developed technology, the receiver
is divided into single components, which can be optimized in simulations individually. The
development of these single components is discussed in chapter 5. Due to the high complex-
ity of an entire integrated receiver, initially, subsystems thereof are designed, fabricated and
characterized, which is presented in chapter 6. With this gained knowledge, the character-
ization of a subsequently realized fully integrated receiver is done. This characterization is
presented in chapter 7.



2 Fundamentals of the heterodyne
principle and microwaves

The signal recognition by means of a heterodyne receiver is nowadays one of the most com-
mon receiving techniques employed in a wide variety of applications and measurement tools.
This includes simple applications such as radio, but also more complex applications such as
mobile phone communication, radar applications and high performance RF measurement
tools such as network or spectrum analyzers or satellite communication. Due to the high
level of frequency resolution, these receivers are even employed in radio astronomy and at-
mospheric research. This chapter shows the state-of-the-art millimeter and sub-millimeter
wave detection after which the concept of heterodyne receivers is introduced, along with the

necessary fundamentals of microwave technology and the most important quantities.

2.1 State-of-the-art of sub-mm wave detection

The unmatched performance of superheterodyne receivers resulted in an extensive investiga-
tion and development for their deployment in various research facilities covering the entire
spectrum from a few tens of GHz up to exceeding 1 THz [19, 24-36]. Today, these receivers
are present in almost all of the worlds millimeter and sub-millimeter wave observatories
such as the ground based Atacama Large Millimeter/Submillimeter Array (ALMA), the air-
borne systems TErahertz and sub-millimeter wave limb sounder (TELIS) and Stratospheric
Observatory For Infrared Astronomy (SOFIA) or the spaceborne Herschel Space Observa-
tory. The state-of-the-art superheterodyne receiver technology can be demonstrated using the
ALMA or the SOFIA instrumentation, where the latter incorporates the GREAT instrument
(German REceiver for Astronomy at Terahertz Frequencies) which employs HEB based re-
ceivers to cover a frequency span from 1.25 THz to 5 THz with a spectral resolution as high
as R < 108. The ALMA instrumentation uses SIS-based heterodyne instruments to cover a
frequency range from 84 GHz up to 950 GHz with nearly quantum-limited sensitivity [9, 37].
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2.2 Heterodyne detection

The fundamental principle of superheterodyne detection is based on the simultaneous trans-
mission of two signals to a mixing element. This mixing element exhibits a strongly non-
linear current-voltage characteristic. An illustration of such a setup is given in figure 2.1a.
The two signals are the signal of interest (RF) and the local oscillator (LO) signal which are
combined in a signal combiner and then simultaneously fed to the mixing element. The op-
eration point of the mixer is set by the amount of incident power of the local oscillator. This
process is called pumping.

Due to the non-linear current-voltage characteristic, the output signal of the mixer does
not only contain the superimposed signals, but also the intermodulation products of the in-
put signals. This includes among others, the difference in frequencies which is called the
intermediate frequency (IF). If the local oscillator frequency was selected close to the fre-
quency of the signal of interest, the intermediate frequency is in the range of a few GHz.
This frequency can be extracted by filtering with low-pass or band-bass filters and can then
be amplified and further processed using commercially available low-noise amplifiers and
electronics. A receiver system with an external local oscillator, typically employs a Mylar
beam splitter or diplexer as signal combiner. The mixing process can be described mathemat-
ically by analyzing the current in the mixer. Applying the local oscillator and the RF signal

to the mixer results in a voltage change which can be expressed by
AV =Vipcos(ot) + Vrpcos((0+Am)t), 2.1

in which @ = 27v represents the frequency of the local oscillator. Aw is the frequency
difference between the local oscillator an the incoming signal. The signal amplitudes are
given by Vi, where we assume Vgp << VL o. Derivation of the Taylor series for I(Vy+ AV)
with the bias voltage Vj results in

I1=I(Vp)+ ar, (VLo cos(or) + Vrecos((@ +Am)t))

v
19% (1 1 22
+ 3372 <2Vfo + EVfO cos(201) + VLo Vre(cos((2w + Aw)r)) + cos(Awt)) .

In (2.2), terms with higher orders are neglected. The first term represents the bias (DC)
current, whereas the last term contains a part depending on the frequency difference of v o
and vrr. Figure 2.1b illustrates the down mixing process in the frequency domain. The red

arrow represents the local oscillator signal, the blue spectra represent two sidebands which
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Figure 2.1: Schematic illustration of the heterodyne principle. (a) depicts the schematic setup comprising the
incident signal fed to a mixing element along with a local oscillator signal. The intermediate fre-
quency among others contains a signal with the difference frequency of the two input signals After
a low pass filter, the signal is amplified and can then be processed. (b) depicts the operation of a
heterodyne receiver in the frequency domain. The upper and lower side band signals are both down
converted to the intermediate frequency.

are both down converted to the intermediate frequency band. This behavior can be seen
directly from equation 2.2. These two bands are called upper sideband (USB) for Vrr > V0
and lower sideband (LSB) respectively. Since both, the USB as well as the LSB are down
converted to the same IF frequency they are indistinguishable after down conversion. If one
of the bands is to be suppressed, it has do be realized in the RF path by e.g. a sideband
separating receiver. This is however not part of this work and the interested reader is referred
to [1, 38].

The frequency range that can be covered by the receiver is called the RF bandwidth and
determines the receiver operation frequency limits. In practical observatory facilities the
frequency spectrum to be monitored is typically large and a single receiver can not cover this
entire spectrum due to the limited bandwidth. Therefore, the large target spectrum is usually
subdivided into different bands, where each band can be covered by a single receiver.

Another important property of the receiver is the bandwidth of the intermediate frequency
(IF-bandwidth). This bandwidth has an immediate influence on the timing efficiency of the
investigation of a certain spectrum [1]. If a spectrum of interest exceeds the intermediate
frequency bandwidth, the local-oscillator frequency has to be adjusted accordingly multiple
times in order to characterize the entire spectrum. Therefore, higher IF-bandwidths lead to
shorter scan times to obtain a certain spectrum.

In order to characterize the noise properties of a receiver system, the amplifier chain has to
be considered. It is common in amplifier theory to characterize an amplifier by the means of

a noise temperature 7;,. This value refers to the temperature of a fictive black body connected
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to the input of an ideal, noiseless amplifier producing the same amount of output signal as
the noise power of the real amplifier. The noise power B, produced by such a black body at
the amplifier input is given by

P
En = kpTh, (2.3)

where B is the bandwidth of the amplifier and kg is the Boltzmann constant. Modeling the
noise source as an input of the amplifier, the output power of the amplifier is then given by

Pout = Gamp (Pm + Pn) 2.4

with the amplifier gain Gamp, the signal input power B, and the noise power F,. The gain
relates the power at the amplifier output to the input power and for a heterodyne receiver, it

can be written as

Pr
Gamp = PT;:' (2.5)
The noise temperature can be expressed as [1]
TOllt
T, = -T 2.6
n Gamp m» ( )

with 7; representing the particular temperatures. An ideal amplifier with P, = 0 leads to
Tin = Tou, which can not be achieved by a heterodyne system, since it is subject to the
Heiflenberg uncertainty principle due to the phase conservation during down conversion.
Thus, the minimum noise added to the input of the receiver is at least half a quantum of noise
(hv/2kg) [11.

Unlike an amplifier, which per definition has a gain greater than unity, heterodyne receivers
typically exhibit a gain smaller than unity due to intrinsic losses of the conversion process,
such as the creation of harmonics. This is referred to by the term conversion loss. However,
it has been predicted by Tucker [15, 39] that SIS-based heterodyne receivers can actually
exhibit a conversion gain under certain circumstances, which has been proven experimentally
in e.g. [24, 40, 41]. This result can only be obtained with an extremely sharp non-linearity
which can be exhibited by SIS tunnel junctions. This result emphasizes the superiority of the

SIS junctions in heterodyne receivers.

Conclusion

In this section, the fundamental concept of heterodyne receiving has been introduced. The

mixing of a high frequency signal with another signal with a similar frequency at a device
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with a strongly non-linear current-voltage characteristic allows a signal detection with an
extremely high spectral resolution. The down converted signal is at the order of a few GHz
and can be further processed with commercial electronics. Due to the phase conservation
of the incoming signal during down conversion, the sensitivity of a heterodyne receiver is
limited to the quantum limit given by the Heilenberg uncertainty principle, which can not be
reached by classical mixing elements such as diodes. The usage of superconducting elements
such as HEBs or SIS mixers allows to closely approach this limit. However, a receiver
is not only determined by its mixer properties, furthermore, the mixer is embedded into a
microwave environment, which requires a low loss power transmission to the mixer in order

to maximally exploit the mixer properties.

2.3 RF Power transmission
and impedance matching

This chapter is dedicated to the power transmission of radio frequencies. The fundamental
idea of impedance matching is introduced, as well as the impedance transformation using

transmission lines.

2.3.1 Transmission lines

Transferring RF power between two points in space is achieved by the usage of transmission
lines which can be cables or planar structures, that are specially designed for a high power
transmission. In most cases, they are formed by two wires, a conductor and a ground wire.
Modeling such a transmission line in order to derive the particular properties is done using an
equivalent circuit model as depicted in figure 2.2. In this equivalent circuit, an infinitely short
part of a transmission line with two wires is considered. The most important properties are
described as lumped elements, where the conductor wire is described by a resistor accounting
for Ohmic losses due to the finite resistance of the material and an inductance which accounts
for the inductance of the conductor wire. The two wires are typically separated from each
other by a dielectric medium which is characterized by its permittivity & and conductance G.
This conductance accounts for the losses that occur in the dielectric. The capacitor represents
the capacity determined by the geometrical setup of the transmission line as well as the

dielectric properties.
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Figure 2.2: General equivalent circuit of a transmission line. A transmission line is modeled using the lumped
elements given in the figure.

For the resulting circuit, the voltage and the current on a transmission line can be described
by

a\giz) — —(R + joL)I(z) 2.7)
‘9;(;) — (G + joC)V(2). 2.8)

These fundamental equations in transmission line theory are known as the telegrapher’s equa-
tions. Differentiation of both equations and subsequent substitution yields wave equations for
the voltage V(z) and the current /(z):

2
2 _pv=o 2.9)
9% (z)

52 YI(z) =0, (2.10)

with y= a+ jB = \/(R+ joL)(G+ joC) being the complex propagation constant of the

wave in the transmission line. Solutions for (2.9) and (2.10) are given by

V() = Ve "4V, el 2.11)
1(z) = I e ¥ + Iy e¥, (2.12)

using the convention with V* being the wave in positive z direction, whereas V™~ describes
the reflected wave and thus propagates in negative z direction. Applying (2.7) to (2.12), the
ratio between voltage and current can be written as

RPNy RPN
V() R+jol’  [R —i—J.a)L 7. 2.13)
1(2) Y G + joC
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Figure 2.3: A transmission line connected to a load impedance Z; . The transmission line is characterized by its
characteristic impedance Z, the propagation constant y and its length ¢.

This ratio has the physical unit of Q and is therefore named the characteristic impedance Zj.

The voltage waveform in (2.11) corresponds to a time domain signal given by
v(z,1) =|Vy | cos (wr — Bz+ DT ) e (2.14)
+|Vy | cos (wr — Bz+ D) e (2.15)
with &% being the phase angle of the complex voltage V;. This equation represents an atten-

vated sinusoidal wave. The decay is described by the attenuation constant ¢ and is given by
Re(a+jb)

o =Re(y) =Re <\/(R’ T jol) (G + ijl)) , (2.16)
and the wavelength A and phase velocity v, are

A2 2z (2.17)

B Im(\/(R’—i—ja)L’)(G’—i—ja)C’))
vp = AV 2.18)

with the frequency v. The relation between the reflected and the incident wave determines
the voltage reflection coefficient I'. This quantity can be used in order to qualify the amount
of reflected power on a transmission line terminated by a certain load as depicted in figure

23
N _4-%

= = , 2.19
V0+ Z1+2y ( )

where V0+ and V;;” represent the voltage amplitudes of the incident and reflected waves re-
spectively. I" can be a complex value with an absolute value between —1 and 1. If the load
impedance matches the characteristic impedance, this result in I' = 0. In case of I' = %1, all

power is reflected. Especially for multi-port devices, not only the reflection is an important
quantity, but also the transmission from a specific port to another.

11
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In order to quantify the transmission, it is convenient to use the scatter parameter (S- para-

meter) matrix. The complex S-parameter matrix of an N-port network is defined according

to:
_ Vi _ _ S S SiN N v _
Vi _ S0 S 0 SN Vi (2.20)
_VI\?_ _§N1 Sny §NN_ _VI\JIF_
V-] =I[s][V'] 2221
where the particular S-parameter valued are calculated as
S;: = Vi (2.22)

=ij + :
Vj Vi.F=0 for k#j

The values S;; are thus determined by driving a port i with an incident wave of voltage Vi+
where the input at every other port is set to zero. All other ports should thus be terminated by
matched loads. By monitoring the reflected wave V,™, the S-parameter can be calculated and
is typically given in decibels (dB). For a two port device, S;; equals the reflection coefficient
I' for this port. The power transmitted from port 1 to port 2 is given by S,;.

Lossless transmission line

The calculations of the properties of transmission lines were done for the general case so
far. This includes the consideration of the losses in the different materials. However in some
cases, the lossless approach is sufficient for an accurate modeling of a transmission line.
In this special case the losses in both, the conductor as well as the dielectric are neglected
(R = G' = 0). This approach is especially useful for low frequencies. In this case, the

propagation constant becomes a purely imaginary number
y=jovL'C. (2.23)

This implies that o = 0 and therefore results in a wave along the transmission line without

attenuation. The characteristic impedance simplifies to

Ll
Zo = Vol (2.24)

12
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Figure 2.4: Schematic cross section of microstrip transmission line (MS) and a coplanar waveguide (CPW)
with characteristic impedances. (a) Schematic cross sections of a microstrip transmission line and
a coplanar waveguide. (b) Example simulation of the achievable characteristic impedances of these
two types of transmission line for varying conductor width w;. The simulations with perfect electric

conductors as metallization are depicted by the solid lines whereas the calculated impedances by
the approximations given in (2.29) and (2.34) are depicted as crosses.

and the wavelength and phase velocity are given by

2n

[0} 1

Vp

The microstrip and coplanar transmission lines

As seen in (2.13) and (2.24), the characteristic impedance of a transmission line depends
on the inductance and the capacitance of the structure, which in turn are determined by the
material properties and the geometry of the transmission line. In microelectronics, almost
exclusively, the microstrip and coplanar transmission lines are used, since they can be minia-
turized and integrated in planar technologies. Figure 2.4a shows the schematic cross sections
of these two types of transmission lines which will be introduced in the following section.
The microstrip line is a transmission line type, where the ground plane is covered by a
dielectric on which the flat conductor wire, the microstrip, is located. Due to the fact, that

the dielectric does not fill the entire space (especially above the microstrip), a pure TEM

13
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wave such as in waveguides or coaxial cables can not propagate due to the different phase

velocities vy air and vp giel in the different media

Vpair = € (2.27)

&
el = —— 2.28
Vp,diel \/g—ra ( )

but propagate as a quasi-TEM wave. This also affects the characteristic impedance, for which

good approximations were found [38]:

60 8tdiel WMS <
V&I MS In (WMS + 4Tdie1> for wms /tdie1 < 1
ZoMS eff = , 1207 , for wts /il > 1 (2.29)
\/ EeffMS (‘:d':g +1.39340.6671n ( S 1 ,444))
with & ms as an effective dielectric constant that can be estimated by
&+1 &—1 1
——+= (2.30)

Eeff MS = .
2 2\ Jr+12ke

Using this estimation, also an effective wavelength and phase velocity can be calculated

Ao
. - 231
v/ Eeff MS ( )
vy = (2.32)

v/ Eeff,MS ’

where Ay equals the wavelength without dielectric medium between the conductors. Note
that for a constant frequency, according to (2.31) and (2.30), the wavelength changes with
different characteristic impedances due to the change in &g. The cross section of a coplanar
waveguide is depicted as well in figure 2.4a. It is a fully planar technology and thus widely
used. It consists of a center conductor, which is surrounded by a ground plane in a certain
distance s. The resulting gap along with the width of the center conductor defines the char-
acteristic impedance of this type of transmission line for given material parameters. Similar
to the microstrip line, the coplanar wave guide only supports quasi-TEM waves. As for the
microstrip line, an effective dielectric constant € is introduced [42] which is in this case
&+1

Eeff,CPW = > (2.33)
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Table 2.1: Parameters for the calculation and simulation of the characteristic impedances.

v (GHz) | tgie (nm) | dcpw (wm)
MS: 600 200..600 -

CPW: 600 50000 20..40

With this value, the characteristic impedance can be estimated using

307 (k)
efrcpw  K(k)'

>

Zy,CPW eff = (2.34)

where K (k) and K(k') are the complete elliptic integral of the first kind with the modulus
k=52 and k' = /(1 — k?) respectively. The wavelength and phase velocity are calculated

254w
in analogy to the microstrip case, however, the effective dielectric constant for the coplanar

waveguide has to be used:

Ao Ao
. —— 235
Vercpw & 239
I (2.36)

/Eett.CPW &TH

Figure 2.4b depicts the achievable impedance range for both microstrip and coplanar waveg-
uides for typical geometries used in this work, showing the decrease in impedance for wider
conductors. The graph contains both, values from the equations (2.29) and (2.34) as well as
results obtained from 3D field simulations, where the latter are represented by the solid lines.
Apparently, the calculated values fit the simulated values for w; > 2 um with only minor
deviations.

This figure was created for values of 74;] and dcpw given in table 2.1 which significantly
differ from typical values found in literature for transmission lines geometries [WGMS15]or
[43]. Microstrip transmission lines are typically realized using the entire substrate as dielec-
tric, which is significantly thicker (= 0.1 — 0.5 mm) than the realizable dielectric thicknesses
in the context of this work. This limited dielectric thickness stems from the geometrical setup
given by the fabrication process and will be discussed in chapter 4. The graph in figure 2.4b
furthermore contains the characteristic impedances of coplanar waveguides for given total
widths (dcpw = wepw + 2+ 5). This limited degree of freedom does not apply in general, but
is selected in order to demonstrate the significantly higher characteristic impedances that can

be achieved by using coplanar waveguides.
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Conclusion

In this section, the transmission line is introduced along with the derivation of its general
properties. The most important characteristic quantities are shown such as the reflection
coefficient and the scattering parameters as a practical quantity to characterize RF systems.
In the frame of this work, only planar transmission line types are considered. The two most
important and most frequently used transmission line types are introduced, the microstrip
transmission line and the coplanar waveguide, along with their particular properties. The
characteristic quantities of transmission lines are introduced and discussed using lossless
transmission lines. Furthermore, for these two transmission line types, approximations are
given which allow the estimation of the characteristic impedances of transmission lines by

means of the introduction of an effective permittivity.

2.3.2 Concept of impedance matching

In a microwave environment, one of the most important challenge is the power transmission
from an RF generator to a load. This subject is schematically depicted in figure 2.5. The RF
generator in the left part of the figure is assumed as an ideal generator with a series impedance
Z; = Ry +jX,, with R being the resistance and X the susceptance of the complex impedance.
It can be shown [38], that the maximum amount of power is transmitted from the generator
to the load, if the condition of conjugate matching is met. In this case, the input impedance
Zin in figure 2.5 needs to obey

Z,=Z7Z (2.37)

=g - Zino

where Z; denotes the conjugate complex value of Z;,. In this state, the maximum power is

transferred from the generator to the load and is given by

P:;|ngz411%. (2.38)
If Z;, does not obey the criterion given in equation (2.37), the impedance matching network
needs to be designed in order to fulfill this condition. This is realized by a matching net-
work which transforms the impedance seen by the generator as depicted in figure 2.5. This
matching network needs to designed to the particular needs of the RF circuit. In the simplest
case for purely real impedances, the matching network can simply contain a series or parallel
resistor, so the sum of the resistances match the generator impedance. However, for complex

load impedances, the matching network also needs to compensate for the complex part.
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Figure 2.5: Equivalent circuit depicting a generator connected to a load impedance. The load impedance needs
to be the conjugate complex of the generator output impedance for maximized power transmission.
In general, this is not guaranteed, and a matching network is required.

This can be done by adding reactive elements such as a capacitance or inductance to the

matching network with the impedances

J
Zipg = JOL. (2.40)

Obviously, the impedances of these elements are frequency dependent and therefore need to
be calculated for the specific target frequency. This also implies that a perfect compensation
of the load susceptance is usually only valid for one or more discrete frequencies rather than
a continuous spectrum. As an example, a load with a capacitive impedance can be matched
by a parallel inductor resulting in purely real impedance for the frequency

1 [1
= —. 2.41
Vies = 5\ 76 (2.41)

There are usually multiple options to achieve the matched case for given generator and load
impedances with typically different bandwidths. A detailed derivation of achieving matching

with lumped elements can be found in [38].

2.3.3 Impedance transformation by transmission lines

In the previous section, transmission lines have been introduced with their properties, how-
ever not including the interaction of the transmission line with its environment. Now, a loss-
less transmission line connected to a load impedance is considered, as depicted previously in
figure 2.3. The transmission line properties are defined by the characteristic impedance Zj,
the propagation constant  and the length £. An arbitrary load impedance Z; is connected at
z=0.
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Figure 2.6: Tllustration of the A /4 transformation. (a) The equivalent circuit of the transmission line connected
to the load impedance. The calculated reflection for this type of impedance transformation is de-
picted in (b) for different generator impedances at the input of the A /4 transformer, ranging from
5 Q to 50 Q. The load impedance is 2 Q.

In order to calculate the impedance seen at the input of the transmission line Z;,, the ratio of
the voltage to current at the point z = —/¢ needs to be evaluated. It can be shown [38] that the

input impedance of the transmission line is given by

7 Zy, +jZy tan(BL)

=7 SR 0 T 242
=In 0 Z()+]ZL tan(ﬁ() ( )

In the trivial case of Z; = Zo, this equation simply yields Z;, = Z;. This means, the input
impedance seen by the source is independent on the length of the transmission line. Another
setup, that does not alter the input impedance, is given with £ = A /2 = B¢ = m. In this
case, the complex parts vanish and again, the input impedance equals the load impedance.
However, in the general case Zy # Zi, the load impedance is transformed by the transmis-
sion line depending on its length and its characteristic impedance. An important case is the

quarter-wavelength transformer, which will be presented in the following section.

A /4-transformer

The special case of a quarter-wavelength transformer is depicted schematically in figure 2.6a.
This widely used case simply consists of a transmission line with a length ¢ = A /4 = B¢ =
7/2 and a characteristic impedance Z;, and is thus named a quarter-wavelength transformer.
In this case, equation 2.42 yields

2
lim Z,,(¢) Zi (2.43)

w7
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2.3 RF Power transmission and impedance matching

Table 2.2: Fractional bandwidth for different Zg and a constant Zy = 50 Q.
2,(@) | 2 (@) | 84(%)
5 3.16 13.5
10 4.47 7.1
20 6.32 4.5
50 10 2.7

Assuming a real load impedance, Z;, is purely real with a value that is defined by the load

impedance and the characteristic impedance of the transmission line.

Single-section transformer The A /4 transmission line can thus be used as an impedance
transformer for e.g. impedance matching. In this context, using equation (2.43), the charac-
teristic impedance of the transmission line needs to be selected for a given load impedance
and a desired input impedance according to

Zl = \/ ZinZL' (244)

Due to the simplicity of this impedance transformation, it is widely used. The drawback of
this method is that the impedance matching is given perfectly only for one single frequency
and its harmonics. The matching strongly deteriorates for an increasing frequency differ-
ence between the real operation frequency and the design frequency, resulting in a strongly
limited bandwidth. Figure 2.6 depicts |S;,| for the matching of a 2 Q load to different input
impedances from 5 to 50 Q. The fractional bandwidth can be calculated according to [44]
with

Av 4 2|8 VZiZn
=2 cos™! [S11max | VA (2.45)
0

(ZL_Zin) - ‘Ell,maxlz

with the maximum accepted reflection ] S11.max | An example for the fractional bandwidths
of the quarter-wavelength transformation with a selected | M l,max| = —26 dB is given in table

2.2, assuming a generator with an impedance Z, connected to the input.

Multisection transformer If the bandwidth of a A /4 single stage transformer is not suf-
ficient for a particular application, this can be overcome by multistage transformers. These
transformers consist of n A /4-transformer where each of them has a particular characteristic

impedance, as depicted in figure 2.7a.
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Figure 2.7: Equivalent circuit and bandwidth of a Chebychev matching transformer. (a) The equivalent circuit
of a two-stage Chebychev type matching transformer, comprising two single 4 /4 transformations.
(b) The calculated reflection of multi-stage Chebychev type matching transformers for n = 2,3,4.

An incident wave is reflected partly at each transition between different characteristic im-
pedances. By selecting the particular characteristic impedances of the different stages, this
effect can be exploited to achieve different transmission characteristics such as a binomial or
a Chebychev characteristic.

Compared to the binomial transformer, the Chebychev transformer exhibits a larger band-
width, which is why only the Chebychev characteristic is introduced. A detailed discussion
of the binomial characteristic can be found in [38]. The larger bandwidth of the Chebychev
transformer is accompanied by the drawback of ripples in the pass band, see figure 2.7b.
These ripples and the bandwidth cannot be adjusted separately from each other, but smaller
ripples inevitably lead to a smaller bandwidth. The filter design is discussed extensively in
[38] and [44], therefore only the important points are introduced here with an example of a
two-stage Chebychev matching transformer.

After definition of the maximum allowable reflection in the passband | S11.max|> an auxiliary

value k can be calculated [44] by

2
S
k= 7|*“";a"} (2.46)
1— ‘Sll,max’
With the relation 5
4k=71 Z,
4 L£0
cot' 6, = , 2.47
yA (ZL _ 20)2 ( )
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2.3 RF Power transmission and impedance matching

Table 2.3: Impedances of different sections in a Chebychev transformer along with the respective fractional
bandwidths.

stages | 2, (@) | 22 (@) | 23(@) | 24 (@) | 2(%)

2 3.65 10.97 - - 44
3 2.88 6.32 13.9 - 77
4 2.57 4.45 8.98 15.59 101

the characteristic impedances of the particular stages can be calculated by

(ZL—20)*  ZL | (ZL—2Z0)%

z: =72 , and 2.48
! 0 4Z§ tan@, Zp 2tanZ 0, (2.48)
A
Z, = ELZO. (2.49)

The characteristic impedance values for the particular transformer stages can also be obtained
from tables (also given in [38]). The fractional bandwidth of a Chebychev transformer is then
given by [38]

A 46, .
7f =22 im (2.50)

)) | 2s1)

In figure 2.7b, the |S;,| characteristics of Chebychev transformers are depicted for an im-

1 Z,— 7y

1
sec(6y) = cosh [ —cosh™! =
N Z +2Zy

}gll,max|

pedance transformation from Z, = 20 Q to Z; = 2 Q. This was calculated for a 2-stage, 3-
stage and 4-stage transformer, assuming a maximum acceptable reflection ] S ]’max| =0.05=
—26 dB. Clearly visible are the ripples in the passband. Furthermore, already for n = 2, the
fractional bandwidth is significantly increased as compared to the single stage transformer.
The parameters of the separate sections are given in table 2.3 along with the respective frac-
tional bandwidths.

Stubs

So far, the loads to the transmission lines were assumed arbitrary, yet not particularly dis-
cussing the extreme cases of real load impedances Z; = 0 or Z; — oo. This is schematically
depicted in figure 2.8a. These cases are of particular interest especially for the tuning of

complex loads.
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Figure 2.8: Equivalent circuit and input impedance of open ended stubs. The equivalent circuit of the stub con-
nected to the termination is depicted in (a). The termination can be either an open end or a short
circuit. This is depicted by the dashed line. The resulting input impedance of this stub transforma-
tion is depicted in (b), for the two cases of an open-ended stub and a shorted stub.

In these cases, equation (2.42) yields

Zin = jZotan(Bl), forz; =0 (2.52)
Zi, = —jZycot(BY), forZy — . (2.53)
Obviously, the resulting input impedance is purely imaginary for any length ¢ and can take
any value between —joo and +jeo. Figure 2.8 depicts the reactance of Z;, for transmission
line lengths from O to £ = A. For Z; — oo, starting from zero length, the resulting input
impedance shows a capacitive behavior up to a length of A /4. A shorted transmission line
exhibits inductive behavior if it is shorter than A /4.

This behavior enables the utilization of open-ended or short circuited transmission lines
as tuning elements for complex loads. They can be connected in parallel or in series to a
complex load, e.g. compensating the load susceptance, and are then called stubs.

Especially in the microstrip technology, a special case of the open-ended stub is the radial
stub. The top view of such a structure is depicted schematically in figure 2.9a. The ground
layer is hereby depicted in dark gray, whereas the microstrip structure and the radial stub are
colored in lighter gray. The microstrip line coming from the left end of the image is in this
case terminated by an arc shaped structure, the radial stub. The characteristic quantities of
a radial stub are its radii Rgwb,o and Ryyp; and the opening angle otsqp as indicated in figure
2.9a. A detailed derivation of the properties of radial stubs can be found in [45-47]. From
this, it can be seen that the bandwidth of the stub is essentially determined by Qg and the
frequency influence is given by the stub radii, similar to the stub length of a straight stub.
The radial stub can be connected to the transmission line in multiple ways.
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2.3 RF Power transmission and impedance matching

a) b)

Figure 2.9: Schematic top view on radial stubs in microstrip technology. The ground electrode is represented
by the dark gray areas, whereas the microstrip line is depicted in light gray. Two flavors of radial
stubs are depicted: the single radial stub (a) and the butterfly stub (b). Both stubs are connected to
a microstrip transmission line pointing towards the left of each image.

As shown in figure 2.9a, in the propagation axis of the microstrip line, or perpendicular to the
propagation direction. In the latter case, however, the opening angle is limited to less than
180°. Increasing the opening angle can be done by mirroring the structure at the center, as
shown in figure 2.9b. The opening angle is in this case doubled and due to its appearance,
the structure is called butterfly stub.

The benefit of these radial stubs over the straight subs can be illustrated by the slope of the im-
pedance as depicted in figure 2.10. The resistance of the radial stub exhibits a very low level
across a large length range, also and especially at the point, where the reactance Im(Zgy, ;)
vanishes. For comparison purposes, the reactance of an open-ended straight stub as shown
in 2.8 is depicted here as well. Apparently, the derivation of the reactance of the radial stub
is much smaller, resulting in a larger bandwidth. Due to their low impedance, radial stubs
are frequently used as wideband short-circuits for e.g. the termination of a microstrip line,
without the need of a physical connection enabling e.g. the DC biasing of active devices.
This is especially beneficial in the microstrip technology, since no interconnects through the
dielectric are necessary. The schematics shown in figure 2.9 depict the case of a microstrip
transmission line, terminated by a radial stub.

If the radial stub is designed properly, this entire structure can be used as a shorted stub and
its impedance thus corresponds to the red lines in figure 2.8.
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Figure 2.10: Comparison of the impedances of radial with straight stubs. (a) The real part of the input imped-
ance of a radial stub, which exhibits a low resistance across a wide length range. The comparison
of the resulting imaginary parts of the input impedance between a straight stub (red line) and a
radial stub (blue line) is depicted in (b). Note the much shallower slope of the radial stub.

Conclusion

In this section, the concept of impedance matching by transmission lines is presented. If
the load impedance is not matched to conjugate complex impedance of the generator, an
impedance transformation is required, in order to achieve the maximum power transfer. Since
the realization of discrete elements for impedance transformation is impractical in the sub-
mm wavelength range, the impedance transformation is typically realized by transmission
lines. The drawback of this approach usually is the limited bandwidth of the circuit. The most
important transformation types are introduced for particular purposes. For the transformation
of a real load, the A /4 transformer can be used as single stage or multi-stage transformer.
Tuning complex impedances can be achieved by the usage of either open-ended or short-
circuited stubs. These components exhibit a solely imaginary impedance and can thus be
applied to a complex load in order to achieve a real impedance.

2.3.4 Antennas

In order to efficiently couple a signal from free-space to a receiver, the front end of such a
system requires the implementation of an antenna. In general, an antenna of a receiver is a
component which transforms an electromagnetic wave propagating in free-space to a trans-
mission line- or waveguide-bound wave. This includes the adjustment of the type of wave
as well as an impedance transformation. Figure 2.11a depicts a simple schematic setup of a
receiving antenna connected to a load through a transmission line. This feed line typically

determines the physical setup of the antenna.
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Figure 2.11: Equivalent circuit of an antenna. (a) An antenna connected to a load impedance through a trans-
mission line. For modeling purposes, the antenna can therefore be regarded as a voltage source
with a particular output impedance Z, as depicted in (b).

Therefore, numerous kinds of antennas are available, designed to fit to the mechanical prop-
erties of their particular feed lines. In literature, there are various mixer systems that are
based on waveguide coupled mixer systems with horn antennas [26, 48-50]. This work is
however limited to the realization of planar structures, which is why the following section
will only consider planar antennas, namely dipole and slot antennas. Since antennas are
not subject of intense investigation and optimization, only the major antenna properties are
shown in this section. Detailed analysis and derivations of the particular properties can be
found in [51-56].

Efficient power transmission from free-space radiation to a load resistance requires the

antenna to match the impedance of a plane wave in free-space
Zy =120 Q=377 Q (2.54)

to the characteristic impedance of the feed line. The antenna appears to the transmission line
circuit as a component with a given impedance, the radiation impedance Z5. A receiving
antenna can therefore be modeled by the equivalent circuit given in figure 2.11b. At this
point, it shall be noted, that due to the reciprocity theorem [38], an antenna has the same
properties regardless of its operation mode. This implies that a given antenna exhibits the
same properties for a receiving operation as well as for sending operation.

In order to characterize an antenna regarding its spatial dependence of the radiation power
density P, the gain

P/

I (2.55)

1

G =
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is introduced, which correlates the power density in the antenna main lobe with the power
density of an isotropic emitter. The radiation power density from this fictive construct in a

distance r is given by
/ Ps

P 4

when the antenna is driven with the source power Ps. Due to the reciprocity, the gain applies

(2.56)

to both, the sending and the receiving antenna. In case of a receiving antenna, this implies
that the available power at the antenna connectors is altered by a factor of G compared to the
isotropic emitter.

In the frame of this work, dipole antennas as well as slot antennas are used. These anten-
nas can be realized in planar technology on a dielectric substrate. This dielectric introduces
a spatial non-uniformity of the permittivity surrounding the antenna, which focuses the ra-
diated power of the antenna into the substrate. In finite substrates, this leads to unwanted
substrate modes [55]. This effect can on the other hand be exploited if the substrate is at-
tached onto a lens that has a similar permittivity. This construct acts as a semi-infinite thick
substrate with the power being radiated primarily into the dielectric, thus increasing the gain
[55]. This setup comprising the dielectric substrate glued onto a dielectric lens is intended
for the devices in this work.

For the design of an antenna, the geometrical as well as the electrical parameters need
to be determined. In case of a A/2 dipole antenna, the effective length needs to fit half
a wavelength. The effective length also known as the electrical length is larger than the
geometrical or physical length. A dipole antenna with a physical length of A /2 exhibits a
complex impedance and therefore, its length needs to be contracted with a factor of 0.95.

The second type of antennas that is used is the slot antenna, which is the dual type to the
dipole antenna. Therefore, the Babinet’s principle applies, which can be used to calculate the
slot antenna radiation impedance Zg by

72
ZsZp = 2. (2.57)

4
Due to their physical setup, it is convenient to use the slot antenna in coplanar waveguides
and the dipole antenna in a microstrip transmission line environment, since the physical setup
meets the layer setup of the transmission line technology. However, the antenna technology

is not limited to the transmission line technology but can be interchanged.
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Conclusion

This section gives a short introduction to antennas, which are essential for the radiation cou-
pling from free space to a transmission line. The types of antenna used in this work are intro-
duced, which are the dipole and the slot antenna. These antennas are dual antennas, which
is why their characteristics are connected by the Babinet’s principle. In order to achieve a
maximized power transmission from an antenna to a load, it needs to be ensured, that the
characteristic impedances are matched. This needs to be considered during antenna design,
but can also be achieved by a subsequent impedance transformation. The antenna can in this
context be regarded as the signal generator and in the frame of this work, the mixer acts as
a load. Therefore, the transmission line network needs to account for the impedance match-
ing of these two devices. The noise temperature of the mixer is of course dependent on this
periphery, which is why a maximized power transmission from the antenna to the mixer has
to be achieved. This does not only include the impedance matching in the RF circuit, but
also the losses on the transmission lines. Therefore, superconducting transmission lines can
be advantageous, which is why the next chapter is dedicated to the derivation of topic of su-
perconductivity. Furthermore, the active devices required for the operation of an integrated

receiver will be presented.
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3 The superconducting
integrated receiver

The first superconducting integrated receiver has been demonstrated by Koshelets et al. [57]
and has been continuously developed ever since. It has already been employed in missions,
such as in TELIS [58]. The relevant fundamentals of superconductivity and the Josephson
effect are introduced in this chapter. Along with the phenomenologic and symptomatic be-
havior, the relevant theories are introduced, including the characteristic parameters. The su-
perconductor - insulator - superconductor trilayer is subsequently introduced with its unique
properties. Since the mixer junctions based on these SIS trilayers exhibit the same geometri-
cal setup as Josephson junctions, the Josephson effect is introduced along with the equivalent
circuit, which is the basis for the representation of these junctions in the high-frequency simu-
lations. The behavior of a SIS junction with applied microwave radiation will be shown along
with the derivation of the characteristic properties, defining the high frequency behavior. The
Josephson effect and its characteristics is also of utmost importance for the development of
the local oscillator, which is realized by a flux-flow oscillator and will be presented in the
very end of the chapter.

3.1 Fundamentals of superconductivity

Ever since the discovery of superconductivity by Heike Kammerlingh Onnes in 1911 this
topic has been subject to intense research. The superconducting transition occurs when the
thermal energy of the electrons in a material undercut a certain threshold, which is defining
the material dependent critical temperature 7. of a superconductor. At this temperature, the
electrical DC-resistivity of the material sharply drops to an immeasurably small value. This
behavior is schematically depicted in figure 3.1a by the blue line. The red line represents the
R(T) dependence of a normal metal which does not exhibit the superconducting transition.
Figure 3.1b shows the measurements of the specific resistances p of different materials in
a temperature range from room temperature to 4.2 K, in this case aluminum, niobium and

niobium nitride.
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Figure 3.1: (a) The schematic resistance dependence of a metallic superconductor (blue line) and an example of
a normal conducting material (red line). (b) Measured values of the specific resistance (p) depen-
dence on the temperature for aluminum (red line), niobium and niobium nitride. Aluminum is not
superconducting at temperatures above 1 K.

It is apparent, that aluminum does not undergo the superconducting transition yet, whereas
the niobium exhibits a critical temperature at 9.2 K and the niobium nitride has an even higher
transition temperature of 17 K. For temperatures < Tt the superconducting state can only be
observed, if the current density jsc and the applied magnetic field H are below a threshold

value which is called their critical values:

Jsc < jesc (3.1)
H < H.. (3.2)

In the superconducting state, the superconductor almost behaves as a perfect electrical con-
ductor, with a slight but important difference: an applied magnetic field will be expelled
from the material except for a thin surface layer, independent on the chronological sequence
of cooling and application of the magnetic field. This makes the superconductor different
from a perfect electrical conductor and the discovery of this Meissner- Ochsenfeld effect is
the evidence for the superconducting state to be a separate thermodynamical state.

The first theory about the electro-dynamic behavior of superconductors was established
by the London brothers in 1935. They proposed what came to be known as the London
equations [59]

. d -
E = porl - jsc (3.3)

—B = upA2V x jsc, (3.4)
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connecting the electric and magnetic field strengths E, B with the supercurrent density. The

m
=— 3.5
- .quzns (3-5)

is the London penetration depth with the vacuum permeability uo and describes the length

proportionality factor

scale on which an applied magnetic field decays exponentially in the surface layer of the

superconductor.

3.1.1 BCS Theory

It was not until 1957 that John Bardeen, Leon Neil Cooper and Robert Schrieffer introduced a
microscopic theory of the superconducting state [60], the BCS theory. In this theory, Cooper
pairs were proposed as the charge carriers in superconductors. This is based on the theory of
an attractive force between two electrons in spite of their equal charge [61]. By interacting
with the crystal lattice, two electrons with opposite spin and momentum can relax to a lower
energy state, thus creating an energy gap A(7) in the superconductor around the Fermi level
by forming a Cooper pair. In this bound state, the Cooper pairs can move along the crystal
structure without scattering, resulting in the loss less current transport. The Cooper pairs can
only be split into single electrons (called quasiparticles) again, if an energy larger than 2A(T)
is applied. As opposed to single electrons, the Cooper pairs have an integer spin and are thus
not subject to the Pauli-principle disallowing the occupation of the same state of fermions.
This boson-like behavior of Cooper pairs allows them to occupy the identical ground state
and therefore, all Cooper pairs in a superconductor can be be described by a single, coherent

wave function
W(Z,1) = /ng-e/PcE) = |@(Z,1)|e!Psc @) (3.6)

with the Cooper pair density ng and the phase @sc.
The spatial extension of a Cooper pair is given by [62]
th

o= 7A(0) (3.7

which is the material dependent BCS coherence length. 7 is the reduced Planck constant and
vr is the Fermi velocity.
The energy gap resulting from the condensation of electrons to Cooper pairs is quantified
in this theory as
A(0) = SkpT; (3.8)
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with the Boltzmann constant kg and a parameter S, which was determined to S = 1.764
for weakly coupled superconductors. Superconductors in the strong coupling limit, such
as niobium nitride, can exhibit values as high as 2.2 [63]. The energy gap is temperature

dependent starting with a value of zero at T = T and increasing towards lower temperatures

A(T) = A(0), | cos (7; <£>2> (3.9)

For pure superconductors, the London penetration depth is smaller than the coherence length,

according to

which results in the Ginsburg-Landau parameter

_ Jaw
£

to be smaller than unity which was common at the time when this theory was published.

K (3.10)

However, it was published by Abrikosov [64] that superconducting materials with & > 1/1/2
exhibited a different behavior related to the breakdown of superconductivity induced by the
magnetic field. These superconductors are called superconductors of the second kind. Simi-
lar to superconductors of the first kind, these materials are in the so-called Meissner state for
0 < H < H.;. Upon reaching the first critical magnetic field H,;, the superconductivity does
not break down abruptly, but decreases until it vanishes completely at a second critical field
H. For H,) < H < H the superconductor is in the Shubnikov phase and can be penetrated
by magnetic vortices which are called Abrikosov vortices. Each vortex carries a magnetic

flux given by the magnetic flux quantum
h ~15
@0:2—:2.0678-10 Wb (3.11)
e

and exhibits a normal conducting core surrounded by screening currents. The second critical

magnetic field can be derived with B = - H by

Dy
Bc 2

2= (3.12)
2méE,

where g denotes the Ginsburg-Landau coherence length of the superconducting wave func-
tion of a superconductor. This quantity describes the length scale on which the superconduct-
ing wave function can vary [62]. The coherence length of niobium Egp np A 15 nm [653, 66]

is approximately four times larger than in niobium nitride £gp, NbN & 4 nm [67].
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The theories described above introduce the relevant parameters that are necessary in order to

describe the superconducting devices that will be developed in this work.

3.1.2 Mattis-Bardeen theory

For DC currents, the superconductors are considered lossless. However, if RF signals are
transferred, losses are present in superconductors. This section is dedicated to the derivation
of the superconducting losses at RF frequencies, which is then modeled using the surface
impedance concept.

This concept exploits the premise that for good conductors, an incident power is mostly
reflected but the small amount of absorbed power is dissipated within a thin surface layer of

the conductor [38]. The thickness of this layer in a normal metal is given by the skin depth

[ 2
& = m, (3.13)

where ¢ = 1/p represents the conductivity of the material and u is the magnetic permeability.

The surface impedance of a normal metal is given by [38]

ou 1

ZgN =
As opposed to DC operation, superconductors are not lossless at RF frequencies. In order to
quantify these losses, a two-liquid model [62, 68] was proposed, establishing the idea that
the current is carried by the coexisting quasiparticles as well as the Cooper pairs, leading to
a complex conductivity.

However, this model neither includes effects close to the energy gap of the superconductor,
nor the pair breaking by microwave radiation with frequencies above the gap frequency.
Therefore, the more complex Mattis-Bardeen theory [69] is used which includes a complex
conductivity

o =0]—joa. (3.15)

In superconductors, the imaginary part of the impedance is much larger than in normal met-

als, which is the reason for the calculation of the surface impedance in the anomalous limit.
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The values of 6| and 0, can be determined numerically with

o _ / E+ha))) (E?+ A%+ hoE) QB
on  hw 2-A2\/(E+hw)>— A2 3.16)
/A (1—2f(E+hw))(E2+A2+ha)EdE '
ho Jano  VEZ—A/(E 1 ho)? —
o 1 A (1-2f(E +hw))(E?+ A’ + hoE) 3.17)
G 10 Jmix(a-ho,-8) VE?—A2\/(E +ho)? — A2dE
and the Fermi-Dirac distribution
1
fE)=——. (3.18)
ekBT + 1

O, represents the normal state conductivity of the material and can be calculated using
(3.19)

The required quantities can be derived from temperature dependent resistance measurement
around 7T;.. A can be obtained by measuring 7; and using (3.8) and (3.9). &, can be calculated
by either (3.19) or simply by measuring pr~z, = 1/0,.

The surface resistance can then be determined with [44]

Zs = Rs+jXs = ,/J“;“" +coth (d+/j@poo)

Jopo +coth<d 1/1+j61>.
o1 —jo, AL (¢7)

Comparing the surface impedances of normal conductors to superconductors leads to the ob-

(3.20)

servation that superconductors exhibit a surface resistance for 7 < T that is orders of magni-
tudes lower than in normal conductors, predestining the superconductors for the realization
of low loss transmission lines.

Figure 3.2a shows the calculated surface resistance versus the frequency for different ma-
terials. The calculations are done assuming an operating temperature of 4.2 K and are based
on temperature dependent resistance measurements of Nb, NbN and Al, which enabled the
determination of 7. and &, as given in table 3.1. Since aluminum is not superconducting at

that temperature, the formulas for a normal metal apply.
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Figure 3.2: Surface impedances of niobium and niobium nitride, calculated using the Mattis-Bardeen theory.
The real part of the impedance is depicted in (a), whereas the imaginary part is presented in (b).
Clearly visible is the strong increase in resistance at the respective gap frequencies. The green
curve represents the calculated surface resistance of aluminum. All calculations were performed for
an operation temperature of 4.2 K.

Up to the so called gap frequency Vg,p, the surface resistances of Nb and NbN stay approxi-
mately two orders of magnitude lower than for aluminum. At the gap frequency the energy

of photons equal the energy gap of the superconductor
hVgap = 2A(T), (3.21)

which is why frequencies above the gap frequency can not be carried by Cooper pairs. There-
fore, the losses increase dramatically above the gap frequency. This is especially important
for the material choice for the realization of transmission lines, since the resistance is in-
cluded in the transmission line model as R’, see equation (2.13). For signal transmission at
frequencies lower than the gap frequency, superconductors are preferable over normal metals.
However, above the gap frequency, the normal metals may be preferable. In order to increase
the low loss transmission to higher frequencies, the energy gap of the superconductors needs
to be increased.

The imaginary part Xg of the surface impedance of a superconductor is depicted in figure
3.2b. It is attributed to the inertia of the Cooper pairs, which are traveling without scattering
through the crystal. This is modeled as kinetic inductance Ly;, [70] and adds to the geomet-
ric inductance of a transmission line (see figure 2.2) to L' = Lj.,, + Li;,. Obviously, the

geom
imaginary part outnumbers the real part of the impedance by orders of magnitudes.
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Table 3.1: Measured parameters of different films for the determinations of the surface resistance.

Material | T; (K) | p (uQ cm)
Al - 0.3
Nb 9.2 2.34

NbN 17 40

Conclusion

This section introduces the most important characteristics of superconductors. The funda-
mental theories are introduced giving an insight in the physical principles involved in super-
conducting materials. This includes the BCS theory which gives the theoretical explanation
for the formation of an energy gap in a superconductor. For energies below this gap energy,
the superconductor allows a lossless transportation of DC currents. However, RF currents
are subject to losses in superconductors. The level of losses that has to be expected can be
calculated using the Mattis-Bardeen theory. This theory is based on a complex conductiv-
ity in a superconductor which can be calculated by utilizing the surface impedance concept.
The results from the calculation of the actual surface impedance values are complex values
that account for the Ohmic losses in a superconductor and a certain imaginary part of the
superconducting RF- impedance, which is given by the kinetic inductance of the supercon-
ducting material. Frequencies with energies below the superconducting gap can be carried
by a superconductor with very small Ohmic losses. Therefore, the usage of superconductors
as transmission lines guarantees a very high efficiency transmission line network, provided

that the signal frequency is smaller than the gap frequency of the superconductor.

3.2 The tunnel junction

The unique properties of superconductors also enabled the path to active devices with unique
properties. In 1962, Brian David Josephson postulated the tunneling of Cooper pairs between
two superconductors through a thin, non-superconducting barrier without the dissipation of
energy [71]. The experimental proof of this theory was already published one year later by
Anderson and Rowell [72] and motivated an entire field of research until today. This section
will introduce the Josephson effect with its properties and derive the device characteristics
that are necessary for the realization of an integrated receiver.

36



3.2 The tunnel junction
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Figure 3.3: Schematic setup of a Josephson junction. (a) The interface of two superconductors separated by
a thin insulating barrier. In the insulator, the wavefunctions W; overlap in spite of the exponential
decay as indicated by the green area. (b) A more realistic setup of a Josephson junction yet not
to scale. The superconductors are separated by the barrier, which is realized as layer on top of the
ground electrode.

3.2.1 Josephson effect and short Josephson junctions

Josephson postulated the tunneling of Cooper pairs through a thin barrier due to the overlap-
ping of the wave functions ¥; and ¥, of two superconductors. This barrier can be realized
using normal metals (SNS) [73, 74], geometrically constricted superconductors [75, 76] or
even insulators (SIS). In this work, only the insulating barriers will be considered. In an in-
sulating barrier, the wave functions decay exponentially. Therefore, overlapping of the wave
functions can only be achieved, if the barrier is much thinner than the coherence length of the
superconductors. This is depicted schematically in figure 3.3a. Since the coherence lengths
of the materials addressed here is only of the order of a few nm (see section 3.1.1), there is no
technological process known that allows the lateral realization of the barrier (as suggested by
figure 3.3a). Therefore, the barrier is typically realized as a layer in between two supercon-
ducting layers as shown in figure 3.3b. In this figure, the superconductor material is depicted
in gray, the barrier is illustrated in red. Note that this figure is not to scale. The layer thick-
ness can be controlled well enough in order to realize layer thicknesses of the order of only
a few nm in a reproducible manner. The resulting Josephson junctions (JJs) can electrically
be described by the first and second Josephson equation. These equations can be derived
from the Schrodinger equation and can be found in detail in [77]. Assuming the absence of
magnetic field, the Josephson equations are given by

Is = I - sin(@) (3.22)
do 2w
i FO.V. (3.23)
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The first Josephson equation links the superconducting current /s to the phase difference
¢ = ¢ — @ with a maximum current, which is the critical current /.. If the restriction to
zero magnetic field is not valid, the magnetic vector potential A has to be considered as well
which leads to the gauge-invariant phase difference in a Josephson junction:

2m (SCz

P=0— Q1 — Ads. (3.24)

Py Jsci
The second Josephson equation relates the temporal phase differentiation to the voltage
across a Josephson junction. The proportionality factor between the differentiated phase
and the voltage is defined by physical constants exclusively. Assuming a constant voltage,

the integration of (3.23) and subsequent substitution into (3.22) leads to the relation

I =1 <w> . (3.25)

Since the voltage was assumed constant, the current obviously oscillates for a voltage V # 0.
The frequency of this oscillation is given by
1 GHz

vy =—V =483
! CI)() mV

14 (3.26)

and is called the Josephson frequency. Applying a voltage of 1 mV to the junction results in
the oscillation of the current with 483 GHz. The inverse setup can be used by irradiating the
junction with an incident signal frequency of 483 GHz in order to obtain an accurate output
voltage of I mV.

The frequency and the voltage being only related via physical constants, is the reason for
the accurate voltage standardization using Josephson junctions [78].

In order to model the behavior of a Josephson junction, the resistively and capacitively
shunted junction (RCSJ) model [79] can be used, where we assume the junction to be small,
i.e. the phase cannot vary across the junction. In this case the total current through a junction
(Itota1) 1s subdivided into three different components, a superconducting component I, a re-
sistive component /g and a displacement component Ip. The resistor models the normal state
resistance of the junction, whereas the capacitor represents the junction intrinsic capacitance

that is due to the parallel plate capacitor like setup of the Josephson junction. Figure 3.4 de-
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Figure 3.4: Equivalent circuit of a Josephson junction in the RCSJ model. The total current through the junction
is subdivided into three different branches: the Josephson current /g, the resistive current /g and the
current through the capacitor /.

picts the resulting equivalent circuit. The particular currents are given by the first Josephson

equation and

1%
R=— 3.27
R= 2% (3.27)
av
Ip=C—. 3.28
D % (3.28)
Kirchhoffs law yields
. Vv av
Lot =Is+ IR +1p :ICSIH((p)—I—f—FCf. (3.29)
RN ot
Applying the second Josephson equation results in a non-linear differential equation
. @) P 92
Totat = Lesin(@) + ~—2 28 ¢207 9 (3.30)

27R ot 2 9t

In order to illustrate the dynamics of the junction, a mechanical analog of a particle in sinu-
soidal potential is frequently used. Due to the appearance of this potential, the model is also
called tilted washboard model. The differential equation, describing the dynamics of such a

particle, is given by

B 0%x dx  IEpu(x)

0
Comparing this equation with (3.30) leads to the analogies given in table 3.2. In this analogy,
zero current corresponds to a horizontal sinusoidal potential and the particle is trapped in a

potential well. It can only oscillate with the plasma frequency

2rl,
Dptasma = | g (3.32)
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Table 3.2: Analogies between the variables of a Josephson junction and a tilted washboard

Particle Josephson junction
location X 0] phase
speed v aa—(f = %’;V voltage
mass m %C junction capacitance
friction n % % conductance
driving force | — a%o) 1 current

around its ground state. This is illustrated in figure 3.5 by the red curve. Applying a current
to the Josephson junction corresponds to a tilting of the potential. As long as the current does
not reach the critical value, the particle will stay in the same well. However, if a current > I
is applied, the particle can travel down the potential. In this case, the mean velocity of the
particle is not zero any more, corresponding to a voltage across the Josephson junction. If
the current is reduced again, the mass of the particle along with the friction coefficient are
determining the behavior of the motion of the particle. In the case of a large mass and a low
friction, the current has to be reduced far below I in order to stop the unidirectional motion
of the particle again and trap it in a potential well. The voltage and the current therefore
exhibit a hysteresis. The large mass and the small friction in the analogy correspond to a
large capacity and resistance respectively. The opposite case, when the particle has low mass
and a high friction, the particle can get trapped easily when the current is reduced to /.. In
this case, the current-voltage characteristic (IVC) is non-hysteretic. In order to quantify the

damping level of a junction, the Stewart-McCumber parameter

_ 2ml.RC

o (3.33)

Be
can be used. For B¢ >> 1, the junction exhibits a hysteresis, whereas ¢ < 1 results in a
non-hysteretic behavior which is desired in some applications such as SQUIDs or voltage
standards.

In the case of SIS mixers, a highly hysteretic current-voltage characteristic as depicted
in 3.6a is required. Josephson junctions with an insulating barrier intrinsically exhibit such
a hysteretic IVC. This figure depicts an ideal current-voltage characteristic. By means of
this example, the characteristic electrical parameters of a Josephson junction are introduced.

Increasing the current starting from zero, the junction is in the zero voltage state which corre-
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energy(a.u)

Figure 3.5: Tilted washboard potential model. The tilting sinusoidal potential is indicated by the three different
curves. Exceeding a threshold value of the tilting angle results in a continuous movement of the
particle in this potential as indicated by the blue curve.

sponds to the lossless Cooper pair tunneling through the barrier. The current can be increased

up to a critical value I, after which a voltage of

2A
Vaa = (3.34)

appears. This voltage is thus called the gap voltage. The critical current I is defined by the

critical current density j. and the area A of the junction
I.= ch~ (3.35)

The critical current density is anti-proportional to the barrier thickness which means that
thinner barriers lead to larger critical current densities. In order to qualify the Cooper-pair
tunneling properties of the barrier, the Ambegaokar-Baratoff parameter was introduced [80]

LRy = ZLZA(T) tanh ( 2A1£BTT>) , (3.36)
which assumes ideal tunneling of the Cooper pairs and is only dependent on the energy gap
of the superconductors since I. «< A and Ry o< %. Rn hereby represents the normal state
resistance of the junction. For 7 > I, the junction is in the voltage state, where the current
transport is due to quasiparticle tunneling.

A further increase in the current at first does not further increase the voltage, but the junction
stays at the gap voltage with a zero differential resistance due to the infinitely high density of
states right at the edge of the gap which requires a perfect interface from the superconductors
to the barrier [81]. After exceeding a threshold which is given by approximately Vgap /RN, the
junction is driven into its normal state, with the normal state resistance Ry. If the current is
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Figure 3.6: (a) The current-voltage characteristic of an ideal junction. The parameters I, Vg and Ry are
indicated in the graph. (b) A schematic illustration of a more realistic behavior in order to illustrate
the difference to an ideal junction. The most prominent different characteristics are the decreased
subgap resistance R, and the gap smear.

reduced, the voltage state is not reset at the critical current, but shows the expected hysteresis
for SIS junctions. In an ideal junction, the barrier exhibits no leakage, and the current thus
has to be set to almost zero in order to reset the junction to the zero voltage state. The small
amount of current is due to a current given by thermally excited quasiparticles due to the
finite operation temperature. However, at the typical operation temperature of 4.2 K, this can
be neglected, especially since the influence of imperfections in the junction usually dominate
the quality deterioration.

In order to quantify the quality of a real junction with respect to an ideal one, the quality
parameters mentioned above can be used. However, in a real junction, there are some further
features that have to be considered. Figure 3.6b schematically depicts a current-voltage char-
acteristic of a real junction. This "non-ideal" Josephson junction exhibits a less sharp current
rise at the gap voltage, which is often referred to as "gap smear", and is due to free states at
the interface of the superconductors to the barrier [82]. Additionally, the retrapping current
is not at the low value as depicted in 3.6a, but significantly increased. This increased current
is mostly due to imperfections in the barrier resulting in leakage currents. Also present in
many Josephson junctions (but not visible in figure 3.6b) is the presence of further sub-gap
structures in the current-voltage characteristic [81]. These structures can be due to multiple
Andreev reflections (MAR) [83] and increase the current in the sub-gap branch.

In order to quantify the sub-gap currents, the resistance Ry, can be utilized. This resistance
is obtained at a voltage of 0.7-Vg,p. In order to obtain an area independent quantity, this
sub-gap resistance is normalized to the normal state resistance Ry.

There are thus several parameters that are required to evaluate the quality of a Josephson

junction. The gap voltage is given by the energy gaps of the applied superconductors. There-
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Figure 3.7: Schematic cross section of a Josephson junction applied with a magnetic field. The superconductors

are depicted in gray, the barrier is colored in black. The magnetic field applied in plane with the
barrier can penetrate the junction through the insulating barrier.

fore, the energy gap is directly related to A of the superconducting films that are used. In
SIS-based mixers, the energy gap is the limiting factor concerning the operation frequency.
Therefore, increasing the operation frequency of a SIS mixer requires the increase of the
energy gap in the superconducting electrodes. Furthermore, imperfections in the barrier and
its vicinity need to be avoided in order to obtain minimum leakage current and maximized
non-linearity of the SIS junction.

So far, any magnetic field was considered absent. However, in case of a present magnetic
field, the critical current of the junction is influenced according to (3.22) and (3.24). A
magnetic field applied in plane with the barrier of the junction can penetrate not only the
insulating barrier #,x but also the superconducting electrodes down to a depth of A;,. This is
depicted schematically in figure 3.7. Therefore, the physical barrier thickness #x is different

from the magnetic barrier thickness

t 15
fox.m = fox + Ar1 coth <)L1> + ALscoth <2> (3.37)
L,1

where the thickness of the two electrodes is denoted by #1 5. A junction which is aligned to a
magnetic field perpendicular to its length Lyj is thus penetrated by the magnetic flux

b= ByLJ]l‘OX’de, (3.38)

as shown in figure 3.7.
According to equation 3.24, an applied magnetic field results in spatial variation of the

phase difference. Integration of the magnetic field across the junction yields

2 = pla+da) — o), (3.39)
0
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which can be expressed for a homogeneous magnetic field distribution as

(p(x+dx) _ (P(x) _ 8(p _ 27'”0)(,m

== By. 3.40
dx 8x CI)() Y ( )

Substituting into equation 3.22, this results in a sinosuoidally oscillating current density

within the junction

2
j(x,y) = jesin (nByx—i— (p0> . (3.41)
o,

The oscillation of the current density in the junction is equivalent to a circulating current.
It can be shown [62, 81], that the critical current of a short, rectangular junction which is

perfectly aligned with the magnetic field, depends on the magnetic flux as

sin (nq%)
0

L(P) =1(0)|—%—| (3.42)

T3,

0
This function is the same as the intensity distribution of light diffracted by a single slit, and in
this analogy, the ideal modulation of the critical current in a short junction by a magnetic field
is called the Fraunhofer pattern. This result is only obtained, if the critical current density
across the rectangular junction is constant, so the current distribution across the junction is
homogeneous. In this case, the critical current distribution can be assumed as shown in figure
3.8a. This critical current modulation starts from I ¢ for zero magnetic field and is decreased
for increased ‘E until it reaches zero. At this point, the flux in the junction equals ® = P
and is called a Josephson vortex or a fluxon. For integer values of n- @, these distinct minima
with a critical current of zero are present. The resulting Fraunhofer pattern is shown in figure
3.8b. The critical current density distribution can thus be evaluated using the modulation of

the critical current due to a magnetic field.

Conclusion

In this section, the Josephson effect is introduced, with the particular properties that stem
from its unique setup. The Josephson equations are presented which are the basis for the
unique property of frequency to voltage conversion, with only fundamental physical con-
stants as the proportionalities. The basic model of such a junction, the RCSJ-model and a
mechanical analogue is introduced: the tilted washboard potential. Using this analogue, the
dynamic behavior of a short Josephson junction can be explained. The equivalent circuit of

the RCSJ-model is the basis for further modeling of a junction in a RF environment. The
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Figure 3.8: Modulation of the Josephson critical current of a junction with a magnetic field. These considera-
tions are based on a perfectly square shaped junction with an assumed ideal critical current density
distribution as depicted in (a) and a magnetic field in plane with the barrier. The applied magnetic
field then modulates the Josephson critical current with a Fraunhofer pattern as depicted in (b).

quality parameters relevant for this work are introduced by the means of the current-voltage
characteristic of an ideal junction as well as a non-ideal junction. It can be seen from these
graphs, that the junction current-voltage characteristic is highly non-linear, which enables the

usage as a mixing element.

3.2.2 SIS junction as mixer

As seen in section 2.2, a device for mixing needs to exhibit a non-linearity. In general,
quite a few devices with non-linear transmission characteristics are known that can be used
for mixing, such as Schottky diodes, hot electron bolometers (HEB) or SIS junctions. The
Schottky diode however is outperformed by both the HEB as well as the SIS mixer [9]. The
best performance of these three devices is achieved by the SIS mixer, closely followed by the
HEB mixer. The HEB mixer, typically consisting of a thin niobium or niobium nitride film,
exhibits a strong non-linearity in the current-voltage characteristic at the critical current of
the thin film. It does not exhibit an intrinsic frequency limitation which makes it a common
choice for frequencies that can not be covered by the SIS mixers. Furthermore, the HEB
mixer exhibits a very low intrinsic capacitance, which facilitates the impedance matching
even at high frequencies. The operation principle and properties of the SIS mixers, which are
the devices with the best noise performance, will be discussed in this section.

Obviously, a Josephson junction exhibits strong non-linearities at / = I, and in the sub-
gap branch where / ~ 0. Both of these non-linearities can be used as mixing [2, 16]. If the
transition from the zero-voltage state to the voltage state is used for mixers, the device is

referred to as Josephson-mixer.
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Figure 3.9: Current-voltage characteristic of a Josephson junction with incident RF radiation. The original
characteristic is depicted by the dashed gray lines. The incident radiation with a frequency v leads
to photon assisted tunneling steps in the quasiparticle branch. The width of these steps is determined
by the frequency of the incident radiation.

Although the transition at I = I is extremely sharp, the performance of Josephson mixers is
worse than of SIS-mixer, which uses the second non-linearity in the sub-gap branch. [2, 16].
Therefore, the Josephson mixers are disregarded in this work. In order to avoid additional
noise by the Josephson effect [84], the critical current of the junction is usually suppressed
using a magnetic field, leaving only the quasiparticle branch of the IV characteristic. All
mixer devices referred to from now on, are SIS mixers.

In order to qualify a mixer for RF operation, the RF behavior of these devices needs to
be considered. If a junction is provided with RF power, in the analogy of the RCSJ model,
the incident RF current periodically tilts the washboard potential with the frequency of the
incident signal. This periodic tilting can lead to resonance effects and result in a voltage
that is proportional to the incident frequency. In the current-voltage characteristic, these
resonances manifest themselves as deviations from the zero voltage state resulting in very
sharp steps of constant voltage and are called Shapiro steps. The discrete voltages of these

steps can be calculated directly from the Josephson equations and appear at the values

VShap = nF;—(Z (3.43)
The RF-power also manifests itself in the quasiparticle branch as photon-assisted tunneling
steps (from now on called photon steps) as depicted in figure 3.9. The original IV-curve with-
out incident RF-power is depicted as the gray dashed line, whereas the blue curve represents
the behavior in the retrapping branch with incident RF-power. The width of these steps is
given by

h
Vpar = n£7 (3.44)
e
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and is thus only dependent on the incident frequency. The integer n implies that these pho-
ton steps can occur at integer multiples of i /e. In figure 3.9 only the first photon step is
depicted. Clearly visible is the deviation of the blue curve from the original one below as
well as above the gap voltage. The reason for this can be illustrated by the energy diagram
of the SIS junction as shown in figure 3.10. This diagram shows the occupied and the unoc-
cupied states of the two superconducting electrodes separated by the barrier. In this barrier,
there are no states available. The dashed horizontal lines depict the Fermi levels for each
superconductor whereas the gray areas represent the occupied states. For a given bias volt-
age 0 < V) < 2A/e, an incident photon with sufficient energy E = /i@ enables a quasiparticle
from the one electrode to overcome the energy difference to an unoccupied state in the op-
posite superconductor. This results in an enhancement of the current below the gap voltage,
which can be measured in the current-voltage characteristic. A larger incident power hence

leads to a higher current in the sub-gap branch. This has been formulated in [16, 85]

= evi nho
Algp(Vo, Vo) = Y Ja ( hz)o) Io (Vo + e) : (3.45)

where Aly, represents the current rise on the n™ photon step, Vi o is the amplitude of the
incident local oscillator voltage and I4c (V) is the current of the unpumped DC current-voltage
characteristic with the bias voltage Vy. J; is the Bessel function of the first kind of the order

n. This can be approximated by [16]

1 (Idc(Vo+h0)/e) 21dc(V0)+1dc(VOhw/e)) _ (3.46)

Aly, = -V
® g (hw/e)?

In order to quantify the pumping level of the mixer, a pumping factor ogjs is introduced

eVio
ho

Os1s = (3.47)

With the formulas given in [16] the incident power to a SIS mixer can be calculated nu-

merically. An approximation of the required power level for the ideal pumping is given by

[84]

_ Vo
2RN

From equations (3.47) and (3.48), it is obvious that the required pumping power increases

Bo (3.48)

with @?. Instead of just using a single SIS junction as the mixing element, also N junctions
can be used. The required pumping power then increases by N? which includes an increase

in saturation power by N2 without deteriorating the mixer noise or gain [86]. It is shown that
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Figure 3.10: Energy diagram of a Josephson junction demonstrating photon assisted tunneling. The occupied
states of each superconductor to the left and the right of the barrier are depicted in gray, below the
energy gap, which surrounds the respective Fermi levels.

the photon steps can exhibit a negative differential resistance on the plateau. In this special
case a SIS mixer can actually exhibit a conversion efficiency greater than unity which results
in a conversion gain [16, 39, 41, 87].

Considering the width of the photon-assisted tunneling steps, the frequency limitation of
the SIS mixer becomes obvious. The non-linearity will only be completely available to the

RF-power if the energy of the incident radiation is lower than the energy gap 2A
ERp =how < 2A = Eg,,. (3.49)

A SIS mixer subjected to a frequency exceeding this limit, will exhibit a decreased conver-
sion gain. However, it has been shown [88-91], that the SIS mixers still exhibit excellent
performance until theoretically twice the energy gap. Therefore, the frequency limitation of
a SIS mixer is given by

Vmix,max = 4A. (3.50)

In case of niobium, which exhibits an energy gap of 2A = 2.9 meV, the SIS mixers can
operate with acceptable noise levels up to v = 1.4 THz. In order to increase this limit, super-
conductors with higher energy gaps have to be used, such as niobium nitride.

The high frequency behavior can be modeled using the equivalent circuit of the RCSJ
model. Since the critical current is suppressed, the Josephson component is removed from the
circuit, leaving a resistor in parallel with a capacity as shown in figure 3.11a. The knowledge
of the complex mixer impedance is essential in order to be able to match the RF circuit.
Operating the mixer on the first photon step, the mixer conductance is described by Tuckers

quantum theory as [16, 25]

)i —1)h
Gumix = %Zﬁ(asm) <Idc <V0+ (’”e)“’) s <V0+('1€)(”>> . (350

n
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Figure 3.11: The equivalent circuit of a SIS mixer as derived from the RCSJ model, with suppressed Josephson
effect. The remaining resistor and capacitor define the mixer impedance as depicted in (a) with
a connected tuning inductor. (b) The calculation of |S},| of the circuit in (a) with a capacity of
Chix = 32 fF. The uncompensated case is depicted by the dashed line. The addition of different
inductors leads to the curves depicted in green and blue.

where J, denotes the Bessel function of the first kind, Vp is the bias voltage and Iy is the
current of the junction without incident radiation. It is shown by Tuckers quantum theory
that SIS mixer exhibit a quantum RF susceptance [16, 25], which in the equivalent circuit is
in parallel to the geometric capacitance Cyix = Ceeom + Cquantum. However, this susceptance
can be neglected if the junction is biased on the first photon step [1]. Therefore, the total
susceptance is dominated by the geometrical capacitance. The input admittance of the junc-
tion is thus determined by the normal state resistance and the capacitance of the junction and
equals

Yin = Gnix +jwcmix- (3.52)

In general, it has been shown [48, 92] that Rpix = 1/Gmix = RN is a good approximation for
the mixer resistance. The mixer susceptance needs to be compensated for in order to achieve
a good impedance matching which can be done by a variety of approaches some of which
will be discussed in chapter 4. Here, the influence of tuning will be demonstrated with the
simplest approach. In order to compensate for the junction capacitance, an inductive part has
to be connected in parallel to the junction. This can be achieved by an ideal inductor. How-
ever, in order to allow the mixer to be dc biased, an additional capacitor would be required in
series to the junction, which is very impractical at THz frequencies. Therefore, an approach
using the impedance transformation of transmission lines is frequently used [92]. As derived
in section 2.3.3, the input impedance of an open or short circuited transmission line exhibits a
purely imaginary value. An open ended transmission line can exhibit a positive susceptance,

if the length exceeds / = A /4, whereas a shorted one acts inductively from 0 </ < A /4. Due
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to the shorter length, the bandwidth of a shorted transmission line is larger than an open cir-
cuited one. In order to provide an adequate RF-short, a radial stub can be used [92]. Figure
3.11a depicts the resulting circuit where the transmission line and the stub were substituted
by an inductor in order to illustrate the operation principle being a parallel resonant circuit.

The resulting embedding impedance is for an ideal circuit given by

-1
) , (3.53)

which exhibits a reactance of zero at the resonance frequency

1
Zemb = | 5= +i0OChix + -
Semb (RN ! e ,]a)Ltune

1
V Ltunecmix .

The operation frequency can thus be selected by setting the length of the transmission line,

Wres = (3.54)

which results in different values of the inductor. This is depicted in figure 3.11b for an uncom-
pensated circuit and for compensated circuits with the values Lyne = 4 pH and 1.5 pH and
Chix = 32 fF resulting in resonance frequencies of Vies = “2";‘ =356 GHz and V,¢s = 581 GHz
respectively. This small change in inductance of only 2.5 pH resulting in the large change in

resonance frequency emphasizes the importance of an accurate tuning of the compensation.
The uncompensated case is depicted by the red dashed line. Obviously, the reflection coeffi-
cient is close to unity over the entire frequency range, demonstrating the imperative need for
this compensation.

The bandwidth of a resonant circuit can be calculated according to

Av 1
BW=— = . (3.55)
VKCS wl”CSRC
Substituting the values for SIS mixers yields [93]
1 .
BW — Je (3.56)

@res RNCinix sl CRNCt/ri

C, = CX“ hereby denotes the specific trilayer capacitance of the SIS trilayer used for fab-

rication. This value is material specific and can be found in literature for NbN/AIN/NbN

trilayers [94] empirically determined to

1. =20;0¢ for j. < 15kA/cm? (3.57)

tri

=711 for j. > 15kA/cm?, (3.58)
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and for Nb/Al-AlO/Nb trilayers [95]

Chi = 3.7jc +37, (3.59)

W in fF/ um?. An increase in j. involves a decrease in
/

tri

where j. is used in kA /cm? and

the specific resistance of the trilayer R|. = Rx/A. However, for a given increase in j., the

/
tri

equation 3.56 leads to the conclusion that an increased critical current density along with a

decrease in R/ . is larger than the increase in C/. [92, 95]. Assuming Cyix < A and I o< A,

tri

decreased junction area results in a larger bandwidth [92, 96].

Conclusion

Due to the non-linearity of the current-voltage characteristic of a SIS junction, these devices
are utilized as mixing elements. This is discussed in this section, with respect to both non-
linearities: at I, and in the sub-gap branch. Due to the increased noise levels, the junctions
are typically not operated at the Josephson critical current non-linearity, but in the sub-gap
branch. This section presented the influence of RF radiation incident to a Josephson junction
and the effects on the current-voltage characteristic: the Shapiro steps and the photon-assisted
tunneling steps. In order to realize a mixer from such a junction, it has to be embedded into a
RF network. Therefore, the junction impedance has to be determined. The total susceptance
is usually dominated by the geometrical capacity of the junction. The normal state resistance
is typically a good approximation for the input resistance of a junction. For the realization of
an integrated receiver, a local oscillator is required on chip. It is beneficial for the fabrication,

if this local oscillator can be realized in the same technology as the mixer.

3.2.3 Long junctions and flux-flow oscillators

In the previous sections, it has been assumed, that the current distribution in the junction was

spatially homogeneous. This assumption is valid for short junctions, which do not exceed a

@,
M=y —0 (3.60)
27 Uotox,mJjc

Ay is the so-called Josephson penetration depth. For these junctions, the phase is constant

characteristic length scale

across the entire junction area in the absence of an external magnetic field. If the junction
however is extended in one dimension, exceeding A;, the current distribution cannot be con-
sidered homogeneous any more, thus a phase change along the junction has to be taken into

account. Therefore, a geometry as depicted in figure 3.12 is considered with a length Lj; that
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Figure 3.12: (a) Schematic illustration of a long Josephson junction with Ly; >> Ay and an applied magnetic field
in plane with the barrier. (b) The equivalent circuit of this junction is the addition of many single
short junctions.

is significantly larger than A, but the width is still Wiy < A;. This is called a long Josephson
junction (1JJ). In order to describe the properties of such long junctions, the phase varia-
tion along the z-axis has to be derived, which can be done by separating the long junction
into infinitely short portions as shown in [97, 98]. Following this derivation, the perturbed

Sine-Gordon equation can be set up to

Py I’ PCui 0@ . sin __.+&37(p_ Py o
L 92 2m o MO T T onEor T 2nk oar

(3.61)

where L* describes the specific inductance, ¢ is the specific resistance and { represents the

specific surface resistance. Normalizing this equation with z =ZA; andr =7 w};l;sma yields
. 1
Bsc @zz + ¢z — @i — osG pr = sin(@) — - (3.62)

C

In this equation, the subscripts indicate the partial differentiation with the constants ogg and
Bsg describing the damping due to the dissipation of quasi-particle tunneling and the surface
resistance of the superconductors [97, 99]. Assuming small ¢ (I = 0), equation (3.62) can be
linearized by substituting sin(¢) = ¢. An additional negligence of losses (s = Bsg = 0),
simplifies equation (3.62) to the unperturbed linearized Sine-Gordon equation

¢z — P — ¢ =0. (3.63)
The solution of this equation can be found using a plane wave
Q(z,1) = eltke=0n), (3.64)

52



3.2 The tunnel junction

Substituting this into equation (3.63) yields

(1)2

2
wplasma

O = /O ygma + K2, (3.66)

Here, ¢ = WplasmaAy represents the so-called Swihart velocity, which is the maximum prop-

— ;szk2 =1 (3.65)

which can be rewritten to

agation velocity in the Josephson junction. Typically, ¢ is in the range of 0.01..0.0001 - ¢
[81, 100] with cg being the speed of light in vacuum.

Obviously, equation (3.68) is a solution of the unperturbed linearized Sine-Gordon equa-
tion with a plane wave character. This can be interpreted as plasma waves traveling along
the junction. Equation (3.66) gives the lower frequency limit of these plasma waves. Only
waves with a frequency higher than @pjasma can propagate inside the junction.

Relaxing the requirement of small ¢ values implies that the resulting equation is not linear

any more. This leads to the unperturbed Sine-Gordon equation

¢z — @ —sin(p) = 0. (3.67)

A solution to this equation is given by

+
©(Z,f) =4-arctan | e =] (3.68)

This solution describes a time and space dependent phase change of 27 and thus represents
the phase in presence of a fluxon (+) or antifluxon (-) traveling along a Josephson junction
which behaves as a relativistic particle. Figure 3.13 depicts the behavior of the phase for
z0 = 0 and v, = 0 at t = 0 with the blue line. The spatial extension of this resting fluxon is
approximately 24;.

The fluxons can be accelerated by the bias current leading to a velocity that results from

the equilibrium between the Lorentz force and the friction force

1
4o
1+ (7o)

The red line depicts the phase behavior for a fluxon with a velocity of v, = 0.9¢.

(3.69)

<
Il
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Figure 3.13: Phase variation along a long Josephson junction with the corresponding magnetic field and current
density. The phase is depicted in (a) with a phase change of 27, corresponding to a single flux
quantum. The corresponding magnetic field is depicted in (b) and the current density can be seen
in (c). Each of these graphs contains the calculations of these quantities for two fluxon velocities,
the stationary case of v, = 0 and v, = 0.9¢.

Due to the high velocities of the fluxon close to the speed of light, they are subject to rel-
ativistic contraction. This contraction is also visible for the flux density By and the current

density jx normalized to the critical current density. These two quantities can be calculated

aBy (z)
0z

from (3.68) using the relations (3.40) and Ampere’s law
depicted in 3.13.

= —Uo jx(z) and are also

The two excitations shown above manifest themselves in the current-voltage characteristic
of the long junctions. Exiting plasma waves in a long junction can be achieved by a magnetic
field, spatially modulating the Josephson current in the long junction. Due to the finite length
of the junction, the plasma wave is in parts reflected at the junction boundary, creating a
standing wave if the damping is small enough (osG - Lyy/Ay < 1). This resonant behavior of a
standing wave with the wavelength A can be observed, if the condition

A T
Ly=n% =n (3.70)
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Figure 3.14: Measured set of current-voltage characteristics of a long Josephson junction. Each of these curves
is recorded for a different magnetic field. The curves at low voltages correspond to small magnetic
fields. Increased magnetic fields shift the curves towards higher voltages. The Fiske regime is
indicated by the green and the flux-flow regime by the blue areas.

is satisfied, for a magnetic flux amount of n-®,/2 present in the junction, where n is an
integer. This resonance manifests itself as current steps in the current-voltage characteristic
as can be seen in figure 3.14. These steps were first reported by Fiske [101] and are therefore
called Fiske steps. The steps occur at the voltages

wplasma CDO )LJ
h = - n
2w 2Ly

(3.71)

Characteristic for these steps is that they can exhibit very small differential resistances for
instance Rypiasrs = 0.002 Q [102], which depend on the quality factor of the resonator.
The second kind of excitation is the excitation by fluxons. If a sufficiently large magnetic
field is applied in plane with the barrier, fluxons can enter the junction from the edges [81].
If the Lorentz force is large enough to overcome the pinning forces, fluxons are accelerated
in one direction towards one end of the junction depending on the polarity of the currents and
magnetic field. Due to the finite length of the junction, the fluxons will eventually arrive at the
opposite boundary, where they leave the junction emitting microwave radiation. Therefore,

a continuous unidirectional flux-flow is present in the junction, which is why this type of
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3 The superconducting integrated receiver

device is called flux-flow oscillator (FFO). The voltage across a flux-flow oscillator is given
by
Vrro = Bytox,mva (3.72)

where the speed of the fluxons is noted by v [81]. An increased magnetic field hence leads
to higher voltages of the flux-flow oscillator which corresponds to a higher frequency (3.26).
For a given magnetic field, the motion of the fluxons manifests itself in the current-voltage
characteristic as flux-flow steps. Such a device is thus a tunable microwave oscillator which
can emit microwave radiation up to a frequency of vp.x = PoVp, where Vj is the bias voltage.
It was therefore proposed by Nagatsuma [98, 103] to employ Josephson oscillators as an on-
chip integrated microwave source. Real devices have been shown with frequencies as high
as 700 GHz with niobium based FFOs, limited by the gap voltage [104].

The characteristic quantities of an oscillator besides the oscillation frequency are the output
power and the oscillation linewidth. The output power of the flux-flow oscillator connected

to a load impedance Ry, (see figure 3.15) can be calculated using

Ry
W =Vosceo—— 3.73
L OSCZFFO +RL ( )
to )
VL
= = 3.74
58 RL (3.74)

with the oscillator voltage Vi, and the oscillator output impedance Zgro. An intuitive image
for the linewidth of the emitted radiation of the FFO can be derived when considering the
fact that the output frequency of the flux-flow oscillator is defined by the Josephson equa-
tions. According to them, the frequency is determined by the bias voltage of the oscillator.
Assuming an ideal bias voltage or current with zero fluctuations, the linewidth of the output
radiation would only be determined by internal current fluctuations [105]. However, in a real
application, the biasing is subject to variations itself. Assuming a current biasing scheme, a
noisy current leads to a varying voltage due to the finite differential resistance of the current-
voltage characteristic. From this derivation, it is obvious, that the linewidth of the flux-flow

oscillator strongly depends on the differential resistance values

aVbias (Ibias,CTRL) and

Rd,bias = 8Ib- (3.75)
1as
OWViias (I

RycTRL = bla;(l(];:;fTRL) (3.76)
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ZFFo

Vosc VL RL

Figure 3.15: Equivalent circuit of a flux-flow oscillator connected to a load resistance. The FFO is modeled as
a voltage source with an output impedance Zpro. It is connected to a load impedance Ry.. This
circuit needs to be considered for a maximized power transmission from the FFO to the load.

Both of these quantities can be obtained from the current-voltage characteristics of a flux-flow
oscillator. The obvious Ry piss directly reads from the slope of the current-voltage character-
istic as depicted in figure 3.14. The value of RqctrL needs to be measured separately. Both
values determine the resulting FFO linewidth [11]. Obviously, the Fiske regime is beneficial
for a narrow linewidth of the output radiation due to the high differential resistance. A bias
current subjected to noise and fluctuations will only result in a negligible voltage and hence
frequency variation.

However, the Fiske regime has two drawbacks. First, due to the step-like appearance, a
continuous frequency tuning is not possible, but only discrete frequencies can be achieved.
The second drawback concerns the upper frequency limitation. Since the Fiske steps can only
be measured for voltages below a certain level, this regime is limited in operation frequency
to values lower than ~ 450 GHz.

Above the Fiske regime, the FFO is driven into the flux-flow regime, which enables a con-
tinuous adjustment of the frequency, with the drawback of a smaller differential resistance,
hence a broader output spectrum. Typical linewidth values found in literature are between 10
and 100 MHz for operating the FFO on flux-flow steps and values between 0.4 and 10 MHz
for an operation on Fiske steps [106, 107]. These free-running linewidths can furthermore be
influenced by geometrical parameters [105]. It can be influenced and improved by e.g. the
critical current density [108] or the junction width [109], however, a substantial decrease of
the FFO linewidth is possible by the implementation of a phase-locked loop with the flux-
flow oscillator. In this case, the linewidth significantly drops to values as low as 1 Hz [104]
on Fiske steps.

The output power of a flux-flow oscillator is typically in the nW to uW-range [16, 98,
106]. In order to integrate a flux-flow oscillator in an RF-environment (typically microstrip
transmission lines), and provide the mixer with sufficient pumping power, the output imped-
ance needs to be determined in order to achieve matching with the adjacent transmission line

network.
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Figure 3.16: Schematic drawing of the output cross section of a flux-flow oscillator. The ground electrode is
depicted in dark gray, the dielectric in green and the wiring layer is colored in lighter gray. The
important quantities for the calculation of the output impedance of the FFO are given in the figure.

For the RF properties, the flux-flow oscillator is considered as a distributed transmission line
and the output impedance can be approximated by the junction’s characteristic impedance
[103, 110]. According to equation (2.24), the only parameters that are required, are the
specific inductance L’ and capacitance C’'. These parameters can be calculated for a given
junction cross section [111]. Therefore, the junction cross section needs to be considered,

which is depicted in figure 3.16. The values of interest can then be calculated by

1 1 /W 2W,
Z=—(—=+== 3.77
L' fo <h1 * h ) 3.77)
with
n 15
hy = Apcoth | — | +Apcoth | == (3.78)
AL A
and
hy = tgie1 + hy. (3.79)

The specific capacitance can be determined by

2e0eWs

C'= t/ri Wi+
Tdiel

(3.80)
The geometric parameters for W; and d; are given in figure 3.16 which depicts the cross sec-
tion of the flux-flow oscillator. & represents the dielectric constant of the applied dielectric.
For this work silicon monoxide was used with & = 5.

Obviously, the widths of the idle region W, and the active region W; contribute to the
output impedance, where a larger idle region results in lower output impedances. Since
C’ is larger than L, the output impedance of a flux-flow oscillator is typically low which
makes it hard to match it to an adjacent microstrip network. It is hence beneficial for the
matching, if the width of the active region of the flux-flow oscillator is reduced along with
a reduced width of the idle region. In order not to decrease the total area, the junction is

tapered at the very end. This can be seen in figure 3.17, which schematically depicts a top

58



3.2 The tunnel junction

b)
a)

Figure 3.17: Schematic top view (a) and cross section (b) of a flux-flow oscillator. The wiring layer is depicted
in lighter, the ground electrode in darker gray. The junction area is illustrated by the dashed white
line. The FFO output is assumed to be at the right boundary of the junction. With an applied bias
current as given in the figure, the fluxons generated by the magnetic field are accelerated towards
the right boundary of the FFO.

view of a flux-flow oscillator and a cross section. This tapering is in this work realized as
a linear taper, however, there are also other approaches to realize this, e.g. an exponential
taper [112]. This tapering is furthermore responsible for the suppression of unwanted small
resonant structures, which are superimposed to the Fiske steps [107, 113]. Figure 3.17 also
depicts another feature which needs to be considered for the design of flux-flow oscillators:
the unbiased tail. This feature is owed to the inhomogeneous current distribution in the long
Josephson junction [103, 114]. Following this derivation of Nagatsuma et al., a current along
the junction electrodes is induced by the bias current, which is accompanied by a magnetic
field which is called the self-field. This self-field decreases the slope of the current-voltage
characteristic of the FFO and thus result in a larger linewidth. This effect can be suppressed
with a bias line geometry as indicated in figure 3.17, where the width of the bias line is
smaller than the length of the oscillator. This leaves the tail of the oscillator unbiased and
yields a smaller linewidth due to an increased differential resistance.

The generation of the required external magnetic field for the injection of fluxons in the
junction can be done by an external coil. However, the mixer on chip is also susceptible to
magnetic field, which is why the magnetic field for the FFO has to be created locally on chip.
This is typically achieved by a control line, which passes a current along one of the electrodes
of the FFO as indicated in figure 3.17. The magnetic field that is generated by this current is

in close vicinity of the barrier and can thus generate the required fluxons in the junction.
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Conclusion

The long Josephson junction is introduced in this section. This junction exceeds the Joseph-
son penetration depth in one dimension Lyy > A;. Therefore, the phase can vary along the
length of the junction, which is described using the Sine-Gordon equations. These long junc-
tions can be utilized as local oscillators. Both, the SIS mixer as well as the local oscillator can
thus be realized in the same fabrication technology and can thus be easily integrated on a sin-
gle chip, resulting in a superconducting integrated receiver. The local oscillator is operated
in the flux-flow regime for higher frequencies, and is therefore called a flux-flow oscillator.
The output impedance of such a flux-flow oscillator is discussed, since the FFO needs to be
matched to the adjacent transmission line network. The realization of an integrated receiver
comprising a flux-flow oscillator connected to a SIS mixer requires the fabrication technol-
ogy to comply with particular demands that stem from the properties of these devices, which

will be introduced in the following section.

3.3 Technological requirements for
superconducting integrated receivers

The previous chapters have introduced the necessary basics for understanding the setup and
operation of a superconducting integrated receiver. However, if such a device is to be real-
ized, the fabrication technology has to fulfill a number of requirements in order to provide
a quality that fits the particular demands of a superconducting receiver. Figure 3.18 depicts
the schematic setup of a superconducting integrated receiver. As opposed to a mixer with
an external local oscillator, the signal combination of the local oscillator signal with the re-
ceived signal is realized on chip, which is why the transmission line network on chip needs
to provide for the low loss signal combination on chip.

Achieving the low loss signal transmission and processing requires the energy gap of the
superconductors to be large enough. The mixer can basically operate up to twice the gap fre-
quency which is why the limiting element in this case is given by the flux-flow oscillator. A
flux-flow oscillator can generate frequencies up to approximately Vyap = 483.6 GHz/mV. In
case of a niobium based trilayer, this limit is 700 GHz. The usage of a superconductor with a
higher energy gap can increase the maximum operation frequency up to e.g. 1.4 THz in the
case of niobium nitride. Therefore, the fabrication process needs to allow for the deposition
of films with high critical temperatures in order to maximize the energy gap (see equation
(3.9)). This is however not only required for the SIS trilayer, but also for the wiring layer

which is applied on top of the patterned trilayer, providing the necessary connections to the
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Figure 3.18: Schematic setup of an integrated receiver. The components included within the blue box are all
realized on a single die. The signal is received by an antenna, the local oscillator signal is generated
by the flux-flow oscillator. After the mixer, the low pass filtered signal is transferred from the die
to the IF periphery.

particular components. The wiring layer also creates the microstrip and therefore needs to be
able to transmit the signal with the lowest possible losses. Another source of losses in power
transmission is the reflection due to impedance mismatch. In order to decrease the losses
in the microstrip lines the used material should exhibit an energy gap that is high enough
to carry the signal as well as a minimum surface impedance (see equations (3.16)-(3.20)).
Furthermore, in order to achieve a reliable matching with low reflection, the deposition pro-
cess needs to yield reproducible film qualities. The wiring layer is, as opposed to the trilyer
electrode, not deposited on an atomically flat single crystal substrate, but on top of multiple
materials, specifically on top of the electrodes as well as the dielectric, which in this case
is silicon monoxide (SiO). This requirement poses a significant challenge to the deposition
technology.

The quasiparticle leakage current in conjunction with the degree of the non-linearity of
the current-voltage characteristic of the mixer dictates the noise temperature of the mixer
[16]. The deposition of the trilayer is therefore required to yield an interface between the
superconductors and the barrier that is as ideal as possible in order to avoid unwanted energy
states in the vicinity of the barrier. This results in a high ratio of the sub-gap to normal state
resistance and sharp current rise in the current-voltage characteristic at the gap voltage.

The patterning needs to allow for the realization of the required dimensions in the particu-
lar layers. In particular the junction definition and the wiring layer are the most crucial steps.
The junctions need to be as small as possible in order to minimize the mixer capacitance.
However, care has to be taken since the normal state resistance for a given j. increases for

smaller junction areas. For the realization of the microstrip lines, two parameters need to be
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controlled in order to be able to adjust a characteristic impedance of the resulting microstrip
in a reproducible and constant manner: the height of the dielectric and the width of the mi-
crostrip (see equation (2.29)). High characteristic impedances are achieved by either large
thickness of the dielectric or a narrow microstrip. The thickness of the dielectric thus needs to
be controlled and furthermore be selected such that the wiring layer can overcome the edges
of the dielectric at the points of contact but also provide sufficient isolation to the lower elec-
trode and also account for the achievable characteristic impedances. The SiO thickness thus
has to be selected specifically for the given process in particular the achievable electrode and
wiring layer thicknesses.

The goal of this work is to develop a superconducting integrated receiver based on niobium
nitride technology. This technology should enable the coverage of higher frequencies as
compared to those based on pure niobium. This includes the development of a niobium
nitride technology with an energy gap that is as high as possible, a critical current density as
high as possible while maintaining a minimum leakage. Furthermore, the material parameters
need to be extracted and provided to a simulation software, which enables the efficient design

of an RF-circuit for the on-chip distribution of the THz signals.
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NbN/AIN/NbN devices

The fabrication technology needs to meet the requirements that stem from the particular de-
mands of a superconducting integrated receiver as presented in the previous chapter. Many
of these requirements coincide with demands for other high quality devices, such as the max-
imization of the critical current density, which is also required in rapid single flux quantum
(RSFQ) circuits. An increase in gap voltage can also be beneficial for superconducting quan-
tum interference devices (SQUIDs) in order to decrease voltage noise due to temperature
fluctuations. However, some requirements are different, especially the demand for a high
ratio of sub-gap to normal state resistance. SQUIDs or voltage standards for example re-
quire highly damped junctions. Due to the various requirements that are posed by different
devices, this chapter will solely refer to the quality values that are required by integrated
receivers. The current state-of-the-art will be presented showing the properties of both, the
most common technology the Nb/AlO4/Nb technology and trilayers with electrodes exhibit-
ing higher energy gaps. The state-of-the-art in fabrication technology will also be presented
mostly regarding miniaturization of the junctions. The chapter will furthermore discuss the
development of the patterning process of the junctions and the wiring layer and demonstrate
the capabilities thereof with the Nb-based trilayer technology. Additionally, the NbN-based
trilayer technology development will be shown and the patterning process will be evaluated

considering the altered conditions, such as the increased layer thickness.

4.1 State-of-the-art

The mature niobium-based technology is nowadays frequently demonstrated with its the-
oretically maximum energy gap of 2.9 meV [115-120]. The critical current density for
highly hysteretic junctions with low leakage was demonstrated frequently up to 14 kA /cm?
[121, 122]. However, exceeding 15 kA /cm? already poses a significant challenge when low
leakage currents need to be maintained. The upper limit of AlOx barriers in the niobium

technology seems to be around 20 kA /cm?. However, introducing the aluminum nitride as
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barrier material has shown to enable a significant increase in critical current density without
increasing the leakage compared to AlOy barriers up to 30 kA /cm? [96, 123].

The miniaturization of the junction area is beneficial for many applications, including
SQUIDs. Therefore, a big effort was made in order to achieve the smallest junction area
possible. At this point, it has to be differentiated between the different fabrication process
types: the classical window type junction which is essentially based on the selective niobium
anodization process (SNAP) [124] and is the most flexible process concerning the design
limitations. This process is however limited in junction miniaturization due to the fact that
the junction-definition lithography involves the realization of resist stencils which define the
size of the junction. Due to the lithographic process, this can be a challenge. The junc-
tions with smallest areas have been realized using the cross-type junction process. Using
this fabrication, junction areas as small as 0.36 um? have been demonstrated using only pho-
tolithography [125]. This process is however limited in design, since it requires two stripes to
cross each other, which is not beneficial for the integration of a small junction with a narrow
microstrip line. In the context of this work, such strong geometrical restrictions do not seem
acceptable, which is why the window type junction is used with one of the main goals being
the miniaturization of the junction area.

One of the most important aspects of this work is the quality of the niobium nitride films
and the trilayers that could be realized with them. In literature, the critical temperatures
of NbN films vary strongly with a major influence stemming from the employed substrate
and the substrate temperature during deposition. The following examples only refer to film
thicknesses exceeding 200 nm. For decreased film thicknesses, the critical temperature drops
to significantly smaller values [126]. The substrate resulting in the highest NbN film-quality
is magnesium oxide (MgO) which yields critical temperatures of the NbN films exceeding
16 K [127, 128]. This is very close to the bulk value 17 K [129]. Other substrates mostly yield
critical temperatures which are significantly lower than 17 K [117, 126, 130]. This manifests
itself in a variation in the gap voltage of the Josephson junctions accordingly. Those junctions
realized on MgO exhibit gap voltages as high as 6 mV with critical current densities as high
as 70 kA/cm2 [131]. This is however limited to the case of MgO as a barrier material. As
previously described, AIN as a barrier material is favorable, due to the increased critical
current density. The junctions realized on MgO with an aluminum nitride barrier typically
exhibit gap voltages of only 5.2 mV [132, 133], however, in this case, the critical current
density can be increased up to 100 kA / cm?.

The energy gap of NbN films on other substrates are in most cases far below the values
shown above. It was shown on silicon substrates that, using an elaborate pre-treatment of the
substrate, the gap voltage of the NbN films could be increased up to 4.9 mV. However, till

64



4.2 Junction and circuit fabrication

now, the critical current densities shown, are extremely low, excluding these junctions from
a practical relevance for mixers so far [134]. NbN-based junctions have been reported on
other types of substrates as well, such as silicon dioxide or fused silica, where the deposition
process yielded only poor results concerning the gap voltage, which could not exceed values
of =~ 3.3 mV [130]. On sapphire substrates, remarkable results have been obtained [135]
with gap voltages as high 6 mV. This was however only possible by the incorporation of a
MgO buffer layer. Nonetheless, this result is encouraging to continue the NbN deposition on
sapphire substrates.

In order to reduce the complexity of the layer setup, this work aims at the realization of
high quality NbN films directly on R-plane sapphire substrates without any pre-treatment or
buffer layer. These NbN films are optimized according to the demands of superconducting
integrated receivers, concerning the gap voltage, the leakage current and the critical current
density. The energy gap and the critical current density need to be maximized, whereas the

leakage needs to stay at low levels.

4.2 Junction and circuit fabrication

The realization of high-quality NbN-based Josephson junctions not only requires the SIS
trilayer to be as perfect as possible, but also the patterning must not deteriorate the junction
properties, enabling the measurement of the real trilayer quality. In particular, the wiring
layer has to be separated from the bottom electrode, the layer thicknesses can not exceed
certain levels in order to be able to use high-resolution electron beam lithography and the
reproducibility needs to be ensured. Therefore, this section deals with the patterning process
sequence, which is shown for niobium-based trilayers for which this process was originally
developed [117]. This is done, since the niobium trilayer technology has matured to a level,
where high-quality SIS trilayers can be realized reproducibly [115-117]. Therefore, the
eligibility of the patterning can be qualified using Nb/Al-AlO4/Nb trilayers.

4.2.1 The self-planarized process

The patterning process begins using a previously deposited SIS trilayer. The main feature
of the self-planarized process is the ability to keep the layer thickness of the subsequently
deposited layers at the minimum possible level. This is achieved by a consequent fabrication
sub-sequence of etching and filling and will be explained in the following section using the

cross-section depicted in figure 4.1.
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Figure 4.1: Fabrication sequence of the self-planarized process. Starting from a superconductor-insulator-
superconductor trilayer on a substrate, first, the ground electrode is defined, followed by the junction
definition and the wiring layer.

Starting from the trilayer on the substrate (figure 4.1a), the definition of the lower electrode is
done first (figure 4.1b). The lithography defines the lateral dimensions of the lower electrode,
and the subsequent etching patterns the entire trilayer accordingly. The niobium electrodes
are hereby etched using reactive ion etching, whereas the isolating barrier is etched by ion
milling. The resulting structure is depicted in figure 4.1c. Instead of stripping the resist

immediately, a first layer of silicon monoxide is evaporated (figure 4.1d). The purpose of
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this layer is the planarization of the resulting steps at the lower electrode edges. Therefore,
the thickness of this planarization layer is selected according to the thickness of the lower
electrode fnp pot = 90 nm.

The silicon monoxide is then lifted off (figure 4.1e) and after another lithography for the
junction definition (figure 4.1f), the counter electrode is etched, again using reactive ion
etching, defining the lateral dimensions of the junction (figure 4.1g). After the etching, the
whole die is immersed in a solution of ammonium pentaborate and ethylene glycol for anodic
oxidation. Again, without stripping the resist, a SiO layer is deposited. In conjunction with
the oxidized surface of the lower electrode, this SiO needs to provide a reliable electrical
isolation between the bottom electrode and the wiring layer, preventing short circuits parallel
to the junction. The isolation across the edge of the bottom electrode proved to be particularly
critical in other processes, which is why the thickness of the SiO isolation layer needed to
significantly exceed the thickness of the bottom electrode. However, due to the planarization
layer, the isolation layer does not face steps underneath that needed coverage. Therefore,
the thickness of the isolation layer is selected equal to the thickness of the counter electrode
INb,top = 90 nm.

After lifting off the isolation layer, the structure is fully planar (figure 4.1h), which is ben-
eficial for the following layers. In the next step, the lithography for a second isolation layer
is done (figure 4.11). This thin second isolation layer, which has a thickness of approximately
20 nm, is then deposited and structured by lift-off (figures 4.1j and 4.1k). The purpose of
this layer is to ensure the isolation between the bottom electrode and the wiring layer. The
necessity of this will be demonstrated later. Furthermore, the second isolation layer adds a
degree of freedom when e.g. process requirements prevent the total thickness of the SiO to
be selected for the ideal planarization. This means, that if a total SiO thickness was required,
that exceeds the counter electrode significantly, the resulting step height can be reduced by
50 % as compared to the realization of the SiO in a single deposition process.

After the second isolation layer, the wiring layer can be applied. Since the wiring layer is
the last deposited layer, it can be structured using lift-off (figure 4.11, 4.1m and 4.1n), or by
etching.

The minimum required thickness of the wiring layer is dictated by the maximum step
height Agepmax of the underlying structures. The thickness of the wiring layer needs to be
at least the London penetration depth in order to provide a good superconducting connec-
tion. Even and especially across underlying steps, the effective thickness is however re-
duced, which is why, the wiring layer has to be deposited with a thickness that equals at least
AL+ Astep,max-
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Figure 4.2: (a) Schematic cross section of a junction after the deposition of the first isolation layer, illustrating
the isolation gaps surrounding the junction. (b) A SEM micrograph after the lift-off of the first
isolation layer. The counter electrode surface is visible in the center of the image surrounded by a
gap in isolation.

This is the particular benefit of the self-planarized process, since it allows for minimized step
heights. Therefore, all layers, including the wiring layer, can be defined using high-resolution
electron-beam lithography.

The consequent process sequence of etching and subsequent SiO-filling in the same lithog-
raphy step allows the nearly completely planarization of the structures at intermediate fabri-
cation steps without the use of chemical mechanical polishing. However, the etching of the
electrodes is done using reactive ion etching, whereas the silicon monoxide is evaporated.
Due to the isotropic nature of the reactive ion etching, the resist stencils that are the junction
definition, are underetched. This is depicted schematically in figure 4.2a. The subsequent sil-
icon monoxide evaporation is a very anisotropic process, which is why the underetched areas
are not filled up completely by the SiO. This opens up gaps right around the junction, which
can lead to short circuits, if the wiring layer is deposited directly on top. Figure 4.2b shows
a scanning-electron micrograph (SEM) top view of the structure depicted schematically in
figure 4.2a. The junction in the center is surrounded by the trench, before the SiO layer starts.
This is why the second isolation layer is crucial to ensure a good electrical isolation between
the bottom electrode and the wiring layer.

The result of the fabricated junctions is depicted as a cross-section in figure 4.3. This
figure shows the SEM image of a cross-section of a realized junction. In the bottom part of
the image, the substrate is visible, on top of which the bottom electrode is deposited. The
edges of the electrodes exhibit the expected conical shape, which is due to the isotropy of
the etching. The counter electrode on top has smaller lateral dimensions and also here, the
conical shape of the edges can be recognized. Both electrodes are surrounded by SiO, which

can not be identified optically in this image. However, on top of the counter electrode, the
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Figure 4.3: Cross section of a junction after fabrication. On top of the substrate, the bottom electrode can be
recognized as the widest bright structure. The subsequent narrower layer is the counter electrode
followed by the wiring layer. The close-up in the right part of this figure depicts the right edge of
the junction highlighting the consequence of the isolation gap of the first isolation layer.

window resulting from the second isolation layer becomes apparent. The wiring layer at the
very top connects through this window and in the zoomed part of the image, a small kink in
at the lower edge of the wiring layer is visible. This is due to the trenches that were discussed
above, which are now filled with the second isolation layer and therefore, the wiring layer
does not reach the bottom electrode.

Lithography One of the key aspects in the fabrication process is the lithography. It is
crucial for the definition of the various geometries and the resist is furthermore subject to
the subsequent fabrication processes. This becomes particularly important, if long etching
procedures are necessary, or even a long etching procedure consisting of different etching
techniques. In almost all cases, the resist has to withstand an etching procedure and allow
for a consecutive lift-off process. Therefore, the resist must neither become too hard, nor be
completely removed during e.g. an etching procedure. Therefore, the selection of the resist
for the particular fabrication step is of utmost importance.

The process as described above can be done using either, photo- or electron-beam lithog-
raphy. The resolution limit of the photolithography system is at approximately 1 um. There-
fore, sub-micrometer structures have to be defined using electron-beam lithography. Test
structures with lateral dimensions above 1 pm that were realized in order to characterize the
trilayers were done only using photolithography, whereas the receiver devices were fabri-
cated using electron-beam lithography exclusively, due to the ultimately high level of design
flexibility.

This fabrication process exhibits an acceptable turn-around time and obeys a design accu-
racy that allows the realization of square shaped 250 x 250 nm? sized junctions as shown in
figure 4.2b. Therefore, the results of the optical investigation of the structures at intermedi-
ate fabrication steps are satisfying and encourage the expectation of high-quality Josephson

junctions.
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4.2.2 Evaluation of Nb-based trilayer quality

After a successful fabrication, the realized junctions need to be measured electrically in order
to determine their quality. Therefore, the junctions need to be cooled to their operation
temperature. All measurements shown here are performed at liquid helium temperature (7 =
4.2 K).

A measurement setup was developed [116, 117] and optimized which ensures a reliable,
low noise measurement of the junctions. The schematic setup of the measurement system
is depicted in figure 4.4. The device under test (DUT) is mounted on a dipstick, which is
then inserted into a liquid helium dewar. Controlled by a computer, the digital to analog
converters (ADCs) control a current source, which is connected to the DUT through RC-
filters. The identical filters are used to connect the voltage amplifiers, which are read-out by
analog to digital converter (ADCs). The DACs and ADCs have a precision of 16 bit with a
sampling rate of 333 kS/s, which is sufficient for the devices measured here.

In order to provide a magnetic field to the DUT, a copper coil can also be mounted on the
dipstick, surrounding the DUT completely. This coil has a number of 9195 windings and can
create magnetic fields as high as 0.162 mT/mA. In order to set the magnetic field, the coil
current is also computer controlled. For almost all measurements, the software "GoldExi"
written by Dr. E. Goldobin [136] was employed. In order to screen external, unwanted mag-
netic fields, the entire lower end of the dipstick, where the DUT is mounted, is surrounded
by a "cryoperm" cylinder.

The setup provides 6 identical and independent channels that enable the measurement of

6 single junction devices during one thermal cycle. Figure 4.5a depicts the current-voltage
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Figure 4.4: Circuit of the dipstick measurement setup. The computer controlled current sources are connected
through cold filters to the device under test (DUT). The voltage is read by instrumentation amplifiers,
and fed to the computer. The magnetic coil providing the magnetic field is also included in the
dipstick, surrounding the entire DUT.

70



4.2 Junction and circuit fabrication

200 ox.Si-Substrate | 2 2 . Frau‘nhofer fit ! *
— Area =2.75 pm x 2.75 um E — 1
3 I=90 pA z 15| i
o L 1 E
g 0 s :
LE) Vep=28mV | =
—200 |- Ry /Rn=57 :g 0.5 S/\ N
| | | | | | [cRN=2.0mV © 0 | | I v
-8 -6-4-20 2 4 6 8 —40 —-20 0 20 40
Voltage (mV) Coil current (mA)
a) b)

Figure 4.5: Measured current-voltage characteristic of a niobium based Josephson junction on an oxidized sil-
icon substrate with the respective quality parameters in the inset. (b) The magnetic modulation of
the Josephson critical current along with a Fraunhofer fit.

characteristic of a niobium-based Josephson junction, fabricated with the process described
above and measured at 4.2 K. The gap voltage is 2.8 mV, which is close to the optimum,
where the small reduction is most likely due to slightly thinner electrodes. The current rise
at the gap voltage is almost vertical, with a negligible gap smear, which proves a nearly
perfect interface between the electrodes and the barrier. This is also supported by the ratio
of the sub-gap to normal state resistance (Rs,/Rn = 44), which proves a high quality of
both, the trilayer itself, as well as the fabrication process, resulting in a very low leakage
current of the 2.75 x 2.75 um? sized junction at an intermediate critical current density of
1.2kA/ cm?. The theoretically ideal value of the I.Rn-product for niobium electrodes is
2.3 mV. The measured I.Ry = 2 mV is close to the ideal value, indicating nearly perfect
tunneling properties. Furthermore, the measured critical current depending on the magnetic
field is depicted in figure 4.5b along with a Fraunhofer fit. The suppression of the critical
current is clearly visible, the fit to the Fraunhofer spectrum however does deviate from the
measured values. This behavior however cannot be explained by a misaligned junction to the
magnetic field orientation, the exact reason for this deviation is still unclear.

Determining the reproducibility of the fabrication process can be done by measuring mul-
tiple junctions. The fabrication variation is hereby expected to manifest itself in variations
in the critical current due to inaccuracies during junction definition. Assuming a constant
critical current density across the chip, variances in the junction area will lead to variances in
the critical current. Therefore, a characterization chip was fabricated, containing a set of 30
junctions with different areas ranging from 1 um? up to 71 um?. All of these junctions have

been measured and the results of these measurements is shown in figure 4.6a.
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Figure 4.6: Evaluation of I. and the Ry, /RN ratio for many short junctions. (a) The critical current clearly
follows a linear fit which is indicated by the red dashed line. (b) The Rs/RN ratio exhibits large
values and for almost all junctions is above the quality criterion of 10 (horizontal red dashed line).

As expected from theory, the critical current of the junctions follow a linear dependency on
the junction area. Furthermore, almost all of the measured junctions showed an excellent
quality regarding the leakage as depicted in figure 4.6b. The data presented here allows
the conclusion of the self-planarized process being a fabrication process that enables a high
quality realization of Josephson junctions with a high yield and reliability for micrometer
sizes.

For miniaturization purposes, electron-beam lithography is applied. The result of a circu-
lar shaped junction can be seen in figure 4.7. The measured current-voltage characteristic
proves the high quality. The gap voltage is slightly reduced as compared to the previously
shown junctions. Also, a slight increase in the gap smear is visible and the critical current
is suppressed. All these decreases in quality may be due to the fact that the junction radius
in this case was only 100 nm, where the lateral dimensions already become comparable to
Ainb = 90 nm. However, the junction shows an uncorrected j. = I./A = 8 kA /cm? and still
exhibits an excellent ratio of the sub-gap to normal state resistance of 19. Figure 4.7b depicts
the SEM top view of that junction after the wiring layer has been deposited already. Clearly
visible are the niobium grains and in the center, a circular shade is visible. This shade is
the projection of the junction edge through the wiring layer. The wiring layer is deposited
onto very small steps underneath, which is why the top of the wiring layer does not exhibit
distinct, sharp features, making it hard to recognize these steps. The junctions can thus be
realized with lateral dimensions down to ~ 200 nm.

However, the benefit of the planarization is not limited to the junction miniaturization,
but includes the applicability of high-resolution electron-beam lithography in every layer.

This is demonstrated by the miniaturization of structures in the top layer, the wiring layer.
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Figure 4.7: (a) Current-voltage characteristic of a circular Josephson junction with a radius of » = 100 nm. A
top view of the wiring layer on this junction is depicted in (b).

Certain Josephson junction devices [137] require feature sizes in the wiring layer with lateral
dimensions down to the nm-range. An example thereof is depicted in figure 4.8. In this
example, a long Josephson junction is fabricated which is connected to the bias through a
set of narrow stripes that all connect on a common resistor. This biasing setup aims at a
bias current homogenization [117]. Furthermore, from the opposite side of the junction, so-
called current injectors are realized. These current injectors are to create not only integer
Josephson fluxons but fluxons that carry a fraction of the flux quantum [138]. According to
theory, the ideal current injector exhibits a width of zero [137], which is why the injectors
are to be realized as narrow as possible. Assuring that the injector current is flowing through
the counter electrode instead of the wiring layer, the bias stripes and the current injectors
must not be connected in the wiring layer, but only through the counter electrode. The
realization thereof can be seen in the close-up in figure 4.8. The current injectors as well
as the bias stripes were realized with a width of only 500 nm, the gaps between the current
injectors and bias stripes is as narrow as 200 nm. Although, the evaluation of these narrow
structures proves to be challenging, the miniaturization capabilities of the fabrication process
are demonstrated. Micrometer sized current injectors were successfully employed to create

fractional vortices using this fabrication technology [MMS™18].

Conclusion

In this section, the fabrication process is demonstrated. The planarization properties of the
process in conjunction with the two-step isolation results in minimum film thicknesses of the
consecutive layers. This enables the application of electron-beam lithography in every single
layer, thus the miniaturization of structures is not limited to particular layers. The capability
of the process was demonstrated using conventional niobium-based trilayers.
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Figure 4.8: SEM images of a long junction with current injectors. The long junction is located in the center
of the top left image. In the close-ups towards the right bottom end, the junction center is shown
with a striped current feed coming from the right of the junction and 500 nm wide current injectors
attached to the junction from the left. A gap of 200 nm is realized between the current injectors
from the biasing fingers in the wiring layer.

The process results in a high yield with excellent quality parameters for micrometer sized
Josephson junctions. The application of electron-beam lithography allows for the miniatur-
ization of the junctions down to diameters of 200 nm, maintaining the high quality of the
trilayers. The applicability of electron-beam lithography in all layers was proven by the real-
ization of sub-micrometer features in the wiring layer with dimensions of 500 nm stripe width
and 200 nm gap width. The fabrication process thus proved its suitability for the application
in realizing high-quality devices.

4.3 NbN technology

The patterning process has proven to be suitable for the fabrication of miniaturized high-
quality Nb-based SIS devices. However, as demonstrated in section 3, the frequency of
these devices is limited due to the energy gap in niobium. In order to increase the operation
frequency, superconductors with high energy gaps need to be employed. This section demon-
strates the optimization of the niobium nitride technology with respect to the particular needs

of a superconducting integrated receiver.

4.3.1 Deposition of NbN and AIN thin films

For an integrated receiver with optimum performance, the whole trilayer needs to exhibit

excellent quality. This is not limited to the energy gap of the electrodes, but also includes the
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interface with the barrier. This interface needs to be very close to the ideal step-like structure
in the energy diagram, in order to yield good performance. However, the optimization of the
trilayer as a whole is very time-consuming, which is why the properties of the single NbN

layers are optimized separately.

Deposition process

In order to achieve high quality interfaces, the deposition of the whole trilayer has to be done
in-situ. Therefore, a deposition system has been developed, built [117] and optimized, pro-
viding the necessary conditions to achieve a maximized quality. A sketch of the deposition
system is depicted in figure 4.9. It comprises three vacuum chambers, all separated by gate
valves. The first chamber is a load lock, allowing for the loading and unloading of the sam-
ples without breaking the vacuum in the recipients. The load lock is connected to the first
recipient, which has a niobium target installed. A movable heater stage, that is capable of
reaching a temperature of more than 900°C, is installed. The heater stage can move the sub-
strates to the second recipient, which has an aluminum target installed. This movable heater
stage allows the in-situ deposition at elevated temperatures without the need for heating and
cooling in between deposition processes.

Each chamber is equipped with a set of turbomolecular pump and a forepump, achieving
base pressures down to 2 - 10~7 mbar. The metal targets are mounted to a magnetron, which
is driven by a 1 kW DC sputtering source. The metal-nitrogen compounds are reactively
sputtered in an argon (Ar) nitrogen (N;) atmosphere.

In order to perform a deposition, the process gases are introduced, where the gas flow is
controlled by the means of needle valves. The pumping cross-section can be throttled using
a butterfly valve right before the turbomolecular pump. The total gas pressure in the chamber
is given by

Ptotal = Ppar,Ar + Ppar,N2, 4.1)

where ppari denote the partial pressures of argon and nitrogen respectively. The sputtering
process is started by igniting a plasma in the chamber and the process pressure establishes

after a short settling time

Dprocess = Ppar,Ar T PparN, — PAN, = Protal — PAN,- 4.2)

The term pan, refers to the nitrogen which reacts with the sputtered niobium to the desired
niobium nitride. Since it is bound to the solid material from the gas phase, this value is called

nitrogen consumption.
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Figure 4.9: Three-dimensional sketch of the NbN/AIN DC magnetron sputtering system. In the top left part of
the image, the load lock is located, attached to the NbN chamber in the center of the image. In the
NbN chamber, a movable heater stage is installed, on which the samples are dropped from the load
lock transfer rod. The heater can be moved between the AIN and NbN chamber while maintaining
its temperature. The three chambers are separated from each other and at each chamber, a pumping
combination of a forepump and turbomolecular pump is attached.

Depending on the deposition current, the temperature and the argon and nitrogen pressure,
this value is very sensitive to the deposition conditions. This already illustrates the complex-
ity of the reactive deposition process.

Figure 4.10 depicts the resulting current-voltage characteristics of the plasma discharge in
the recipient with the niobium target for an argon pressure of pa; = 1.4 -10~3 mbar and a
nitrogen pressure of pn, =0.47 - 10~3 mbar. Obviously, the reactive curve (blue line in figure
4.10) starts from a high voltage regime, then exhibits a section with a negative differential
resistance right before it approaches the curve with pure argon (red line). The part of negative
differential resistance is shifted to higher currents with increasing nitrogen content. The high
voltage regime results in NbN films in the so called nitrogen phase. The films fabricated in
this phase exhibit a negative temperature coefficient of the resistance. The section, where the
reactive curve approaches the argon curve is called the niobium phase, where the deposited
film exhibits a lack of nitrogen and the resistance behavior of a metal. In between these two
sections, the niobium nitride films are expected to exhibit the best properties concerning the

critical temperature.
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Figure 4.10: Discharge characteristic of the NbN sputtering system for the operation point for sapphire
substrates(par = 1.4- 103 mbar, pn2 = 0.47- 10 mbar). In the low current region, the result-
ing NbN films are in the nitrogen phase (indicated in blue) whereas in the high current regime, the
resulting films are in the niobium phase.

From the large set of deposition parameters, the optimum value for each quantity has to
be found in order to achieve the best performance of the resulting niobium nitride layers.
The insulating barrier is created from aluminum nitride. The aluminum nitride is therefore
deposited far in the nitrogen phase, in order to ensure a high electrical resistivity. The only
requirement to the AIN layer is the electrically uniform isolation between the electrodes.
However, since this barrier is only approximately 1 — 2 nm thick, this isolation cannot simply
be guaranteed by the optimization of the properties of the AIN. The underlying niobium
nitride typically dictates the leakage through the barrier due to its surface roughness. Since
the AIN sputtering is not a perfectly conformal process, a surface roughness of the NbN layer
will result in leakage currents.

Therefore, the requirements to the niobium nitride layer do not only concern its electrical
properties, but also the surface roughness. The optimization thereof will be discussed in the
following where it is split between the optimization of the critical temperature and the surface
roughness. Usually, these two parameters are anti-correlated. However, it will be shown that
by the means of the nitrogen consumption, the critical temperature and the surface roughness

can be optimized separately.

T optimization

Achieving high quality niobium nitride films has been subject to research for decades. Due
to the almost perfect lattice match, the ideal substrate for NbN films (anpn = 0.439 nm) is
MgO (amgo = 0.42 nm). The significant lattice mismatch of NbN and other substrates such
as sapphire (dgapphire = 0.476 nm) or silicon (as; 111] = 0.384 nm) substantially increase the
requirements to the deposition technology. The NbN film quality on these substrates can be

enhanced by the introduction of an aluminum nitride buffer layer.
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Figure 4.11: Exemplary resistance measurement of NbN films on (a) MgO and (b) Sapphire substrates. For
both measurements, the inset shows the same measurements magnified around the transition to the
superconducting state. Furthermore, the 0.1-R;o and the 0.9 - R, temperatures are indicated in the
insets by the red dashed lines.

This has been validated for thin films up to a thickness of 50 nm [117, 139]. However, this
effect vanishes for films thicker than 50 nm. Since all films presented in this section exceed
a thickness of 200 nm, the possibility of an additional AIN film is disregarded. The quality
of a film is determined using the resistance measurement depending on temperature (R(7'))
as depicted in figure 4.11 for two niobium nitride films, one deposited on MgO (4.11a) and
the other one was deposited on a sapphire substrate (4.11b). The so-called residual resistance

ratio RRR is the ratio between the room-temperature resistance and the resistance at 20 K

RRR — 100 4.3)

Rao
This quantity can take values from < 1 which corresponds to films in the nitrogen phase to
> 1 for the metallic phase. The critical temperature is read at the point, where the resistance
has decreased into the noise level of the measurement system. The transition width is the
temperature difference Tr—0.9-r,, — TR=0.1-Ry, as shown in the insets of figure 4.11 and
evaluates the homogeneity of the film. The resistivity p is derived from the resistance at

20 K and the geometry of the measured structure
A
p= R7 4.4)

with A = w-t being the cross-section of the measured structure with a length / and film
thickness 7.
The most important parameter in this work is the energy gap of the superconductors. The

optimization of the energy gap can be done by the optimization of the critical temperature
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Figure 4.12: Optimization of the critical temperature of NbN films on different substrates. (a) The critical
temperature of NbN films deposited on silicon and sapphire substrates, depending on the injected
nitrogen content into the sputtering atmosphere. (b) The nitrogen consumption dependent variation
of the critical temperature for NbN films on silicon, sapphire and MgO substrates. The respective
constant parameters for each substrate and deposition are given in the captions of the subfigures.

(see equation (3.8)). Figure 4.12a depicts the measured values of the critical temperature of
NbN films on different substrates depending on the nitrogen content in the total gas mixture.
The argon pressure and the nitrogen consumption were kept constant, which was realized
by adjusting the deposition current to reach the particular consumption for each nitrogen
content. The NbN films on Sapphire were deposited at a heater temperature of 775°C and
reached a maximum 7; ~ 14.7 K at a nitrogen content of 25 %. Furthermore, silicon-based
substrates were investigated, in this case, the deposition was done without intentional heating
by the heater. The two substrate types were oxidized silicon and single-crystal silicon [111].
The investigation thereof revealed only negligible differences between the NbN parameters
deposited on these two substrates. Therefore, figure 4.12a only shows the results obtained on
Si[111] substrates. The maximum critical temperature was achieved at a nitrogen content of
23 %.

Table 4.1: Overview of the achieved superconducting and electric properties of the NbN films on various sub-

strates.
Substrate material | T.(K) | AT, (K) | pao (1Qcm) | Deposition temperature (°C)
MgO 17 0.14 40 775
Sapphire 15.7 0.09 180 775
Si02 14.5 0.1 145 RT
Silll 14.4 0.1 145 RT
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The results of the subsequent optimization step is presented in figure 4.12b. In this opti-
mization step, the nitrogen consumption is varied, keeping the argon and nitrogen content
constant, where the optimum argon to nitrogen ratio from the previous optimization step for
each substrate type is used. The nitrogen consumption is varied by a variation of the deposi-
tion current. Obviously, each curve exhibits an optimum nitrogen consumption except for the
NbN films on the silicon based substrates. These films have been deposited up to a nitrogen
consumption of ~ 92 % after which the critical temperature drops dramatically. The NbN
films, deposited on MgO substrates, exhibit the highest critical temperature followed by the
films on sapphire substrates.

By this procedure, the critical temperature of the NbN films was optimized on every sub-
strate separately, obtaining the maximum critical temperature of the NbN films for each sub-

strate. The achieved NbN film-parameters are summarized in table 4.1.

Surface roughness

The second major optimization criterion of the NbN films is the surface roughness. Since the
NbN film growth on MgO was expected to be monocrystalline, the surface roughness was not
measured. Pure silicon was also disregarded, since it proved to result in slightly lower critical
temperatures of the NbN films than oxidized silicon substrates. The films on oxidized silicon
are deposited at room temperature, since the SiO, has an amorphous crystalline structure,
which is not capable of enabling a monocrystalline growth of a NbN film. The surface
roughness is expected to be strongly influenced by the deposition rate. In particular, higher
deposition rates should result in larger surface roughness [130]. Figure 4.13 depicts the result
of this investigation concerning the critical temperature of the resulting NbN films along
with SEM images. The critical temperature exhibits a slight variation with the total pressure,
however these changes are less than 500 mK. SEM images were taken in order to obtain a
first indication of the surface structure which reveal a significant influence of the deposition
current. High deposition currents result in SEM images with sharp, distinct features with a
large contrast. The intensity of these features decreases strongly with decreasing deposition
currents. An example of three SEM images is given in figure 4.13. The deposition parameters
for these three films is summarized in table 4.2.

Atomic force microscope (AFM) measurements were conducted in order to quantify and
validate the observations made by the SEM images. In fact the root mean square (RMS)
surface roughness of the films increase significantly form 1.1 nm at /jep = 391 mA to 1.5 nm

at Igep = 560 mA. This increase of almost 50 % in roughness for an increase in deposition
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Figure 4.13: Pressure scaling of NbN deposition on SiO; substrates. The argon pressure was varied from
2.4 -1073 to 2.65 - 10 >mbar. The SEM images in b) depict the surface of the resulting NbN
films for different argon pressures. Data adopted from [Boh14].

rate of 50 % verified the assumption that a smaller deposition rate yields a lower surface
roughness.

The same procedure can be applied to the deposition of NbN films on sapphire substrates.
In this case, the variation in deposition current and argon pressure was selected in a wider
range. Therefore, a scaling parameter P was introduced. This parameter is used to scale the

argon and nitrogen pressure,

with  paro = 1.4-107> mbar (4.5)

(4.6)

Par =P paco,
PN, =P-pny0, With  px,0=0.47-107 mbar

keeping a constant ratio of argon to nitrogen partial pressures. The nitrogen consumption
is kept constant by adjustment of the discharge current. Smaller deposition currents include
a decreased deposition rate. The result is depicted in figure 4.14a. The scaling parameter
was varied in the range of 1 < P < 3 and for each of these values, a variation in nitrogen
consumption was conducted. Clearly visible is the accumulation point of the maximum

critical temperature values around 65 %.

Table 4.2: Deposition parameters for the NbN films on SiO, substrates shown in figure 4.13

Film | pa, (mbar) | pn2 (mbar) | Apna (%) | lgis (MA) | Viis (V) | rgep (nm/min)
1 | 24-103 | 0.61-1073 86 391 273 7.1
2 | 251073 | 0.73-1073 86 560 256 10
3 12651073 | 0.77-1073 86 620 255 11.3
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Figure 4.14: Total-pressure scaling of the NbN deposition process on sapphire substrates. (a) The critical tem-
perature depending on the nitrogen consumption for different argon pressures. Along with the ar-
gon pressure, the nitrogen pressure was scaled with the same factor, keeping a constant pn2 / Protal
ratio of 33 %. (b) The results from AFM measurements on the different NbN films deposited with
the optimum nitrogen consumption but different total pressures.

Increasing the nitrogen consumption beyond this point results in a decrease of 7¢. The higher
the total pressure, the shallower the decrease in T after exceeding the point of maximum criti-
cal temperature. Within 3 %, the maximum critical temperature is determined by the nitrogen
consumption, independent on the scaling parameter. The slight deviation might stem from
the fact that for the low deposition pressures, the accuracy of the pressure sensors mounted
in the system is already in that order of magnitude. Figure 4.15 depicts SEM images which,
similar to the behavior on SiO;, exhibit sharp crystalline structures on films realized at high
pressures, which vanish for low process pressures. This is confirmed by AFM measurements
of these films, which revealed the expected behavior of decreasing surface roughness of the
200 nm thick films with decreasing deposition rate. This is depicted in figure 4.14b. The low-
est RMS roughness was achieved at a total pressure of py = 1.87 - 10~3 mbar, which is the
lowest pressure, where the plasma in the deposition chamber is still stable. The deposition
rate in this case is only r4ep ~ 0.05 nm/sec, which makes the deposition of an entire trilyer
with 200 nm thick electrodes very time consuming. The lower limit for the surface roughness
is thus given by the plasma stability. The optimized deposition parameters are summarized
in table 4.3. The span given for the deposition current and voltage is due to a necessary ad-
justment of the deposition current over a long time span. This adjustment is most likely due
to target erosion and was set in order to maintain the targeted nitrogen consumption.

The optimization of NbN films is discussed, revealing superior critical temperatures on
MgO substrates as expected. The NbN film quality was also optimized on sapphire and
SiO, substrates, yielding acceptable results on the silicon based substrates. The maximum

critical temperature of the NbN films deposited on sapphire yielded only ~ 1 K lower T, as
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Figure 4.15: SEM images of the surfaces of NbN films deposited with different scaling parameters P. The
film deposited with pa, = 4.5 - 10~ >mbar clearly exhibits sharp crystallite-like structures on the
surface. These crystals almost completely vanish when approaching pa, = 1.6 - 10~ >mbar.

compared to the films obtained on MgO substrates. The surface roughness was optimized as
well, leading to small deposition rates which resulted in a surface roughness rrms < 1 nm
on sapphire substrates. These values seem appropriate to fabricate Josephson junctions with
these films.

For the fabrication of SIS trilayers, the insulating AIN barrier is deposited on top of the
ground electrode. This will be explained using the example of sapphire substrates with el-
evated heater temperatures. However, for the room temperature deposition, the procedure
is analogue except for the cooling down of the sample prior to unloading. Before opening
the gate valve between the NbN and the AIN chamber, the NbN chamber is evacuated again.
Then, the gate valve is opened and the entire heater with the sample on top is moved to the
AIN chamber. Upon reaching the position under the aluminum target, the process gases for
the AIN deposition are introduced and the deposition is started by igniting the plasma and
opening the shutter. The process parameters for the AIN deposition have been optimized
earlier [117] and have not been subject to optimization during this work. The set of pro-
cess parameters used the AIN thin film deposition is given in table 4.3. The deposition of the
counter electrode is done after returning the heater with the sample back to the NbN chamber,
where the identical deposition parameters are used as for the ground electrode.

After cooling down of the heater, the sample holder can be transferred to the load lock for
unloading. Patterning these samples with the fabrication process described above, enables
the measurement of the single junctions. Some of the characterization junctions presented
in this chapter were realized using a different patterning process, which allowed a shorter
turnaround time. This process is described in [117, MBV*17], however, is irrelevant for the
determination of the junction quality. The junction properties, achieved by the optimization

presented here, are presented in the next section.

83



4 Technology for high-quality NbN/AIN/NbN devices

Table 4.3: Overview of the deposition parameters for the deposition of NbN films on Sapphire substrates.

Material | pa, (mbar) | pn2 (mbar) | Igep (MA) | Viep (V)
NbN 1.4-1073 [ 0.47-1073 | 70-100 | 530-540
AIN 2-1073 1-1073 200 240

4.3.2 Junction properties after the optimization of NbN films

The deposition parameters of the optimized films shown in the previous section are used to
deposit different trilayers. The obtained Josephson junctions are presented and discussed in
this section. As a benchmark, the realized junctions on MgO substrates are presented as well.

Due to the high critical temperature of the NbN films on MgO substrates, the junctions
realized from these layers are expected to exhibit high energy gaps. From the current-voltage
characteristic shown in figure 4.16, the gap voltage can be extracted as Vyap, = 6 mV which is
a record value for NbN-based Josephson junctions with AIN barriers. The ratio of sub-gap to
normal state resistance also shows high quality since Rse/Rn = 26 > 10, however, at a low
critical current density of only j. = 0.14 kA /cm?. Nonetheless, the quality of this junction
does serve as a benchmark due to the high gap voltage, the small gap smear and the low
leakage. The critical current modulation with the magnetic field is shown in figure 4.16b,
and follows the Fraunhofer pattern (red line), which demonstrates the homogeneous current
density distribution across the junction.

The room-temperature deposited trilayers on SiO; substrates are expected to result in lower

gap voltages due to the lower critical temperatures. According to the expectation, the highest
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Figure 4.16: (a) Current-voltage characteristic of a Josephson junction on a MgO substrate. (b) The measure-
ment of the critical current modulation by a magnetic field. The measured values closely follow
the Fraunhofer fit, indicating a homogeneous critical current density distribution. Data adopted
from [Non16].
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Figure 4.17: Current-voltage characteristic of a Josephson junction deposited on a SiO; substrate. (b) An ex-
emplary measurement of the magnetic modulation of the critical current. The measurement almost
perfectly follows the Fraunhofer fit.

measured gap voltage of the trilayers on these substrates is Vgp =4 mV. An example of
a current-voltage characteristic is depicted in figure 4.17a, showing that also the gap smear
is significantly larger compared to the MgO benchmark. The junction however exhibits a
low leakage at a slightly higher critical current density of j. = 0.6 kA /cm?, which is still a
rather low value. Concerning the current density distribution, this junction shows excellent
properties, since the measured I (H) modulation almost perfectly follows the Fraunhofer fit,
merely deviating at higher magnetic fields.

In order to increase the low critical current density, the deposition time of the AIN barrier
was decreased, resulting in thinner barriers. The obtained dependence of the Ry, /Rn-ratio in
relation to the critical current density is depicted in figure 4.18. As expected, larger critical

current densities exhibit larger leakages due to the thinner barriers. For low j. values, the
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Figure 4.18: Overview of the realized quality parameters of junctions on SiO, depending on the critical current
density. Higher jc-values lead significantly decreased Ry, /Rn-ratios which is illustrated by the
red dashed line. The graph also contains the measured gap voltage, which only shows a minor
decrease for higher j.-values.
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Figure 4.19: (a) Current-voltage characteristic of a junction on a sapphire substrate. (b) The modulation of
the critical current by an applied magnetic field perfectly follow the Fraunhofer fit, indicating an
excellently homogeneous critical current distribution across the junction.

leakages exhibit acceptable values, but rapidly decrease to Ry,/Rn < 4 for higher critical
current densities. The green circles in figure 4.18 represent the measured gap voltages of the
junctions, which should not vary with the critical current density. According to the data, the
junctions with higher critical current density exhibit a slightly lower gap voltage. This may
however be due to a long term deposition parameter drift. For a definitive correlation, more
data are required.

The trilayers deposited on sapphire expectantly exhibit a higher quality than the ones re-
alized on SiO,. An example of a current-voltage characteristic is also shown for sapphire
in figure 4.19a. The gap voltage obtained from this junction is as high as Vg = 5.1 mV,
which is already comparable with literature values of NbN-based junctions with AIN barri-
ers deposited on MgO substrates. The Ry, /Rn value demonstrates a high quality barrier at
a critical current density of already j. = 1.4 kA/cm?. The I.(H) modulation shows an ex-
cellent Fraunhofer pattern, proving an excellent homogeneity of the barrier. This result was

only possible with a certain barrier deposition procedure.

Influence of the barrier deposition Figure 4.20 shows current-voltage characteristics
of two Josephson junctions which were deposited with identical electrode deposition param-
eters, yet, the barrier deposition conditions are different. As described above, for the barrier
deposition, the heater is moved to the AIN chamber where a low base pressure is present
in both chambers. Introducing the process gases is done by opening the needle valves and
closing the throttle valve of the turbomolecular pump. The deposition was usually not started
before a certain settling time e = 5 min was elapsed in order to guarantee a stable and

constant atmosphere for the deposition. However due to this long settling time the surface of
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Figure 4.20: Comparison of the current-voltage characteristics of two Josephson junctions with identical de-
position parameters for the electrodes. The gas settling times and the AIN deposition times were
varied for these junctions from #ye = 5 min and tgep aln = 25 sec shown by the red curve to
fsele = 15 sec and tgep AN = 35 sec, which is shown by the black curve.

the lower electrode is expected to deteriorate due to the high temperatures and the presence
of nitrogen [127]. An example is given by the red curve in figure 4.20. The AIN deposition
time in this case was 25 sec. A significant improvement has been achieved by reducing the
settling time dramatically down to 7.y = 15 sec. A junction realized with such short settling
time and a deposition duration of 35 sec is represented by the black curve. The comparison
of the quality parameters is given in table 4.4.

The barrier was deposited with identical pressures and deposition currents. The difference
between the qualities is significant. Apparently, the deposition time of AIN is not dominant
for the critical current density determination, since the shorter deposition time does not man-
ifest itself in a larger critical current density. Furthermore, the gap voltage seems to suffer
from the long settling time and the tunneling is less ideal value for longer settling times. The
fact that the leakage is lower for the increased settling time is not surprising, since j; is sig-
nificantly lower. Observing from the current-voltage characteristic, the gap smear is reduced
for shorter settling times. Obviously, a long gas settling time results in a massive deteriora-
tion of the junction quality parameters. Therefore, the gas settling time has been kept at the

low values of 15 sec for the following trilayers.

Table 4.4: Comparison of the quality parameters of NbN/AIN/NbN junctions
on sapphire substrates with different gas settling times

Lsele | fdep AIN (S€C) | Igep (MA) | je (A/sz) Vaap (mV) | Rso /RN | I.RN
5 min 25 200 39 4.6 18 1.5

15 sec 35 200 1435 4.9 13 2.7
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Figure 4.21: Overview of the Vg, and Rye /Rn-ratio of junctions realized on sapphire substrates depending on
the critical-current density. The Ry, /Rn-ratio exhibits a strong decrease for higher j.-values, which
is indicated by the red dashed line.

A variety of trilayers was realized with a deposition time ranging from 25 to 32 sec in order
to increase the critical current density. So far, no unambiguous dependence of the critical
current density to the barrier deposition time could be derived. This is most likely due to
timing and pressure uncertainties of the deposition process. Figure 4.21 depicts the measured
results of these trilayers. Again, for low jc values, the junctions exhibit Ry, /Rn > 10, which
decreases down to ~ 5 for higher j. values. Nevertheless, it was possible to demonstrate
junctions with critical current densities as high as 13 kA /cm?. The gap voltage should not
be affected by varying j.. In fact, the value appears to be independent of the critical current
density however, is subject to variation of ~ 15 %. This variation occurs although all trilayer
electrodes were deposited with the identical deposition parameters. Apparently, fluctuations
of the deposition parameters must be present, which, in the current setup of the deposition
system, can neither be observed nor avoided. This emphasizes the sensitivity of the NbN
films to the deposition conditions. In order to reduce or even remove these fluctuations, the

deposition system needs to be further improved.

Conclusion

The development of high-quality NbN-based Josephson junctions is presented in this section.
This includes the optimization of the critical temperature, as well as the minimization of the
surface roughness of the single NbN thin films on different substrates. Due to the complexity
of the reactive sputtering process, distinct optimization criteria have to be established, that
enable the optimization of a certain parameter without the deterioration of another parame-
ter. It has been found, that the optimization of the critical temperature can be achieved by
optimizing the nitrogen injection in conjunction with the nitrogen consumption. The surface

roughness can then be optimized by keeping these parameters constant and reduce the total
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pressure, by scaling each pressure by the same factor. This leads to the observation of a
reduced surface roughness with a decreased total pressure and hence, a decreased deposition
rate. This optimization was conducted until the limits of the deposition system. The deposi-
tion parameters for the AIN barrier were adopted from [117], however, the procedure of the
barrier deposition had to be modified due to interdiffusion issues at the elevated deposition
temperatures, when using sapphire substrates. Therefore, the gas setup times were reduced.
The optimization of the deposition process resulted in high quality Josephson junctions that
fulfill the required needs for the realization of an integrated receiver, operating at frequencies
higher than 700 GHz. As opposed to the pure Nb-based technology, the electrode thickness
has increased by more than twice, which is why the patterning process has to be optimized

and the limits need to be redetermined. This will be discussed in the following section.

4.4 Fabrication and patterning limits

With the Josephson junction quality parameters obtained from the measurements shown in
the previous section, the basis for high-frequency devices is achieved. However, in order to
establish design rules for the RF design, the patterning limits have to be quantified. These
limits are different from the ones obtained with niobium-based trilayers, since the electrode
thickness has more than doubled for NbN electrodes.

Again, the junction miniaturization plays an important role in order to keep the capacitance
of the mixer junction as small as possible. Therefore, junctions with different areas have been
realized and measured. The result of the measurements is depicted in figure 4.22. The junc-
tions were designed down to areas as small as 0.5 x 0.5 um?, which could all be measured
successfully. The fabrication process is hence capable of realizing junctions with such small
areas, which at a critical current density of 6 kA /cm? already exhibit a normal state resis-
tance of 150 Q. This makes a further miniaturization impractical, since this high normal state
resistance is already challenging for the impedance matching of the mixer junction.

Furthermore, the wiring layer needs to be investigated, since the microstrip lines are real-
ized in this layer. Since the mixer junctions can exhibit high normal state impedances larger
than 150 Q, which need to be matched to the low output impedances of the FFO, the transmis-
sion line network needs to be capable of achieving the required transformation impedances.
In order to achieve high impedances, the width of the microstrip line needs to decrease or the
dielectric thickness needs to be increased. In figure 2.4b, the achievable impedance ranges for
two dielectric thicknesses are shown. The case for large dielectric thickness (tgie; = 600 nm)
and the planar case (tgie; = 200 nm). The minimum wiring layer thickness is given by its
London penetration depth (AL = 200 nm).
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Figure 4.22: (a) Current-voltage characteristics of Josephson junctions fabricated on the same chip with dif-
ferent sizes ranging from 1.4 x 1.4 um? down to 0.5 x 0.5 um?.The quality parameters are Veap =
4.6mV, j.=6kA/cm?, LRy = 0.8..1.7 mV and Ry /Rx = 16..7 . (b) The critical current vs. JJ
area along with a linear fit indicating a good reproducibility of the fabrication process.

The planar case makes it difficult to reach high impedances, since deep sub-micrometer struc-
tures are required. A 600 nm thick dielectric would lead to at least 200 nm steps which re-
quired a 400 nm thick wiring layer. In both of these cases, there is no margin for possible
thickness fluctuations, which is why, the dielectric thickness of the wiring layer for the NbN-
based technology was investigated assuming a 400 nm thick dielectric with a 400 nm thick
wiring layer. Two possible patterning techniques can be applied, since the wiring layer is
the last layer in the fabrication sequence. It can be patterned using a lift-off technique or it
can be etched. Both techniques have been investigated, the result is depicted in figure 4.23.
These SEM images show the cross-section of possible microstrip lines. Note the different
scalings. The substrate is seen in the bottom part of the pictures, where the ground electrode
is deposited. On top of the ground electrode, the 400 nm thick dielectric is deposited. The
microstrip is on top of the dielectric. As can be seen, the patterning using lift-off results in

very shallow edges, which are not beneficial for transmission lines. Furthermore, these edges

Figure 4.23: Tilted SEM images of wiring layer stripes. The left image depicts a NbN stripe in the wiring layer
structured by etching to a width of 1 um. The right image shows the SEM image of a NbN stripe
patterned by lift-off exhibiting very shallow edges.
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Figure 4.24: (a) An SEM image of a set of stripes in the wiring layer with successively reduced width from the
right to the left. The patterning technology allows a linewidth as narrow as 520 nm as indicated in

(b).

also limit the miniaturization of the width of the transmission line. Therefore, the etching is
preferred, as it shows steep edges.

The wiring layer patterning by etching was further investigated concerning the minimum
achievable linewidth. A variety of 400 nm thick lines has been realized with decreasing
width. The result is depicted in figure 4.24. The smallest width with acceptable edge rough-
ness turned out to be 520 nm. This is thus the lowest linewidth that can be realized, which
already exhibits a significant amount of surface roughness. This needs to be considered when
such narrow linewidths are realized, since the surface roughness might introduce a significant
amount of RF losses.

Conclusion

The patterning limits with respect to the needs of an integrated receiver are investigated in
this section. These requirements mostly stem from the RF properties of the various devices.
First, the miniaturization of the junction is of utmost importance. The fabrication process
yielded square shaped junctions with an area of only 500 x 500 nm?. For the critical current
densities achieved so far, such small junctions already exhibit a high normal state resistance,
which is impracticable for impedance matching. These junction areas are thus small enough.
Another major important optimization criterion is the width and shape of the wiring layer,
which will be realizing the microstrip transmission lines. Therefore, the patterning tech-
niques were compared. The etched structures clearly yielded better results which manifests
itself by steep edges in contrast to the shallow edges obtained by lift-off. Therefore, the
lithography and etching of the wiring layer were investigated with respect to the minimum
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achievable linewidth, resulting in lines as narrow as 500 nm. The quantified patterning limits

are used as design rules for the simulations, which will be discussed in the following chapter.
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Due to the optimization described in the previous chapter, the DC-properties of the materials
and the structural limits are determined. However, in order to develop the structures that
exhibit the necessary RF properties, simulations have to be conducted, investigating and
optimizing the various structures needed for the operation of an integrated receiver. For the
simulations in this work the software "CST Studio Suite" [140] was employed. This software
package consists of multiple different sub-tools, and contains the "CST Microwave Studio"
(MWS), which is employed for a field simulation of 3D objects. Furthermore a schematic
tool is available in the package, which operates similar to a spice program. Various elements
can be inserted and connected to each other such that the resulting circuit can be calculated.
These elements can be either discrete parts such as resistors or capacitors, or blocks that
comprise the results of 3D field simulations. Using these tools, the required structures of an
integrated receiver can be optimized and assembled to the complete circuit.

5.1 General overview and challenges

MWS is a software tool that performs a full 3D RF-analysis of a given structure by solv-
ing the Maxwell equations. The structure under investigation is therefore discretized and
the equations are solved in the resulting sampling points. Performing the simulation is done
by assuming a certain excitation signal, which is applied to the structure and the response
is calculated from which the S-parameters can be derived. The result of the calculations
is therefore the S-parameter matrix. For complex structures that are large compared to the
wavelength of the investigated signal, the calculations are likely to require simulation times
that are of the order of days and the memory is intensely used. This is especially challenging
for integrated receivers, since the complexity of the system is significantly higher as com-
pared to mixers without integrated flux-flow oscillators. This can be seen in figure 5.1, which
depicts the schematic representation of an integrated receiver split into different functional
groups. The integration of the flux-flow oscillator leads to the necessity of additional imped-

ance matching elements as well as a signal combiner on chip.
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Figure 5.1: Block diagram of an integrated receiver, which is subdivided into these blocks.

Additionally, since the mixer is not the only active device on chip, it has to be separated
for DC from the second active device, the FFO, which is realized by DC breaks. The high
complexity is the reason, why it is not possible to optimize the entire structure of a super-
conducting integrated receiver in a single 3D field simulation. The simulation can however
be split into suitable sub-simulations, where each simulation contains one of the functional
groups. The single blocks can afterwards be assembled in the schematic tool and the trans-
mission characteristics of the entire circuit can be obtained. Thus, the single parts can be
optimized separately but the total simulation result is still obtained. Care has to be taken
about the selection of the splitting location. Ideally, the splitting point is located in a struc-
ture without geometrical variations, e.g. a matched transmission line.

The excitation of the structure is done using "Ports". A variety of these ports is available in
MWS, where the correct port has to be selected for the particular purposes. A common port is
the "waveguide" port, which is typically used for the excitation of a microstrip transmission
line. The port size is selected such that the electromagnetic field distribution does not exceed
the limits of the port. Using this type of port, all passive components of the required structures
can be simulated. The active devices, i.e. the mixer and the FFO, cannot be simply inserted
into the simulation as discrete element, since CST does not provide these elements. Instead,
they need to be represented by ports, which have to be selected correctly.

Another challenge arises, when it comes to the material selection. MWS provides a large
library, containing a variety of different conductors and dielectrics. However, there is no
superconducting material available. Therefore and since the material parameters of the op-
timized films may deviate from literature values, the need for an agile material parameter
definition in MWS arises. By applying Mattis-Bardeen theory, the material parameters for
the different NbN films have been derived, the result is shown in figure 5.2. The blue line
represents the lower electrode, the dashed blue line depicts the wiring layer and the green line
shows the result for a 600 nm thick aluminum film as a reference. Figure 5.2a depicts the
surface resistance per square (Q/[0), the surface reactance is depicted in figure 5.2b and is
also given in (Q/0J). The values obtained for the NbN films of the lower electrode coincide
well with data shown in [141]. However, it can be seen from the data shown in this graph,

that the wiring layer exhibits a significantly lower quality than the lower electrodes resulting
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Figure 5.2: Surface impedances obtained by measuring 7; and p,¢ and evaluating the Mattis-Bardeen theory
for 90 nm thick Nb and 200 nm thick NbN films. For NbN, two curves are shown: the ground
electrode and the wiring layer. The green curve is the result of a measurement and calculation for
a 600 nm thick Al sample for comparison. (a) The resulting surface resistance of the materials. (b)
The respective reactances.

from the room-temperature deposition on an amorphous underground. This behavior of NbN
films is known [28], which is why in future devices, the wiring layer material might be re-
placed with a different, low loss, high gap material such as NbTiN. The red curve depicts the
surface impedance of pure niobium also extracted from R(7T )-measurements with 7, = 9.2 K
and po = 2.34 pQcm of a 90 nm thick film. Clearly visible is the lower gap frequency and
the lower surface reactance of niobium. Although it is drawn as lines, the values shown in
figure 5.2 are discrete points, since the solution of the integrals (compare equations (3.16)
and (3.17)) are calculated numerically. These discrete values can be entered in MWS as "tab-
ulated surface impedance". In order to obtain a continuous frequency dependent function of
the impedance, MWS applies a fit to each Ry and X;, mapping the impedance behavior as
close as possible. The influence of especially the imaginary part of the NbN surface imped-

ance is revealed noticeably, when regarding the transmission line characteristic impedance.

The dielectrics that need to be considered in the simulations are R-plane sapphire (Al,O3)
and oxidized silicon as substrates and silicon monoxide as dielectric. The permittivity values
of these dielectrics were adopted values from literature. In the simulations, these materials
were considered lossless with the permittivities & apo3 = 11, &iticon = 11.9 and & si0 = 5.

Based on these material parameters, the simulations can be conducted for the particular
material systems. Due to the different London penetration depth, the layer thicknesses are
different for niobium-based trilayers compared to trilayers with niobium nitride electrodes.
The particular values are given in table 5.1. In section 4.4 the thickness of the dielectric was

discussed concerning the planarization capabilities of the fabrication process.
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Figure 5.3: (a) Simulated characteristic impedances of microstrip transmission lines with the respective ma-
terial parameters included in the simulation. The Nb-based transmission lines are simulated with
a 200 nm thick dielectric, whereas the NbN-based transmission lines use a 400 nm thick dielec-
tric. The dashed blue line represents the transmission line impedance of the NbN technology with
PEC as conductor material. The simulations are all performed for a frequency of 700 GHz. The
corresponding wavelength slope is depicted in (b). The hatched areas depict the patterning limits.

As apparent from table 5.1, the dielectric thickness does not coincide with the electrode thick-
ness which was demanded for the planarization of the surface. It is essentially a trade-off
between the requirements to the patterning of the wiring layer which would require deep-sub
micrometer structures in the planar case and the steps that have to be covered by the wiring
layer. The given values have been selected in order to achieve a range of characteristic im-
pedance of the microstrip lines which is suitable for the RF circuit in an integrated receiver.
All simulations presented in the following, have been done on the basis of the material pa-
rameters given in table 5.1.

Figure 5.3a depicts the simulated characteristic impedances of microstrip lines for the both,
Nb- and NbN-based trilayers depending on the width of the microstrip. Clearly visible is the
higher impedance range covered by the NbN-based microstrip lines. This is not only due to
the lower capacitance resulting from the thicker dielectric, but also due to the larger kinetic
inductance.

To demonstrate the need for the inclusion of the material parameters, figure 5.3a also
contains the simulated characteristic impedance of a microstrip line, where the NbN has

Table 5.1: Overview of the layer thicknesses for devices fabricated from NbN/AIN/NbN
and Nb/Al-AlOx/Nb trilayers.

Electrode material | bottom electrode | counter electrode | total SiO | wiring layer
Nb 90 nm 90 nm 200 nm 150 nm

NbLN 200 nm 200 nm 400 nm 400 nm
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been substituted by a perfect electric conductor. The striking difference in characteristic
impedance of almost a factor of two clearly shows the importance of the material parameters
in the simulation. The hatched red areas in the graphs indicate the patterning limit of the
microstrip width of 520 nm. Consequently, the microstrip line with 400 nm dielectric can
cover an impedance range up to ~ 80 Q. According to equation (2.25), the wavelength also
varies with the inductance and capacitance. In order to compare both technologies, figure
5.3b depicts wavelength over the microstrip width. The simulations were done in both cases
for a frequency of 700 GHz. The wavelength is clearly larger in the case of the niobium
technology. This has to be considered during design, since the wavelengths change with the

characteristic impedances and the technology.

Conclusion

The concept of the simulation splitting is introduced in this section. This enables the op-
timization of the single components to a desired behavior. Therefore, the entire design is
subdivided into single functional groups which are optimized separately. The schematic tool
can be used to recompose the particular parts to obtain the response of the entire circuit. The
surface impedance of the particular materials needs to be included in the simulations due to
the strong influence on the wavelength and the characteristic impedance. Therefore, the ma-
terial parameters are calculated, using the results of DC measurements of the various films
and evaluating the equations obtained from the Mattis-Bardeen theory. This has to be done
for each technology separately, since the material parameters as well as the film thicknesses
differ significantly. Using these results, the various components can be optimized, which will

be presented in the next section.

5.2 RF-development of the various parts

The development of the different functional blocks will be demonstrated in this section,
where each part has a different set of requirements to fulfill. This includes and determines

the port selection for each component.

5.2.1 FFO integration and impedance matching

The first part in the signal chain is the flux-flow oscillator. As mentioned above, this active
component can not be implemented as a dedicated device, but needs to be modeled using a
port. This becomes especially significant, since the FFO is tapered to a narrow width in order

to achieve higher output impedances as shown in section 3.2.3.
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Figure 5.4: Calculation of the FFO output impedance for varying W, and capacitance Cy;. (a) The dependence
of the output impedance of the FFO for given specific capacity C!. = 80 fF/um? and W; = 1 um

tri

on the width of the idle region W, for both, the Nb as well as the NbN-based technology. (b) The
variation of the FFO output impedance for a given geometry (W) = 1 pm, W, = 1.5 pm) depending
on the specific capacity.

The output impedance of an FFO is typically in the range of 0.1 Q < Zgpg < few Q. A mi-
crostrip line with such a small characteristic impedance would exhibit an extremely large,
unpractical width. Therefore, the impedance matching component is directly attached to the
FFO, transforming the low FFO output impedance to a more practical impedance. The prac-
ticability of this transmission line is mostly given by the subsequent DC breaks, which are
not realizable using very wide transmission lines. On the other hand, very high impedances
are not practical either, since the required narrow transmission lines increase the RF-losses
and the structures are more sensitive to fabrication tolerances. In addition to that, the match-
ing transformer between FFO and DC breaks would have to cover a large impedance span,
which dramatically decreases the bandwidth. Therefore, an intermediate impedance section
is introduced, which hosts the DC breaks and the T-junction. Due to the different material
parameters, the impedance values of this intermediate impedance section were selected sepa-
rately to 11 Q corresponding to wyis = 4.5 pm for the Nb-based technology and 20 Q, which
corresponds to wyis = 5.68 pm in the NbN-based technology. Both of these widths proved
suitable for the realization of the subsequent devices.

The FFO output impedance was derived in general in section 3.2.3. For the different
fabrication technologies, this results in the impedances shown in figure 5.4. The influence
of the width of the idle region W, on the FFO output impedance is shown in figure 5.4a.
For these calculations, the trilayer capacitance is assumed with Cj; = 80 fF/ um? and a FFO
output width W; = 1 um for both, the niobium-based as well as the NbN-based FFO. Since
these two curves depict two different technologies, the values for the layer thicknesses and

London penetration depths are used according to the particular technology. Clearly visible
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is the lower output impedance of the niobium-based FFO for a given geometry compared
to the NbN technology. Figure 5.4b depicts the influence of the trilayer capacitance for
a constant lateral geometry of the FFOs. Obviously, higher trilayer capacitances decrease
the output impedance. Since the output impedance of the FFO is very low compared to
the remaining network, lowering the output impedance is not beneficial for the impedance
matching. Therefore, the impedance matching of the FFO does not benefit from higher j.
values.

As discussed in section 2.3.3, the impedance matching can be done using various ele-
ments, among which the most prominent are the A /4 and the Chebychev transformer. Both
flavors have been used in this work, a schematic top view on these structures is depicted
in figure 5.5. The dark gray areas hereby depict the bottom electrode, the light gray areas
represent the wiring layer. The excitation of the structure is done using a face port. This
port is selected, since it exhibits a certain spatial extension, which can emulate the spatial
extension of the flux-flow oscillator as opposed to a discrete port, which is only a point like
excitation source. This enables the modeling of the discontinuous width at the transition of
the FFO to the impedance transformer. In case of a port that covers the full width of the
first transformation stage, no discontinuity is present, and the length of the first stage is A /4.
However, if the port width is selected according to the FFO output width, the resulting dis-
continuity in width results in an electrically longer length of the first transformation section.
The effect can be seen in figure 5.5b. Due to the large width of the first transformation stage,
this section appears electrically longer than its physical length, which is why it has to be
shortened in order to achieve the desired electrical A /4 length. Of course, the intensity of
this effect is depending on the wavelength compared to the widths of the microstrip lines.
The longer the wavelength, the lesser the shortening of the first stage section. In case of
long wavelengths, the width of the FFO port becomes less important. However, for smaller
wavelengths and a port that reflects the width of the FFO, the shortening becomes stronger.
Therefore, the Chebychev transformer is limited in frequency. The shorter wavelengths at
higher frequencies result in extremely short first sections of the transformer, which make it
impracticable above certain frequencies. Since the first stage of a Chebychev multi-section
transformer always exhibits a smaller characteristic impedance as a single stage transformer,
a A /4 transformer may however still be applied. The higher impedance corresponds to a nar-
rower linewidth, hence the shortening effect is less prominent. For these schematic structures,
figure 5.5 contains the scattering parameters of the different structures, simulated in different
technologies where Nb is represented by the red lines and NbN is depicted by the blue lines.
For these simulations, the FFO output impedance was assumed with Zgro np = 0.4 Q for the
niobium technology and Zgro non = 2  for the NDN technology.
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Figure 5.5: Various structures for the FFO impedance matching to the transmission line network. The structures
are shown in the top part with the red lines indicating the excitation ports. The Chebychev match-
ing transformer with a wide port (a) was simulated for 400 GHz using niobium and for 800 GHz
with niobium nitride metalization. (b) and (c) depict a Chebychev and a quarter-wavelength match-
ing transformer with a port width selected according to the FFO output width. The resulting S-
parameters are depicted below the respective design images. The red line represents the case of Nb,
whereas the blue lines show the simulation results with NbN. The graphs contain both, |S,;| as solid
lines and |S,, | as dashed lines.

The output impedances of the transformers are the particular intermediate impedance values.
For the design of the Chebychev matching transformer, the widths of the particular stages are
selected according to the values given in the table [38], whereas the width of the single stage
quarter-wavelength transformer can be calculated by (2.44) and the dependence given in fig-
ure 5.3a. The lengths of the different sections can be taken from the relation shown in figure
5.3b. The simulation result for a Chebychev matching transformer in Nb technology for a
design frequency of 400 GHz is depicted in figure 5.5a as the red line. The solid line hereby
depicts the |S;,| parameter, whereas the dotted line represents the transmission characteris-
tics. Clearly visible is the ripple in the pass band of the |S;,| curve, but the matching with
a reflection of less than —10 dB is achieved over a wide frequency range of 200 GHz. The
figure also contains the simulation result of a Chebychev transformer in NbN technology op-
timized for 800 GHz excited with a wide port. The simulation of the Chebychev transformer
using an excitation with the narrow port is shown in 5.5b, also optimized for 800 GHz. The
matching is already distorted, the length of the first stage has to be shortened significantly.
However, still a good matching can be achieved. The simulation of a A /4 single stage trans-
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bias

Figure 5.6: FFO design with connectors attached to the microstrip line network. The FFO output is at the right
boundary of the flux-flow oscillator (depcited by the white dashed line). The matching transformer
is attached directly to the FFO output and connected to the microstrip network towards the right.

former is depicted in figure 5.5c. Compared to the Chebychev transformer excited with a
narrow port, the bandwidth is lower, but the matching at the design frequency is actually
better. For a particular application, the appropriate matching transformer has to be selected.
Figure 5.6 depicts the full setup of the FFO connected to the impedance matching, in
this case a Chebychev transformer. Again, the dark gray areas depict the bottom electrode,
whereas the light gray areas represent the wiring layer. The junction is depicted as the dashed
white line on the overlap of both NbN layers. The tapering is indicated for the FFO itself
as well as the electrodes, which are tapered in order to reduce the width of the idle region.
Furthermore, this figure also contains the connections for the control line, which is realized in
the bottom electrode. The current is injected in the bottom electrode parallel to the barrier at
one end of the flux-flow oscillator and extracted at the other end, where the FFO is attached
to the matching network. This current creates the necessary magnetic field for the FFO
operation. Additionally, the FFO also contains an unbiased tail. This has been shown to be
beneficial for the slope of the oscillator current steps [114]. From the matching transformer
attached to the FFO, the radiation can travel along the microstrip transmission line to the

subsequent device on chip.

5.2.2 DC breaks

Following on the FFO and the matching transformer, the second element group is the DC
breaks. The purpose of these elements is to enable the simultaneous biasing of the FFO and
the mixer. Since FFO and mixer are connected in parallel, the DC-connection between them
needs to be interrupted, while maintaining a good RF transmission. In theory, it is sufficient

to only split the DC connection in the wiring layer.
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Figure 5.7: (a) Schematic top view of a DC break in the ground electrode. The wiring layer (light gray) trans-
verses the gap (white areas) in the ground electrode (dark gray), which blocks the DC-current. The
RF signal on the other hand can pass the gap with negligible reflection losses. (b) An example of
the simulation result of such a DC break targeted for 750 GHz.

However, this can lead to ground loops resulting in distortions, which is why a separation of
both, the wiring layer as well as the ground electrode is beneficial. The idea for the design
of the DC breaks is adopted from [142, 143], since it has proved superior performance over
other approaches that have been simulated. For the excitation of such a device, waveguide
ports are used. The optimization criteria are the maximized transmission in the passband
along with a suppression of the DC-current transport.

The design of the ground electrode DC break is depicted in figure 5.7. A gap in the
ground electrode ensures a high-Ohmic connection between FFO and mixer in this layer.
The microstrip in the wiring layer crosses this gap with two additional conductor sections in
parallel. These parallel conductors determine the center frequency of the signal transmission
across the gap. The transmission level in the pass band is mostly determined by the width
of the slit separating the bottom electrode. If the cut is realized as a simple slit of constant
width, higher frequencies tend to exhibit slit modes that propagate along the slit and thus
decrease the transmission to the intended output port. Therefore, the original design was
altered, adding sections with wider slits, as can be seen in the design. The simulation results
of the structure can be seen in figure 5.7b. Although the transmission is enhanced by the
resonant parallel conductors, the |S|-parameters reveal a large —10 dB bandwidth of more
than 400 GHz and a good isolation at low frequencies. The roll-off in transmission is due to
the increasing losses in the wiring layer material.

Figure 5.8a depicts the design of the DC break in the wiring layer. The wiring layer is
split in order to achieve the required high-Ohmic connection for DC. However, to provide
a high RF transmission, the wiring layer is provided with two short conductors in parallel

to each other. The ground electrode exhibits a "U"-shaped cut as well in order to improve
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Figure 5.8: Design of a DC break in the wiring layer. (a) The schematic top view with the dark gray representing
the ground electrode and the light gray as the wiring layer. The white areas represent the gaps in the
ground electrode. The RF coupling is granted by the parallel pieces of transmission line with the
U-shaped cut in the ground electrode. The corresponding scattering parameters are depicted in (b).

the transmission. The center frequency of transmission is determined by the length of the
conductors, whereas the cut in the bottom electrode significantly improves the transmission
level. Figure 5.8b depicts the |S|-parameters for this structure. The transmission of low
frequencies is clearly suppressed. The designed structure exhibits a large —10 dB bandwidth
along with a good matching in the pass band. The roll-off of the transmission is again due to

the increasing losses in the wiring layer material.

5.2.3 Power combiner

The power combiner is a passive device used to combine two signals to a common output
signal. The basic theory of power couplers will not be explained here, this can be found
in [38]. The only major property that shall be mentioned here is the fact, that a lossless
reciprocal three-port power combiner can not be matched for all inputs [38]. For this work,
the simplest power combiner, the T-junction is used. It comprises three ports, two input and
one output ports, all connected in a common point. The purpose of the power combiner is to
efficiently couple both, the FFO radiation as well as radiation coming from e.g. the antenna
to a single transmission line, which is then transmitting the power towards the mixer. In order
to achieve a high transmission from the two inputs, towards the output, the impedances of the
transmission lines have to be selected carefully. A schematic of such a T-junction is depicted
in figure 5.9a comprising two input ports P2 and P3 as well as an output port P1. Since not
all ports can be matched, the T-junction has to be designed to the particular purpose. In the
frame of this work, the most important quantity is the power transmission from the various

signal sources to the mixer.
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Figure 5.9: Exemplary design of a T-junction power combiner. This power combiner was designed for a max-
imized transmission at 750 GHz for the input and output impedances given in (a). The respective
S-parameters are given in (b). The transmission from the input is nearly ideal with a transmission
of |S,,| = |S5;| = —3 dB. The output port 1 is designed to be matched which can be seen at the low
reflection value [S;|.

Therefore, the output port of the T-junction was selected to be matched. To demonstrate the
properties of such a T-junction, a simple example is discussed with a transmission line to-
wards the mixer exhibiting Z,,; = 25 Q and a characteristic impedance of the input lines of
Zin; = 50 Q each. Since the two input ports are connected in parallel, the resulting circuit of
both transmission lines will exhibit an impedance of 25 Q, matching the output port, which
results in a low input return loss. However, the other ports are not perfectly matched, which is
why the maximum transmission of the input ports to the output results in Soutin,max = —3 dB.
Furthermore, the inputs are not well isolated from each other, resulting in a signal transmis-
sion into the other input port. In the particular case, the matching of the input is limited to
Sinin = —6 dB, whereas the transmission between the input ports is also Siy in2 = —6 dB. By
changing the input impedances, a weighting of the particular inputs can be achieved, how-
ever, as of now, both inputs are to be treated equally. If the characteristic impedances of the
various transmission lines do not match the values given in the example above, the additional

A /4 transformers are required, modifying the impedances to values Zi'n,i and Z/ ,;, which obey
zI .7
il T2 = Zhe (5.1)
Zin,l + Zin,2

As an example, input impedances of Z, =40 Q, Z3 = 20 Q and an output impedance of Z| =
50 Q are assumed. The input impedances can, where necessary, be transformed to Zi’n,i =
40 Q resulting in Z, = 20 Q. This can be transformed by a ~ 32 Q quarter-wavelength
transformer to the output impedance of Z,,; = 50 Q. Figure 5.9a depicts the schematic of

such a T-junction, with the impedances given in the example above. Each port of the T-
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junction contains a A /4-transformer, before all three ports are connected in the center. Due
to the non-ideal connection in the center of the structure, the exact values for the line lengths
and widths need to be found by simulation. The simulation results of the optimized structure
are shown in figure 5.9b. The return loss of the mixer port |S,;| exhibits a reflection as low
as —30 dB at the design frequency of 750 GHz. The transmission exhibits approximately
—3 dB from each input to the output port. The isolation is at —6 dB. Since all ports of the
T-junction are conventional transmission lines, the waveguide port is used to excite each of
them in MWS.

5.2.4 Antenna

In the frame of this work, double-dipole as well as double-slit antennas were realized. The
double-dipole antenna was realized only once, since it proved to be more challenging to fab-
ricate. A design example thereof is given in 5.10a for a design frequency of 166 GHz. In the
left side of the schematic, the entire antenna is visible, where the dipoles are in the ground
electrode as well as in the wiring layer. Each pole of a dipole is in different metallization
layers. In figure 5.10a, the top half of the dipole is in the wiring layer, whereas the lower half
is in the ground electrode. Each pole extends to the center, where it is connected to its respec-
tive metalization layer. The dipoles are connected by a 1 um wide microstrip line. In order

to characterize the antenna in the simulation, typically the |S,,| parameters are monitored.
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Figure 5.10: (a) Design of a double dipole antenna. The two dipoles seen in the design on the left are realized
with one half in the ground electrode and another half in the wiring layer each. The microstrip line
connecting the individual antenna arms is depicted in the close-up as well in (a). This antenna was
designed for an operation frequency of 166 GHz. The corresponding reflection from the antenna
can be seen in (b).
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Figure 5.11: (a) Design of a double slot antenna designed for an operation frequency of 750 GHz. The two
white rectangles depict the slots in the ground electrode (dark gray), which are transversed by
stub-terminated microstrip transmission lines (light gray). The microstrip lines join in the center
of the image where the transmission line network is connected through a A4 /4 transformation. The
corresponding |S;,| simulation results are depicted in (b), showing an excellent matching to the
40 Q transmission line output.

For a matched antenna, the |S;, | parameter exhibits low values, which shows a good imped-
ance matching between the antenna and the microstrip connection. Figure 5.10b depicts the
resulting |S,;| simulation of this antenna. The simulation shows a good matching at the de-
sign frequency with a reflection of ~ —50 dB. The space consumption of the double-dipole
antenna in this simple configuration is however rather large. This is obvious, if the connectors
to the antenna are considered. As shown in figure 5.10a, the connectors point outwards from
the antenna. In order to feed both dipoles to the mixer, these microstrip lines meet at a certain
point on chip. This however results in a rather large space consumption of the double-dipole
antenna as compared to the double slit antenna, which is depicted schematically in figure
5.11a. Both slits are realized as trenches in the ground electrode which get filled by the
planarization layer. The connection to the antenna is done by a microstrip line that is short
circuited right outside of the trenches by radial stubs. The microstrip lines merge in the center
of the antenna, and after a A /4 transformation, the 40 Q microstrip line connects the antenna
to the transmission line network. Since the connectors of the antenna simply reach to the
inside and do not have to circle around the entire antenna, the space consumption on chip
is less. The performance of both antenna types in conjunction with a lens has been demon-
strated to be almost identical [54, 55]. Therefore, most of the designs shown in later sections
are realized using the double-slot antenna. Figure 5.11b shows the simulation result for this
antenna. The design frequency of this design was 750 GHz. The matching exhibits values
down to —40 dB.
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5.2.5 Mixer, tuning and IF out

After the FFO signal is combined with the antenna signal in the T-junction, the signals are
both fed to the mixer. In order to transmit the maximum amount of power, the mixer needs
to be matched to its surrounding. This matching is the most crucial part of the entire design.
It may include a matching of the real part of the mixer and always includes the tuning of the
junction capacity. The necessity of compensation of this imaginary part was demonstrated in
section 3.2.2, where this tuning was shown in an abstract manner. The inductive element can
be realized using a short transmission line terminated with a short circuit. The short can not
be realized as a physical connection between the wiring layer and the ground electrode, since
it is in parallel to the mixer, which would prohibit the DC-biasing of the mixer. Therefore,
a RF-short is used, which can be realized using an open-ended A /4 stub. Due to the limited
bandwidth of the A /4 transformation, in literature almost exclusively, radial stubs are used.
For low frequencies, these stubs have proven to exhibit excellent performance [92]. However,
due the fact, that the stubs are not a physical short, a residual resistance remains, which gains
in importance for higher frequencies. Figure 5.12a schematically depicts the top view of a
mixer tuned with a transmission line terminated with a radial stub as a short. The mixer is
indicated by the red square. The distance between the mixer and the tip of the radial stub is
called the tuning length #us wune, since this is the length of the inductive transmission line.
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Figure 5.12: (a) Design of a single stub tuning of a SIS mixer. The mixer is indicated by the red square in the left
part of the image. A microstrip line connects the mixer to the transmission line network (towards
the left) and to a stub-terminated piece of microstrip line towards the right. The equivalent circuit
of this design is given in (b).
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Figure 5.13: Simulated influence of the serial resistance in the mixer tuning circuit. The reflection parameters of
a mixer with Cppix = 76 fF and a single stub tuning circuit are given in (a) for different frequencies.
The different frequencies are achieved by the selection of the inductance to Lyyne = 8.33 pH: v =
200 GHz and Lyype = 0.52 pH: v = 800 GHz. The green lines depict the resulting reflection in the
ideal case, i.e. Rres = 0. A finite resistance Ryes = 1 Q deteriorates the matching. The deterioration
of the reflectance is due to the strong decrease in input resistance of the circuit as depicted in (b)
along with the reflection for a frequency of 750 GHz.

The equivalent circuit of this structure with a non-perfect stub with a residual resistance (Ryes)
is depicted in 5.12b. Note, that this equivalent circuit is only valid for the design frequency.
However, these circuits are used here and in the following to explain the RF behavior espe-
cially at the design frequency. Therefore, they do not contain the actual components, but dis-
play their behavior by the means of their respective equivalent circuit. By setting the length
of the microstrip line /s wne, the susceptance parallel to the mixer is adjusted, compensating
the mixer reactance for a certain frequency. The connection of the inductor in parallel to the
capacitor is realized by the short circuit of at the end of the transmission line. To demonstrate
the effect of the finite parasitic resistance of the radial stub, the calculated |S;,| parameters
are shown in figure 5.13a for two scenarios. The capacity is in both cases assumed with
Cnix = 76 {F, the inductance exhibits two values Liype,1 = 8.33 pH and Lype2 = 0.52 pH.
These values result in resonance frequencies of Vies1 = 200 GHz and Vi 2 = 800 GHz re-
spectively. The green curves depict the resulting reflection calculation for an ideal short. The
matching at the resonance frequencies is of course ideal. However, if the series resistance is
increased, the effect on these curves is significant. An inserted series resistance of Ryes = 1 Q
results in the black curves. Whereas the circuit resonating at 200 GHz still exhibits a reflec-
tion of —10 dB, the 800 GHz resonator is already at |S,;| > —3 dB, thus reflecting more than
50 % of the incident power.

These calculations are done, using the Spice feature of MWS from the equivalent circuit,
without the inclusion of transmission line losses. However, compared with the residual resis-

tance of the radial stub, the Ohmic losses on the short transmission lines are negligible. The

108



5.2 RF-development of the various parts

0 8
2k
g -4f S)
= B increasing C/; | 2
5 <
_8 |
7]0 I I I
1 2 3 4
Mixer junction area IMs e (Hm)
a) b)

Figure 5.14: (a) The calculated reactances created by the mixer capacity at an opera-
tion frequency of v = 700GHz for different trilayer capacitances (C}; =

46 fF/um?,59 fF/um?, 70 fF/um?, 80 fF/um?,97 fF/um?). The patterning limit ofrl the
junction area is indicated by the red hatched area. The required tuning lengths for the particular
capacitances can be read from (b). The resulting reactance depending on the tuning length are
given for niobium as well as niobium nitride technology.

value of acceptable residual resistance can be derived from figure 5.13b. The blue line de-
picts the embedding impedance resulting from an increasing residual resistance. The strong
decay of the embedding impedance is responsible for the increase in reflection, which is de-
picted with the red line. Therefore, the careful optimization of the radial stub with respect to
a minimum residual resistance is of utmost importance.

Apart from the radial stub, the mixer tuning requires the inductive compensation part,
which is realized using a transmission line. The required reactance is determined by the
targeted operation frequency Vs and the mixer capacity. The mixer capacity can be de-
termined using the trilayer capacitance and the junction area. Figure 5.14a depicts the re-
sulting reactances for v,es = 700 GHz depending on the junction area for different capaci-
tances. For the NbN/AIN/NDN technology, this corresponds to critical current densities of
4,6,8,10,14 kA/ cm?2. Clearly visible is the decreased Xpix for higher critical current densi-
ties and larger junction areas. The red hatched area reaching from A = 0 to A = 0.25 um?
results from the minimum junction size of 0.5 x 0.5 um? and thus the patterning limit of the
junctions. The values for the reactance obtained by field simulations of a shorted microstrip
line are depicted in figure 5.14b. This simulations were conducted based on the material
parameters for the NbN-based as well as for the Nb-based technology. Due to the shorter
wavelength, the NbN-based microstrip line exhibit higher reactances than the Nb-based mi-
crostrip lines for a given length. The characteristic impedance for both transmission lines
was Zy = 30 Q in order to compare the technologies to each other. The solid lines depict the

fit with equation (2.52) and the wavelengths of Axpny = 116 pm and Anp = 162 pm.
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Figure 5.15: (a) Design of a twin-junction tuning circuit. The mixers are indicated by the red squares and are
separated by the tuning length /ys wne. The corresponding equivalent circuit is depicted in (b).

In order to compensate the mixer reactance, the microstrip must exhibit

1

Xtune = OLyype = —Xmix = .
wcmix

(5.2)

For the 30  NDN transmission line, a reactance smaller than X < 1.8 Q can be realized
only by sub-micrometer long transmission lines. Therefore, the lateral patterning limits are
of utmost importance. For the demonstrated 700 GHz simulations, the compensation by a
microstrip line is still possible with NbN, however, if the frequency increases, the |Xpix| value
further decreases, which can not be compensated by the transmission line transformation,
since the tuning length becomes too short.

Other ways of tuning have been established, in order to overcome this challenge. A tuning
method frequently used is the so-called twin-junction (twinlJJ) tuning [92, 144], which also
employs a transmission line transformation to compensate the mixer reactance and a second
junction in a distance of the tuning length /s wne- The schematic top view of such a structure
is depicted in figure 5.15 along with the equivalent circuit. Since the inductor compensates
for both capacities, larger inductance values are required as compared to the classical stub-
tuning. Assuming identical junctions, the design rule for the compensation is

1

wL=2 .
a)Cmix

(5.3)

This larger inductance is beneficial especially for higher frequencies, since the transmission

110



5.2 RF-development of the various parts

OMS.tune . Lane

Cuune
I |
|
| |
IX1ui~y
L |
B,

“emb ©

b)

a)

Figure 5.16: Design of the hybrid end-loaded stub tuning approach is depicted in (a). The mixer is connected to
an inductive stub which connects to a butterfly stub, providing a capacity in the distance {ms tune-
The equivalent circuit is depicted in (b).

lines are longer. The bandwidth of this tuning is of the same order as the classical stub
tuning described above. However, due to the second junction, other effects are introduced.
The resulting resistance of the device is Ry = RTN, where Ry refers to the single junction
resistance. The second junction also results in a larger required oscillator power. Since both
junctions are connected to each other in both, the wiring layer as well as the ground electrode,
this setup realizes a superconducting quantum interference device (SQUID). Such a device
is typically used to measure magnetic fields, and as such, it is very sensitive to magnetic
fields. Therefore, in this approach, issues with noise and instabilities arise. However, this
approach is frequently used, when high operation frequencies are targeted, since the stub-
tuning approach can not be applied.

Another approach, that sets out to combine the advantages of both previously described
approaches is the hybrid end-loaded stub (h-ELS) approach. This approach is based on the
twinJJ idea, however, in order to eliminate the disadvantages introduced by the SQUID, the
second junction is substituted with a capacitor. This approach is depicted in figure 5.16. The
capacitor can be realized by simply using a straight stub, however, using a radial stub, offers
a wider bandwidth. The advantage of this design is the omission of the second junction,
and thus the SQUID setup. Alike the twinJJ approach, higher frequencies are achievable as
compared to the classical stub tuning, due to the longer tuning transmission line. However,
the bandwidth of this setup is smaller, due to the larger capacitance. In the twinJJ design, the

larger capacitance is compensated by the reduction of the resistance of the circuit (compare
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equation (3.56)). However, in the h-ELS design, the second resistor is not present, thus the

higher capacity leads to a decreased bandwidth compared to the other design approaches.

RF bandwidth All three tuning approaches can be used for the compensation of the mixer
capacity for a certain frequency. As given in equation (3.56), the RF bandwidth is determined
by the critical current density of the trilayer in conjunction with the lateral dimensions of the
junction. For a given j. and area A of the junction, the achievable RF bandwidth of the
different tuning approaches differ. The bandwidth achievable by the classical stub tuning
can simply be calculated using equation (3.55). The twinJJ tuning however exhibits twice
the capacity due to the parallel junctions. This on the other hand decreases the normal state
resistance of the mixer circuit by a factor of two for identical junction, resulting in an identical
bandwidth as compared to the classical stub tuning. By choosing slightly different junction
areas, the bandwidth of the mixer can even be tuned to higher values. The hybrid end-loaded
stub exhibits the same capacity as the twinJJ design, due to the parallel radial stub. However,
due to the lack of the parallel resistor, the bandwidth of this tuning approach exhibits a
lower bandwidth. In the case of a radial stub that exhibits the identical capacity as the mixer
junction, the bandwidth is reduced by a factor of two as compared to the classical tuning

approach or the twinlJ approach.

Intermediate frequency output The intermediate frequency output needs to be attached
to the microwave circuit without disturbing the properties of the circuit. Therefore, it can be
designed to behave as a high-Ohmic connection for the operation frequency of the receiver.
Since the intermediate frequency is typically at significantly lower frequency levels, this
high-Ohmic connection is not visible for the intermediate frequency. The radial stub as an
example provides a short-circuit for the target frequency, however the intermediate frequency
can pass the radial stub with negligible reflection. The intermediate frequency can therefore
be attached to the outer edge of a radial stub, however, care has to be taken not to deteriorate
the radial stub properties. Another option is the attachment of a quarter wavelength trans-
mission line in extension to the tuning length, terminated by a radial stub. The short circuit
provided by the radial stub will be transformed by the quarter wavelength transformer into an
open circuit, resulting in the required high-Ohmic connection. This intermediate frequency
connection thus has to be designed for each tuning approach separately, in order to match the

particular geometrical requirements.

Control lines The mixer capacity compensation can be realized with the approaches intro-

duced above. In order to operate the mixer in the desired quasiparticle regime, the Josephson
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Figure 5.17: Schematic setup of a mixer control line realized in the wiring layer. The wiring layer on top of the
mixer junction provides the mixer with the RF signal from the transmission line network. It can
furthermore be utilized for the provision of the magnetic field by passing a DC current along the
junction as indicated in the figure.

current needs to be suppressed. This is done by applying a magnetic field, which can com-
pletely suppress the Josephson current, see figure 3.8. The magnetic field therefore has to
be large enough to at least introduce one fluxon inside the junction. In practice, the mixer
is desired to be operated at even higher magnetic fields [1]. Since the mixer junctions are
as small as possible, i.e. with areas smaller than 1 umz, the magnetic field required for the
Josephson current suppression is quite high. Due to the fact, that the mixer and the flux-flow
oscillator require different magnetic field densities, the mixer magnetic field is, as opposed
to single mixer structures also applied to the mixer with a control line. This control line can
be realized in the ground electrode, or in the wiring layer. If the mixer control line is realized
in the wiring layer, it has to blend in the microwave design, hence, the geometries are prede-
fined. Figure 5.17 schematically depicts a side view of the mixer attached to the microstrip
line, which in this case is used as the control line. The red area represents the insulating
barrier, which is not depicted to scale. The control current is fed along the wiring layer pass-
ing by the mixer. This approach is very practical, since the microstrip line above the mixer is
required anyway, so it can be used in almost any design. The only requirement is an extra DC-
connector at a point in the transmission line network, in order to extract the DC-control line
current. The injection can be done via the IF out connection. The current-inherent magnetic
field surrounding the microstrip line penetrates the barrier, thus suppressing the Josephson
current.

Due to the limited degrees of freedom in designing the control line in the wiring layer,
it may be beneficial to realize the control line in the ground electrode. However, since this
layer is also part of the microstrip line, the control line can not be realized within the area of
the RF network. This can be overcome, if the intermediate frequency output is realized using
a coplanar waveguide instead of continuing with the microstrip transmission line as depicted

in figure 5.18.
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Figure 5.18: Schematic design of a mixer control line in the ground electrode. For the usage of a hybrid end-
loaded stub tuning approach, the ground electrode after the mixer can be cut out, guiding a current
along a path indicated by the green arrow. The IF output of the mixer in this case needs to be
realized using a coplanar design as shown in the cross-section in the top part of the image.

Although, the center conductor is not in the same metalization layer as the ground plane,
the structure very well behaves as a coplanar waveguide, since the vertical distances are
negligible compared to the significantly larger lateral dimensions. Figure 5.18 also depicts
a cross-section through such a coplanar waveguide. The mixer tuning should however not
be affected by the connection of this IF output. Therefore, the IF out connection is realized
using a stepped impedance filter [38]. This stepped impedance filter is designed in such a
way that it provides the mixer with a very high resistance and a zero reactance, so neither the
mixer tuning is affected, nor the total resistance of the mixer embedding impedance. Using
this gap in the coplanar waveguide, a current can be driven through the ground electrode
from the one end of the CPW ground to the other as indicated by the green arrow in figure
5.18. The magnetic field generated by this current can suppress the Josephson current of the
mixer. This approach can obviously not be used for all tuning approaches. The most obvious
usage is of course the hybrid end-loaded stub. In this case, the mixer is the last device in the
RF-signal chain. In the classical stub tuning approach, the missing ground under the radial
stub might lead to tuning complications. Since the current is carried in the wide ground
electrode, the current flow is not homogeneous, but concentrated at the edges as indicated by
the green arrow in figure 5.18. This effect is particularly exploited by this approach, focusing
the current to the edges, which are in the vicinity of the mixer junction. In the twinJJ tuning
approach, the ground electrode might also be used as control line. However, this was not

tested within this work, which is why this approach is not discussed in detail.
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Conclusion

In this section, the designs of the various components and their particular requirements are
introduced. This includes the impedance matching of the FFO to the significantly higher
impedance of the transmission line network by using n-stage quarter wavelength transform-
ers. The separation of the FFO from the mixer for DC signals is achieved by the usage of
DC breaks, which can be realized in both, the ground electrode as well as the wiring layer.
The design of two types of antennas is introduced, the double dipole and the double slot
antenna. The FFO signal and the antenna signal are combined in a T-junction, which can
realize a —3 dB transmission of each of the input signals to the output. The most challenging
part is the tuning of the mixer capacity, especially for high frequencies. Three approaches of
this tuning are discussed, where each approach is based on the transmission line impedance
transformation. Therefore, the transmission line properties are of utmost importance. Due to
the high kinetic inductance, the microstrip lines responsible for the tuning become extremely
short for high frequencies, and hence, the classical tuning approach reaches a limit where
the tuning length is deep in the sub-micrometer range. This is very unpractical and there-
fore, other approaches, such as the twinlJJ tuning and the hybrid end-loaded stub tuning are
introduced as well. The final component introduced in this chapter is the mixer control line.
This is typically realized in the wiring layer, however, the geometry of the control line is in
this case dictated by the RF properties of the transmission line which connects the mixer to
the periphery on chip. A different approach, which was developed during this work, is the
realization of the mixer control line in the ground electrode. This however inhibits the usage
of the classical stub tuning. This approach can be realized with the subsequent components
in a coplanar technology.

Designing each of this parts is done, considering the material parameters of the particular
fabrication technology. In the schematic tool, these components can then be connected and
simulated as an entity. This is the basis for the development of the circuits presented in the

following chapters.
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6 Prototype devices
with reduced complexity

The technology development and the simulations have been discussed in the previous chap-
ters. In order to realize a fully integrated receiver, the material parameters and the simulations
need to be verified. Due to the high frequencies, the single components can not be character-
ized towards their RF properties separately. Since the fully integrated receiver is a complex
system consisting of many different components, preliminary devices were realized, in or-
der to split the investigation into smaller, less complex systems. Apart from the reduced
complexity, especially when leaving out the antenna in order to investigate on the coupling
of the FFO to the mixer, the space consumption on a chip per device is decreased dramati-
cally, which enables the realization of many of those prototypes on a 10 x 10 mm? sized chip,
allowing for parameter sweeps to systematically investigate the various prototypes.

The different devices have been fabricated at intermediate technology development levels
during this work. Therefore, the prototypes are realized in both, pure Nb technology as well
as NbN technology. The mature niobium technology is realized on oxidized silicon sub-
strates, whereas the niobium nitride based prototypes are realized on both, oxidized silicon
as well as sapphire substrates.

6.1 Mixer response to an external 166 GHz source

The classical mixer without a local oscillator on chip is in this case the prototype with the
least complex structure. The preliminary device consists of a double-dipole antenna, which is
coupled to a mixer by a microstrip line. The device was designed for a frequency of 166 GHz,
expecting the local oscillator signal to be provided by an external source. The devices were
realized in NbN/AIN/NbN technology on oxidized silicon substrates.

A quasi-optical characterization can not be done in a liquid helium transport dewar. There-
fore, a setup using a bath cryostat was constructed, allowing the characterization of the mixer

response to an external 166 GHz source. This setup is shown schematically in figure 6.1.
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Figure 6.1: Optical setup for the measurement of the mixer response to external radiation. Both quasioptical
signals are generated by an active frequency multiplier source. A 166 GHz source and a low power
tunable source are connected to a waveguide which is terminated with a horn antenna, facing the
cryostat. The cryostat contains the mixer installed on a hyperhemispherical lens inside a detector
block. The intermediate frequency output of the mixer is fed through a 50 Q coaxial transmission
line to a room-temperature amplifier. The output signal can then be recorded by a spectrum analyzer.

The mixer chip is mounted inside a liquid-helium bath cryostat, which provides access to the
external radiation through a high-density polyethylene (HDPE) window. The local oscillator
signal is generated by source with a fixed frequency of 166 GHz which exhibits a high power
level of 11.4 mW. The signal of interest is generated by another source, which can generate
frequencies between 110 — 170 GHz with lower power levels of ~ 208 uW. Both sources
are waveguide coupled and connected to each other with a waveguide power combiner that
is terminated with a horn antenna, enabling the transition from the waveguide to free-space
optics. The signal is then focused by a first lens onto a hyperhemispherical lens inside the
cryostat. On the backside of this hyperhemispherical lens, the mixer chip is mounted, em-
bedded in a connector printed circuit board. This connector board provides the necessary
connections to the mixer chip, i.e. the bias connections as well as a coplanar waveguide for
the intermediate frequency output. The lens with the mixer and the connector board are all
mounted inside a copper detector block, which is equipped with DC plugs for the biasing and
SMA-connectors for the intermediate frequency output, which is then fed through a coaxial
50 Q transmission line to a room-temperature low noise amplifier (LNA). The output of the
LNA can then directly be displayed on a spectrum analyzer. The DC-bias is provided through
a filtered twisted-pair set of copper wires.

The equivalent circuit of the realized mixer is depicted in figure 6.2. The antenna in the
very left is designed to exhibit an output impedance of 30 Q, from which a microstrip trans-

mission line transfers the signal to the mixer. The mixer junction is tuned using the classical
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Figure 6.2: Equivalent circuit of the 166 GHz mixer design. The signal is received by a double-dipole antenna
and then transmitted to the SIS mixer. The tuning is achieved using classical stub tuning.

stub tuning, since for these low frequencies, the disadvantages of this tuning approach are
not relevant.

A SEM image of the realized structure can be seen in figure 6.3. The two antennas can be
recognized in the center of the image, realized as 4 /2 dipoles with dimensions of £ = 305 pm
and w = 20 pm.

out

Figure 6.3: SEM image of a realized 166 GHz mixer. In the center of the image, the antenna can be recognized.
The bright areas are the wiring layer, the darker areas are the lower electrode covered with SiO. The
antenna is located in the center of a rectangular opening in the ground electrode which is illustrated
by the dashed red lines. The antenna signal is transmitted to the mixer which is located in the top
part of the image. Above the mixer, the butterfly stub can be recognized. At the ends of the butterfly
stub, the DC bias line and the IF output microstrip line are connected. The IF microstrip line leads
to a tapered coplanar waveguide. The onset of this taper can be seen in the right part of the image.
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Figure 6.4: Current-voltage characteristic of a 0.9 x 0.9 um? sized mixer junction along with the design resis-
tance, indicated by the black dashed line. Data adopted from [Mar16].

In this geometry, one dipole exhibits a characteristic impedance of 30 Q. In order to realize
the dipole structure, one half of the dipoles is realized in the ground electrode whereas the
other is realized in the wiring layer. This is the reason, why the different parts of the antenna
appear in different colors in the SEM picture. The pole connected to the ground electrode
(top part in the image) is covered by SiO, and therefore appears in a darker gray as compared
to the pole realized in the wiring layer (bottom half in the image). The antenna is located
in a rectangular opening in the ground electrode. The opening can be recognized in the
center of the image. Surrounding the top half of this opening, the microstrip line is located,
merging the two antenna arms in a T-junction. The microstrip line then feeds the signal to
the mixer junction which is indicated by the red square in the top part of the image. Different
junction resistances were targeted, where the impedance transformation was realized with a
A /4 transformation. The reactance tuning is done by a compensation microstrip line which
is terminated with a butterfly stub that can be recognized in the very top part of the image.
At one side of the butterfly stub, the DC connection is realized. The microstrip line emerging
from the right end of the butterfly stub is designed as a 50 Q microstrip line, which provides
access for the intermediate frequency output. Connecting this to the CPW on the connector
board requires the microstrip line on chip to be transformed to a coplanar waveguide, which
can be seen in the right end of the SEM image. The CPW line is then tapered to match the
dimensions of the CPW on the connector board.

A set of 9 different designs was realized on this chip with varying mixer resistances. As
an example, figure 6.4 depicts the current-voltage measurement of a junction, designed to
exhibit a resistance of 12.5 Q. With a measured value of Ry = 12.43 Q, the normal state
resistance of the junction is very close to the designed value. This junction is realized with
lateral dimensions of 1.2 x 1.2 um? and a critical current density of j. = 7 kA / cm?. The

expected characteristic values as shown in chapter 4 are obtained. The mixer devices are
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Figure 6.5: Optical response of the 166 GHz mixer to the local oscillator signal. (a) Set of mixer current-
voltage characteristics with varied LO power. The multiple curves correspond to different incident
local oscillator powers. The magnified image in (b) depicts a close up of the mixer current-voltage
characteristic close to Vy = 0, showing the Shapiro steps up to the 4" order. The span of each
Shapiro step is 0.343 mV. Data adopted from [Mar16].

first irradiated with the local oscillator signal. Recording the current-voltage characteristic
for different LO power levels yields the mixer response to the local oscillator signal. The
result of this investigation is depicted in figure 6.5a. The blue curve represents the junction
characteristic without external radiation as a reference. Clearly visible is the emergence of
the photon-assisted tunneling with increasing LO power. Increasing the power of the local
oscillator results in a higher current in the quasiparticle branch at a given voltage. Due to the
lack of a control line, the mixer exhibits Shapiro steps, which can be used to determine the
frequency of the incoming radiation. An example of recorded Shapiro steps is depicted in
figure 6.5b. Clearly visible is the step-like behavior starting from zero voltage with a step-
width of 0.34 mV. This corresponds to a frequency of the incident radiation of 166 GHz (see
equation 3.26). The Shapiro steps are visible up to the fourth order. The device hence behaves
as expected, the local oscillator radiation is transmitted to the mixer junction, manifesting
itself in the expected step like features in the current-voltage characteristic.

The previous investigations are all based on monitoring the current-voltage characteristic
with LO radiation exclusively. However, for the mixer operation, the signal of interest needs
to be applied as well and the IF output needs to be monitored. The voltage of the mixer
is therefore set to a constant value on the first photon step, e.g. 3.5mV and the output
signal through the intermediate frequency output is monitored using a spectrum analyzer. The
employed amplifier in this case was a room-temperature low-noise amplifier. For best noise
properties, this amplifier would need to be located at the 4.2 K stage. The applied signals are
depicted in figure 6.6a. The spectra shown are reconstructed from the measurements of the

spectrum analyzer, which are depicted in figure 6.6b.
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Figure 6.6: (a) Excitation of the mixer with 164 GHz representing the lower sideband and 168 GHz for the upper
sideband. This is depicted in along with the LO frequency of 166 GHz. (b) The down converted
signals are depicted at ~ 2 GHz. Data adopted from [Mar16].

Both, the upper as well as the lower side band have been measured. The local oscillator
power was in this case set to approximately 1 mW. The incident signal is first set to a fre-
quency of 168 GHz, the result is depicted in figure 6.6 which is in this case the upper side
band. The red curve depicts the measurement for the incident signal being set to a frequency
of 164 GHz in figure 6.6a. The black dashed arrow illustrates the local oscillator frequency.
The down-converted spectrum is depicted in figure 6.6b. Both, the upper and the lower side
band signal were set at a frequency 2 GHz apart from the center frequency of the local oscil-
lator signal. Therefore both signals should be downconverted to a intermediate frequency of
2 GHz. However, due to a small constant frequency offset of the source of 4 MHz, the down-
converted spectra differ by a frequency of 8 MHz. Even such small frequency differences of
only 4 MHz can be easily resolved. The slight difference in the IF output power can in this
case be explained by variations in the available output power of the signal source, which is
not perfectly constant across the entire spectrum.

Determining the spectral behavior of the device can be done by variation of the RF signal
frequency. The tuneable source is specified to cover a frequency span from 110 to 170 GHz.
Since the high-power source has a fixed frequency of 166 GHz, the frequency behavior can
be investigated in a wider frequency range when operating the mixer using the lower side
band. The result of the response from the mixer on the varied frequency of the RF signal
is depicted in figure 6.7. The blue line depicts the envelope of a sweep in RF frequency.
The black curve depicts the measured noise level, without any incident RF power. Clearly
visible is the inclination of the measured IF power starting from 0 GHz up to approximately
3 GHz and a strong decrease for frequencies higher than 8 GHz. This is explained by the

bandwidth of the amplifier. For the maximum tuning range of the source, the IF signal
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Figure 6.7: Measurement of the intermediate frequency output spectrum. The noise floor is depicted in black,
the measured signal with applied radiation is depicted in blue. The bandwidth is limited by the
amplifier, which has a specified transmission band reaching from 3 to 8 GHz as indicated by the
white area in the spectrum. Data adopted from [Mar16].

should exhibit frequencies up to 56 GHz. However, the bandwidth of the employed amplifier
is only specified from 4 up to 8 GHz as indicated by the white area in figure 6.7. Since the
local oscillator frequency can not be changed, only frequencies between 162 and 158 GHz
can be investigated. As shown in figure 6.7, the bandwidth limit of the amplifier becomes
apparent for frequencies lower than 158 GHz, since this results in intermediate frequencies
larger than 8 GHz. Therefore, the frequency range of the device can not be determined using
this setup, since the component on chip with the smallest bandwidth still exhibits a bandwidth
exceeding 16 GHz.

However, another noteworthy property of the device became apparent within this inves-
tigation, which concerns the power levels of the local oscillator and the RF-signal. Both
sources contain attenuators in their particular waveguides, which can be adjusted mechani-
cally. These attenuators are however not calibrated, so it is not possible to set a certain power
level without measuring the power for a given attenuator position. The spectrum shown in
figure 6.7 was recorded at the minimum power level that can be achieved using these built-in
attenuators. Determining the power levels was done using a power meter. This power me-
ter can resolve power levels down to 10 uW (= —30 dBm). This level is however already
reached at an intermediate position of the attenuator. Hence, the power level of the local
oscillator arriving at the cryostat can only be determined to be smaller than 10 uW. This
power level is of course not the one actually reaching the output port of the antenna, due to
reflection or absorption losses. These losses are characterized using the coupling efficiency,
which describes the amount of power transmitted from free-space to the output port of the
antenna in relation to the incident radiation power. Other experiments have shown a cou-
pling efficiency of typically only a few percent [145, 146]. Assuming a coupling efficiency

of 10 %, the power level present at the antenna can be calculated to less than 1 pW. Since
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the power levels of the RF-signal are significantly lower than the ones of the local oscillator

signal, no reasonable estimation of the incident power level was possible with this setup.

Conclusion

The presented test device includes an antenna connected to a mixer with a classical stub tun-
ing for a target frequency of 166 GHz. The successful demonstration of the mixer properties
were achieved by a powerful non-tunable local oscillator and a less powerful but tunable sec-
ond radiation source. The intermediate frequency spectrum was successfully obtained using
a setup which is not yet optimized for an ultra-low noise operation. Due to a limited ampli-
fier bandwidth and the non-tunable local oscillator source, the bandwidth of the mixer could
not yet be determined. However, this preliminary device enabled the mixing of a 166 GHz

signal.

6.2 Integration of a FFO with a mixer junction

After the successful investigation of the mixer connected to an antenna, an increase in com-
plexity of the total system is done. This is the incorporation of a flux-flow oscillator with a
mixer junction. Since the material parameters of NbN strongly depend on the stoichiometry,
the degree of uncertainty is higher as compared to e.g. an elemental superconductor such as
niobium. In order to keep the uncertainty at low levels, the initial FFO prototype is realized
using the niobium technology. Furthermore, no antenna is present in the following devices,

only the coupling between FFO and mixer junction is investigated.

6.2.1 400 GHz radiation transmission from a
flux-flow oscillator to a mixer junction

A more complex structure than the previously discussed prototype is the mixer integrated
with a flux-flow oscillator, since it includes more components. All components have to be
designed and optimized to match the particular requirements as described in the previous
chapter. In addition, the particular challenge when integrating an FFO is its low output im-
pedance and the separation of the DC allowing for different biasing of FFO and mixer. In this
first FFO-integrated prototype, only the DC break in the wiring layer is present, the ground
electrodes of FFO and mixer are connected. Since this device is realized using pure niobium-
based trilayers, the values for the Nb/Al-AlO4/Nb trilayers apply. The trilayers are deposited
on a 10 x 10 mm? oxidized silicon substrate. On a substrate with such lateral dimensions,

multiple variations of a design can be realized. The equivalent circuit of the investigated
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Figure 6.8: Equivalent circuit of the Nb-based 400 GHz test device, comprising a flux-flow oscillator connected
to a SIS mixer. The FFO is depicted in the left part of the image, followed by a two-stage Chebychev
matching transformer, a DC break in the wiring layer and the mixer, including the tuning circuit.
Again, a classical stub tuning is used. The FFO control line is indicated by the inductor in the
ground electrode.

structure is given in figure 6.8. The FFO, being in the beginning of the signal path, requires
a control line for operation. This control line is included in the ground electrode. The output
resistance of the FFO is depicted by the resistor and was calculated for this technology and
geometry. Using equations (2.24) and (3.77)-(3.80) with the parameters C}; = 85 fF/ pm?,
Wi =1 um, Wo = 6.5 um, A, =90 nm, r; =90 nm, 3 = 150 nm 7gie; = 211 nm, #; = 215 nm,
hy = 426 nm, the FFO output resistance is determined to Zgpo = 0.64 Q.

This low impedance is then transformed using a Chebychev matching transformer to a
characteristic impedance of 11 Q. This impedance has been selected, since the following
DC break can be realized with the microstrip width wys = 4.5 um, which corresponds to
this characteristic impedance. The FFO, the Chebychev transformer and the DC break are
identical for all investigated structures. However, the mixer tuning was varied. A classical
stub tuning was used in this case. In order to cover the various uncertainties, multiple designs
for the tuning were created. The targeted design frequency range was selected to ~ 400 GHz.
These low frequencies in conjunction with the usage of pure niobium as transmission line
material allows for the realization of the tuning using the classical stub tuning.

Figure 6.9 shows an SEM image of one example of the realized structures. The light
gray areas are the wiring layer, the ground electrode appears darker, since it is covered with
silicon monoxide. The flux-flow oscillator can be seen in the left part of the image, with
the bias connections coming from top and bottom. The FFO is followed by the Chebychev
transformer and the DC break. The last stage in this signal chain is the mixer junction with
the tuning. The right part of figure 6.9 depicts a close-up of the mixer with the tuning. The
tuning length is in this case fms une = 9.25 pm.
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Figure 6.9: SEM image of one of the realized 400 GHz devices. The bias lines feeding the FFO are located in the
left part of the image, pointing towards the top and bottom. The Chebychev matching transformer
can be recognized at the FFO output, followed by the wiring layer DC break. The mixer is located
right before the butterfly stub. A close-up of this region can be seen in the magnified image on the
right.

The close up also reveals sharp edges in the connection point between the butterfly stub
and the microstrip line, which approves the design accuracy of the patterning process. The
mixer junction depicted in figure 6.9 exhibits lateral dimensions of 1.92 x 1.92 um? and is
expected to exhibit a normal state resistance very close to the characteristic impedance of the
microstrip line. Hence, an impedance transformation of the real part of the mixer impedance
to the characteristic impedance of the transmission line is expendable. With the trilayer
capacitance and this area, the mixer capacity can be calculated to Cpix = 313 fF. Using
equations (2.52) and (2.29) with the material parameters for this technology, the resonance

frequency can be calculated by

1 o 27L'£MS,tune
Lz <—7L ) 6.1

for the structure given in figure 6.9 with fjs une = 9.25 pm to

Vies = 282 GHz. (6.2)

Since there is no antenna present in this design, the characterization is done with the dip-
stick setup in the liquid helium dewar exclusively. An initial DC characterization of FFO
and mixer separately reveals the functionality of the devices and allows the evaluation of
the assumptions made prior to fabrication. Figure 6.10 depicts a series of measurements of
the flux-flow oscillator. Each of these curves is recorded for a different control line current.
After setting a control line current, the bias is increased from zero up to a value, where the

FFO voltage jumps to the gap voltage. This set of curves is obtained for control line currents
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Figure 6.10: Set of current-voltage characteristics of one of the realized flux-flow oscillators. Clearly distin-
guishable is the Fiske regime from the flux-flow regime. The FFO can be operated up to the
expected ~ 700 GHz. Data adopted from [Kar13].

between 5 mA < Ictre < 35 mA. The transition from the Fiske- to the flux-flow regime is
visible at a FFO voltage of Vrpo = 0.94 mV. The highest bias currents can be applied up
to a maximum voltage of Vgro ~ 1.5 mV, corresponding to a frequency of ~ 700 GHz, as
expected for the niobium-based flux-flow oscillator.

After the observation of the FFO to behave as expected, the mixer is characterized. The DC
current-voltage characteristic without any external influence is shown in figure 6.11 by the
blue curve. The normal state resistance of this device (same as in figure 6.9), is determined
to Ry = 14.7 Q, which is close to the assumed value of Zy = 11 Q. Setting the flux-flow
oscillator bias point to a certain value, the influence on the mixer can be investigated by
recording its current-voltage characteristic. Three example curves are depicted in figure 6.11.
The mixer is subjected to three different FFO signals with different frequencies: Vppo =
338 GHz,357 GHz and 386 GHz. The curves recorded under radiation significantly deviate
from the original curve due to an overlay of Shapiro steps and photon-assisted tunneling
steps. The frequency of the incident radiation is determined using the voltage of the flux-
flow oscillator in the bias point. The Shapiro steps can be exploited to verify the radiation
frequency, which indeed perfectly fit the frequency expected from the FFO voltage. The
measured FFO voltages are depicted in figure 6.11 as vertical dotted lines and clearly match
the voltages of the Shapiro steps.
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Figure 6.11: Current-voltage characteristics of a SIS mixer pumped by a flux-flow oscillator. The unpumped
curve is depicted in blue, turning to red for an increased quasiparticle current rise Alg,. Clearly
visible are the Shapiro steps which coincide with the respective FFO-voltages as indicated in the
graph. The quasiparticle current rise is read at a bias voltage of in this case 2.5 mV. Data adopted
from [Karl3].

Recording many mixer current-voltage characteristics at different FFO bias voltages yields
the response of the RF circuit on the frequencies covered by the FFO voltage sweep. Multi-
ple current-voltage curves depicted in one single graph however quickly result in an unclear
image. Evaluating a large set of mixer current-voltage characteristics with varied FFO bias
conditions yields the spectral behavior of the circuit. Therefore, the quasiparticle current rise
Aly, of the mixer current-voltage characteristic is evaluated at a given voltage. Since the
value of the quasiparticle current increases with increasing radiation, this value contains the
information, required to obtain the spectral behavior of the RF circuit. The measured result
for this device is depicted in figure 6.12. The measurement points obtained from the measure-
ments presented in figure 6.11 are marked by circles. The values for Aly, are evaluated at a
voltage of V = 2.5 mV which is located on the first photon step. The FFO control line current
was set to IctrL Fro = 11 mA and the bias current was varied Iyias Fro = 8.5 .. 21 mA. The
critical current of the mixer junction without radiation is also illustrated as the black horizon-
tal line. Clearly visible is the quasiparticle current rise to even overcritical values. Since the
FFO is operated in the Fiske regime, not all frequencies can be achieved. Therefore, the gaps
in the spectrum appear. Nevertheless, a clear frequency dependence of the accepted power
can be recognized. Starting at v = 230 GHz, the power level increases up to a first maximum
at 260 GHz. After a minimum at 310 GHz, the next maximum is reached at 335 GHz. An-
other maximum appears at 410 GHz. This frequency dependence of the transmitted radiation
power is attributed to the transmission characteristics of the RF circuit. Therefore, the com-
parison between this measurement and the simulation yields information about the validity of
the simulations and calculations. The simulation result for this circuit is depicted by the red

line and clearly follows the measured transmission maxima at 250 GHz and at 410 GHz with
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Figure 6.12: Transmission spectrum of one of the realized devices. The graph depicts the quasiparticle current
rise Aly, depending on the frequency as the black curve. Clearly visible are three distinct maxima
at 260 GHz, 340 GHz and 410 GHz. The graph furthermore contains the simulated transmission
from the FFO to the mixer depicted in red. An excellent agreement can be seen for the outer
maxima. The central maximum does not appear in the simulation. The critical current of the mixer
is depicted by the horizontal dashed black line. The calculated values for the resonance frequency
of this circuit are depicted by the blue and green dashed lines, calculated with and without the
kinetic inductance respectively. Data adopted from [Kar13].

a negligible frequency deviation of less than 2 %. However, the center maximum does not
appear in the simulation at all. The calculated resonance frequency for this structure shown
above is depicted by the dashed blue line.

If the calculation is redone disregarding the kinetic inductance of the niobium, the result is
aresonance frequency of 332 GHz. This is illustrated by the green dashed line and apparently
gives the correct frequency for the center maximum which does not appear in the simulation.
This indicates the coexistence of two transmission channels, the Cooper pair carried RF-
power transmission and the power transmission by quasiparticles.

In total, the mixer is clearly pumped overcritically at multiple frequencies. This over-
critical pumping is not required for the actual mixer operation, however, it is most valuable
information for the investigation of the coupling between mixer and the FFO. In a real re-
ceiver, the most crucial value is the power accepted by the mixer from the receiving antenna.
Since the FFO and the antenna have to share a common transmission line towards the mixer,
a T-junction is inevitable. Since this T-junction can not be matched to all ports, the high FFO-
power allows a weighting of the T-junction, increasing the transmission from the antenna to
the mixer, resulting in a higher receiver sensitivity.

Conclusion

A test device, realized in pure niobium technology, is presented. These prototypes comprise
a FFO, a DC break in the wiring layer and a mixer with the classical stub tuning approach.

The rather large lateral dimensions of all structures in this design are due to the goal of being
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able to realize the entire chip with photo lithography. The obtained devices could demon-
strate a successful transmission of radiation from a flux-flow oscillator to the mixer junction,
with an excellent agreement between the simulated and the measured resonance frequencies
with even overcritical pumping levels at frequencies around 350 GHz. The high pumping
levels are beneficial for the design of fully integrated receivers, which can be used for the
realization of weighted T-junction, favoring the incoming signal from the antenna for high
sensitivity levels. Due to the excellent agreement between simulation and the measurement,
the assumption of valid material parameters and valid simulation techniques is concluded,
which in this case concerns the FFO output impedance along with the DC break properties
and the mixer tuning. During measurements however, it became obvious that these devices
are very sensitive to the direction of how they are connected to the dipstick. Since all ground
connections are combined on the ground electrode on the mixer chip, this behavior is most
likely due to ground loops resulting from this connection. In order to obtain more flexibility,

subsequent designs will also incorporate a DC break in the ground electrode.

6.2.2 NbN-based mixer junction pumped by
a flux-flow oscillator at 600 GHz

The conclusions drawn from the previously shown 400 GHz prototype are adopted to the next
prototype, which is now based on a NbN/AIN/NDN trilayer on a sapphire substrate. Using
this material system, it should be possible to achieve higher frequencies than compared to
the pure Nb-based trilayer. However, designing these circuits for higher frequencies highly
increases the challenge to the simulation and the fabrication technology. Therefore, this first
NbN-based prototype is targeted to operate at frequencies around 600 GHz. The equivalent
circuit of the investigated device is depicted in figure 6.13. As compared to the 400 GHz
prototype, the entire circuit needs to be redesigned due to the different material system and
the different target frequency. Furthermore, a few fundamental changes have been included in
this design. These changes are depicted in color in the equivalent circuit. The most obvious
difference is the inclusion of the DC break in the ground electrode. Furthermore, a mixer
control line was incorporated in order to suppress the Josephson current in the mixer junction.
The mixer and tuning circuit is not depicted by its particular components, since different
tuning variants have been studied with this prototype. Furthermore, the sizes of the mixer
junctions are reduced dramatically, in order to obtain smaller mixer capacities. This results
in higher normal state resistances of the junctions, which is why an additional impedance

transformation is required in order to match the mixer resistance to the RF network.
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Figure 6.13: Equivalent circuit, depicting the FFO connected to a SIS mixer in niobium nitride technology. The
components which are changed in comparison to the previous prototype are depicted in color. The
DC break in the wiring layer is implemented as well as a separate A /4 transformer right before the
mixer. A mixer control line is furthermore included in the design in the wiring layer.

Not only the geometrical restrictions to the mixer are changed, but those of all components
and layers. The patterning limits as demonstrated in section 4.4 using electron-beam lithog-
raphy apply, adding more degrees of freedom to the design. This for instance affects the FFO
output impedance, which is now driven to higher values in order to facilitate the impedance
matching afterwards. By reducing the FFO idle region width to W, = 2 um, the FFO output
impedance is increased to Zgpg = 2 Q. This value is based on a critical current density of
je = 6 kA /cm? resulting in a capacitance of C;, =58.6 fF/ um?. Figure 6.14 depicts an SEM
image of the FFO connection to the RF network. In the right hand part of this figure the
projection of the two-step isolation layers through the wiring layer can be recognized. This
can be recognized by the two steps at the edge of the FFO region. In this prototype design,
the impedance transformation was investigated. Therefore, the FFO impedance transformer
was realized as a single-stage A /4 transformer, as well as a Chebychev type matching trans-
former. This is indicated in figure 6.13 by the n- A /4 transmission line component.

Furthermore, compared to the previous prototype based on pure niobium electrodes, now
the material parameters of the niobium nitride and aluminum nitride have to be considered.
The transmission line network connecting the FFO to the mixer is selected with a character-
istic impedance of Zy = 20 Q which is realized by a 11 um wide microstrip line and allows
the realization of the subsequent DC breaks.

The wiring layer DC break can be adopted from the previous design, however, it needs to
be adjusted to the shorter wavelength. The shorter wavelength is primarily due to the higher
frequency and further decreased by the larger kinetic inductance of niobium nitride, which
further shortens the tuning relevant parts.
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Figure 6.14: SEM image of a FFO connected to a A /4 matching transformer. In (a), the FFO can be recog-
nized, tapered towards its output, where the impedance transformer is connected, followed by the
microstrip transmission line. The close-up in (b) depicts the magnified region of the FFO output,
where it is attached to the matching transformer. The designed width of the FFO at its output was
1 pwm.

As already mentioned in section 5.2.2, the design of the ground electrode DC break is real-
ized by a gap where parasitic slit modes can propagate. Therefore, the gap is very narrow
in the transfer region of the microstrip, and widened abruptly after leaving the microstrip
region. The 20 Q characteristic impedance of the microstrip can however not be matched to
the mixer directly, since the mixer areas are decreased to an area of 0.9 x 0.9 um?, resulting
in normal state impedances higher than the characteristic impedance of the transmission line
network. Therefore, a separate A /4 tuner is implemented right before the mixer junction. The
higher target frequency of this prototype along with the higher kinetic inductance increases
the complexity of the mixer tuning. Therefore, the focus of this prototype is extended to-
wards the tuning method. Whereas in the previous prototype the classical stub tuning has
proven to work as expected, this design also includes the other tuning methods presented in
section 5.2.5. These different approaches are depicted in the SEM images in figure 6.15. The
simplest approach, the classical stub tuning is depicted in the very left, comprising of the
mixer, a short piece of transmission line and a radial stub with a wide opening angle. The
twinJJ tuning is depicted in the center images. The tuning structure itself only incorporates
the two mixer junctions, however, in order to provide a DC connection, the microstrip is
extended towards the right end of the image on a length of A /4 and is then terminated by a
butterfly stub designed to realize a short circuit. This connection hence should not influence
on the mixer tuning, since the short circuit of the radial stub is transformed into an open cir-
cuit at the mixer by the A /4 transformer. The hybrid end-loaded stub tuning is realized in the
same manner. It is depicted in the very right of figure 6.15 and includes two butterfly stubs.
The left one is responsible for the creation of the tuning capacitor connected through a short
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Figure 6.15: SEM images of the different tuning approaches investigated with these prototypes. The left image
shows the classical stub tuning, the mixer can be recognized in the close-up at the transition of
the narrow microstrip transmission line to the lower impedance, wider microstrip line. The twin
junction tuning approach is depicted in the center and the right image shows the hybrid end-loaded
stub tuning approach. Note the different scales in the close-ups.

piece of transmission line to the mixer. Also visible is the shorted A /4 transmission line for
the DC connection. The different tuning methods along with the different matching trans-
formers have been realized multiple times on a 10 x 10 mm? sapphire substrate, including a
variation of the tuning length for each permutation.

Figure 6.16 depicts an exemplary SEM image of one of the prototype devices. In the
left part of the image, the tail of the FFO is visible, attached to an impedance transformer,
in this case a single A /4 transformer. This matching transformer is followed by the DC
breaks. First, the one in the ground electrode, where the pockets surrounding the microstrip
are visible. Following on the DC break of the wiring layer, another matching transformer is
visible, transforming the 20 Q impedance to a higher impedance of 50 Q. This 50 Q part is
the environment, where the mixer tuning is realized. In the SEM image, a hybrid end-loaded
stub type of tuning is depicted.

The butterfly stub realizing the tuning capacitor is attached to the 50 Q microstrip line,
which then leads to the mixer junction. Due to the connection of the mixer towards the right
ends of the image, the hybrid end-loaded stub type and the twin junction type tuning can be
biased directly through this connection.
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Figure 6.16: SEM image of an entire design realized with a hybrid end-loaded stub tuning. The FFO in the
left is followed by the matching transformer, the ground-electrode DC break and the wiring layer
DC break. The A /4 transformer can be seen right before the mixer region. The dotted white line
depicts the site, where an additional DC connector can be attached for the investigation of the
control line.

However, the classical stub tuning requires a separate DC connection, which is realized by
the connection of a mismatched transmission line terminated by a short circuit i.e. butterfly
stub. This can be realized as depicted in figure 6.16 by the white dashed line. In case of the
twin junction and hybrid end-loaded stub tuning, this additional connection can be used as a
separate connection for the utilization of the wiring layer as the mixer control line. In order
to rule out a negative influence of this additional connector, it is not present initially in the
twin junction and hybrid end-loaded stub design. It is intended to be added to the structure
after the initial investigation of the structure by a lift-off process. In the classical stub tuning
with a single radial stub, this connector is realized together with the rest of the wiring layer
since it is necessary for the biasing of the junction.

The mixer and the FFO are initially investigated regarding their DC properties. Figure
6.17 depicts the measured current-voltage characteristics of one of the 20 x 240 pum? flux-
flow oscillators measured with variation of the control line current. Clearly visible is the
significant increase in the achievable frequency range as compared to the niobium-based
FFO. Another observation resulting from these curves is the fact, that the Fiske regime is less
pronounced as compared to the niobium-based FFO. The transition to the flux-flow regime is
not definitely recognizable. This may be due to the shorter wavelengths that result from the
NbN electrodes as well as the higher damping of NbN compared to Nb. However, the flux-
flow regime can cover a frequency range up to 1.1 THz as expected. Another feature seen in
this set of current-voltage curves is the onset of back-bending of some of the current-voltage
curves. This means, the current-voltage curve exhibits an area with a negative differential

resistance. Typically, such back-bending of the current-voltage curve is observed in high-
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Figure 6.17: Set of current-voltage characteristics of a NbN-based FFO. As expected, the achievable voltages
and thus the operation frequency is higher than for Nb-based FFOs. In this case, the highest FFO
voltage has been measured at 2.1 mV corresponding to an operation frequency of 1 THz. The
Fiske regime can not be distinguished as precisely from the flux-flow regime as for the Nb-based
FFO. Data adopted from [Boh17].

Jec short junctions, where the heating of the junction in the voltage state is responsible for
this behavior. However, in this case, the back-bending disappears at higher powers, which
is why the heating can be ruled out as the origin of this slope. Such curves have already
been observed by other groups [105], however, the origin and the implications yet need to be
ascertained. Apart from this behavior, the flux-flow oscillator can be operated as expected
with a maximum output frequency of more than 1 THz.

Apart from the mixer DC current-voltage curve, the investigation on the mixer now also
includes the determination of the proper control-line operation, i.e. the full suppression of
the Josephson-current in the mixer. As depicted in figure 6.18a, the control line is attached to
the 20 Q RF network right after the wiring-layer DC break. The dark appearance of the left
part of the DC break is due to charging effects during imaging. The microstrip line points
towards the mixer on the right. The shallow edges of the structure are clearly visible (see
section 4.4), which is due to the lift-off technique. By applying a DC-current through the
control line, the Josephson current should be suppressed. The measurement of the critical
current dependence on the control-line current is depicted in figure 6.18b. Obviously, the
current can be suppressed only to about 75 % of the maximum value of the critical current
corresponding to a control-line current of 6 mA.

135



6 Prototype devices with reduced complexity

0
-30 -20 —-10 O 10 20 30

Control line current (mA)

b)

a)

Figure 6.18: (a) A SEM image, showing the additional DC connector for the operation of the mixer control
line. Since this connector was added in a separate fabrication step, it is structured using a lift-
off technique. The edges are therefore much shallower than those of the transmission lines, which
were patterned by etching. (b) The influence of an applied control line current to the critical current
of the mixer junction is shown by the blue curve. The critical current can clearly be suppressed
to approximately 71 %. However, the control line current can not be increased further, since the
critical current density of the control line is exceeded. The black curve depicts a Fraunhofer fit.
Data adopted from [Boh17].

This corresponds to the critical current of the control line. Along with the measurement, a
Fraunhofer fit is depicted in figure 6.18b for the estimation of the minimum required control-
line current for a full suppression of the Josephson current. Apparently, the current needed
to be at least twice higher to reach the first minimum of the critical current modulation. In
some cases, this is even not sufficient, but an operation point exceeding the fourth minimum
might be required [1]. Therefore, a far higher current through the control line is required.
However, since the geometry of the control line is dictated by the RF network, the width can
not simply be increased, hence, this approach does not work as expected.

The DC characterization of the mixer itself results in a mixer current-voltage characteristic
as depicted in figure 6.19 by the blue line for (a) a single mixer junction and (b) a twin junc-
tion device. The normal state resistances extracted from these curves exhibit values of 180 Q
for the single junctions and 90  for the twin junction tuning respectively. This resistances
are significantly higher than what was expected from preliminary investigations on this tri-
layer. The pumping levels of these devices are thus expected to be low due to the resistance
mismatch of the mixer to the RF environment. Figure 6.19 also contains exemplary mixer
current-voltage characteristics with applied FFO power of v = 603 GHz and v = 542 GHz
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Figure 6.19: Exemplary current voltage curves of (a) a hybrid end-loaded stub tuning design and (b) a twin
junction tuning design with and without FFO power. The normal state resistances extracted from
these curves are 180 Q for the single junction designs and 90 Q for the twin junction design. Data
adopted from [Boh17].

respectively. As expected, the pumping levels are not as high as e.g. in the niobium-based
prototype. However, the frequency behavior is expected not to be shifted due to the resis-
tance mismatch. This is verified by simulations, which apart from a larger bandwidth show
no deviations compared to the low-resistance simulations.

In order to investigate on the frequency properties, again, the FFO-induced quasiparticle
current Algp, in the mixer is monitored for different FFO bias points. At first, the question
of the correct representation of the FFO in the simulation is addressed. This question con-
denses to the selection of the correct port in the simulation. As discussed in section 5.2.1,
the available options are a wide port, covering the entire width of the subsequent match-
ing transformer or a narrow port, following the lateral extension of the FFO at its output.
Both approaches have been realized on the prototype chip and exemplary measurements are
depicted in figure 6.20a and 6.20b. These figures show measurements of the quasiparticle
current rise versus the frequency as the black curves. In both cases, a Chebychev matching
transformer was realized after the FFO and the identical hybrid end-loaded stub tuning circuit
was used and optimized for 600 GHz employing a tuning length of /us une = 2.45 pm. These
designs hence only differ in the port width, that was used to create the matching transformer.
The design, created with the wide port (6.20a) significantly deviates from the simulation,
which is shown by the red curve, whereas the design employing the FFO-like port width
(6.20b) closely matches the simulation, with barely any difference in the peak transmission
frequency of in this case 600 GHz. By the correct port selection for the FFO, the operation
frequency can thus be simulated quite closely for the hybrid end-loaded stub tuning. How-
ever, the simulated bandwidth does not yet match the measured one, the origin of which yet

has to be identified and investigated in the future.
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The result on the identical design with a single stage matching transformer instead of the
Chebychev-type transformer is depicted in figure 6.20c. Apart from a slight deviation in peak
transmission frequency, the single stage transformer enables nearly the identical frequency
behavior as the Chebychev matching transformer. The peak transmission frequency deviates
by only ~ 3 % and the maximum FFO induced quasiparticle current Algp max is in both cases
at 1.4 uA. This concludes that both matching transformers can be utilized to realize the
required impedance transformation to match the flux-flow oscillator to the higher impedance
transmission line network. The wider bandwidth of the Chebychev type transformer can
be beneficial, however, it is hardly measurable, since the bandwidth limiting element is in
theory the tuning of the mixer capacitance. Therefore, the wide bandwidth of the Chebychev
transformer only gains significance, if the frequency of the mixer tuning deviates from the
designed frequency. The representation of the FFO in the simulation is thus established, with
two options to match the low impedance FFO to the RF network. The mixer tuning that was
used in the previous investigation was the hybrid end-loaded stub tuning exclusively, in order
to allow a fair comparison of only the FFO and the matching, without the tuning influencing
on the result.

In addition to devices probing the matching of the FFO, the chip also contains designs with
different mixer tuning approaches, enabling the comparison between the tuning approaches.
These designs are furthermore realized on chip multiple times, each with a different tuning
length, in order to obtain data from more than just a single prototype. All devices were
designed to operate around 600 GHz with a tuning length induced variation of approximately
20 GHz in the case of the hybrid end-loaded stub type and 50 GHz in the case of the twin
junction tuning design. In the case of the classical stub tuning, the frequency variation due to
the different tuning lengths is designed to be 30 GHz. The single stage matching transformer
is used in all the results showed in the following graphs. Figure 6.21 depicts exemplary
measurement results of the three different tuning approaches.

Figure 6.21a contains the result for a classical stub tuning with a tuning length of only
620 nm. The design frequency of 600 GHz is not achieved, but the highest RF transmission is
measured at approximately 550 GHz. The origin of this deviation is most likely attributed to
this very short tuning length which results in increased influence of fabrication inaccuracies
and parasitic reactances on the resonance frequency. This is attributed to the large kinetic
inductance of the niobium nitride, resulting in shorter wavelengths and thus shorter tuning
lengths. As can be seen in figure 6.15, the width of the tuning microstrip line is already
at larger values. This is the attempt to increase the tuning length (see equation 2.52) due
to the lower characteristic impedance. This was optimized by simulations, but due to the

discontinuity in width at the transition to the 50 Q mixer connection, wider transmission
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Figure 6.20: Comparison of the simulated and the measured transmission spectra from the FFO to the mixer.
The simulation results are shown in red and the measured points are depicted in black. (a) The ob-
tained result for the two-stage Chebychev type matching transformer, simulated with a wide port.
(b) The results for the two-stage Chebychev and (c) quarter-wavelength matching transformer,
each simulated with a port width that matches the width of the FFO output. Data adopted from
[Bohl7].

lines do not yield the desired improvement in tuning length. Although, this tuning approach
achieves a larger RF power transmission to the mixer than compared to the previous results
with the hybrid end-loaded stub tuning, an upper limit in operation frequency seems to be
approached due to the short tuning lengths. Therefore, the other approaches discussed in
section 5.2.5 are beneficial, since they allow for longer tuning lengths due to their intrinsic
setup.

A result of the hybrid end-loaded stub has already been depicted in figure 6.20c, with a
tuning length of 2.45 um. The tuning with a length of 2.23 pm is shown in 6.21b. Similar
to the measurement result presented previously, a slight frequency deviation of the design to
the measured peak frequency is visible, but very small of about 17 GHz. The FFO induced
quasiparticle current at this peak frequency is again at 1.5 pA, which is identical to the previ-
ously shown measurements. An exemplary measurement result for the twin junction tuning

approach is depicted in figure 6.21c.
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Figure 6.21: Comparison of the simulated and the measured spectra of power transmission from the FFO to the
mixers with different tuning approaches: (a) The case of the classical stub tuning; (b) The result
of the hybrid end-loaded stub tuning; (c) The results of the twin junction approach. Data adopted
from [Boh17].

A clear conformity of the peak frequency between the measured values and the simulated
ones can be observed. This close match between the simulation and the measurement in-
dicates a good agreement between the assumed material parameters and the realized ones.
This also leads to the assumption, that fabrication inaccuracies are responsible for the slight
deviation in peak transmission frequency of the hybrid end-loaded stub tuning approach.
Especially at the transition of the butterfly stub to the microstrip line, the proximity effect
of the lithography induces a rounding of the corners which in the simulations are assumed
sharp. This might be the reason for the small deviation in peak transmission frequency. Nev-
ertheless, both, the twin junction as well as the hybrid end-loaded stub tuning show good
agreement between the simulation and the measurement at operation frequencies of higher
than 600 GHz, at least for these single exemplary devices shown above.

In order to compare multiple devices with their respective simulations, the peak transmission
frequencies are considered. This consideration does not only include the frequency with the

maximum power transmission, but also the possible side maxima in the spectrum. The spec-
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Figure 6.22: Comparison of the peak transmission frequencies of the different tuning approaches for multiple
devices. The measured peak transmission frequencies are depicted as open circles, the simulated
ones are given as crosses. The classical stub tuning is depicted in red, the twin junction tuning
is shown in green and the hybrid end-loaded stub tuning is colored in blue. Data adopted from
[Bohl7].

trum in 6.21c¢ for instance contains three maxima, which are considered. The frequencies of
these maxima are noted and depicted over the tuning length in figure 6.22. The measured
transmission maxima are hereby represented by the open circles, the maxima derived from
the simulations are depicted as crosses. Clearly visible are the shorter tuning lengths for the
classical stub tuning compared to the other tuning approaches at the same frequencies. For
each tuning length where crosses appear, a device has been realized. Whereas the classical
stub tuning barely yields any match to the simulation, especially the twin junction tuning
yields a good agreement for almost all devices even including the side maxima. The ex-
pected slope for all tuning approaches can be recognized in this figure as well. A longer
tuning length results in a lower resonance frequency. However, some of the maxima seem
independent of the tuning length. These features hence are expected to be due to parasitic
resonances in the RF network. In total, the tuning approaches behave as expected, with an
excellent frequency match between simulation and measurement for the twin junction tun-
ing. The short tuning lengths of the classical stub tuning is approaching a limit in operation
frequency due to the high kinetic inductance of the niobium nitride electrodes. Therefore,
the alternative approaches prove to be extremely beneficial, boosting the tuning length for

the same frequency to larger values and thus enabling higher operation frequencies.

Conclusion

The development of a NbN-based 600 GHz prototype device is presented comprising a flux-
flow oscillator connected to a SIS mixer through the required impedance transformations
and DC breaks in both metalization layers. The conducted DC measurements showed the

FFO operation up to approximately 1 THz, which is possible due to the usage of niobium
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nitride as the electrode material. Using these prototypes, the correct FFO representation in
the simulation was successfully investigated. All three mixer tuning approaches presented in
chapter 5 were investigated, resulting in a perfect match between the simulated peak trans-
mission frequencies in the case of the twin junction tuning. The hybrid end-loaded stub
also yields a close match between simulation and measurement. The classical stub tuning
approach also proved to be operational, however, the deviation between simulated and mea-
sured spectra was increased significantly compared to the other approaches. Furthermore,
this approach exhibits strong limitations in frequency, due to the high kinetic inductance of
the NbN. Therefore, the hybrid end-loaded stub tuning and the twin junction tuning approach
are advantageous. This prototype furthermore contained a mixer control line in the wiring
layer in order to enable the suppression of the Josephson critical current in the mixer. How-
ever, the current required for a full suppression of the Josephson critical current exceeds the
critical current of the control line in the wiring layer, hence a suppression of the critical cur-
rent of the SIS junction was not possible. Due to an unexpected high mixer normal state
resistance, the impedance matching between the mixer and its RF periphery is not accom-
plished, which is the reason for overall low pumping levels. This can however be improved in
future devices by the usage of an additional impedance transformation. Except for the mixer
control line, this preliminary device proved all components to work as expected, hence, in-
cluding the antenna investigation in the first section of this chapter, all components that are
required for the realization of an integrated receiver have been successfully tested. Therefore,
the complexity of the RF circuit of the devices in the following chapter is increased further,

resulting in a fully integrated receiver.
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superconducting receiver

The gathered results of the prototype devices are used to realize a fully integrated receiver.
This device includes the FFO integrated with the SIS mixer as well as an antenna to receive
an external signal. Due to the findings yielded by the prototype devices, the design has to
be altered slightly. The target frequency for this integrated receiver was further increased to
750 GHz. This frequency selection was done without the planning of a particular application.
In fact, the frequency range surrounding 750 GHz is of no practical interest in ground based
applications, since the atmosphere’s transmission is absorbing nearly all radiation in this
frequency range. Nevertheless, this frequency would prohibit pure niobium based integrated
receivers with FFOs to work, since the operation frequency exceeds the gap frequency of
niobium. On the other hand, the operation frequency was not selected to higher levels in

order keep the challenges to the design and fabrication comparable to the test devices.

7.1 Design changes as compared to prototypes

Due to the findings from the preliminary devices, the design has to be altered, to yield the
desired properties. A trilayer of 8 kA /cm? is used, which enables the further reduction of
the junction size, without increasing the normal state resistance. Two different junction sizes
were used in these integrated receivers: 0.7 x 0.7 um? and 0.9 x 0.9 um?. This leads to nor-
mal state resistances of Ry = 150 Q and 85 Q respectively. The RF circuit is again designed
to exhibit a characteristic impedance of Zy = 20 Q. Overcoming the low power transmission
to the mixer seen in the 600 GHz prototype, is achieved by an additional impedance trans-
formation. Figure 7.1 depicts the equivalent circuit of the considered structures. Note, that
this additional impedance transformer is not depicted separately, but is included in the tuning
block.

A significant change in the design results from the inclusion of an antenna into the circuit,
which requires the implementation of a T-junction. A twin-slot antenna is used which is
designed to exhibit an output impedance of 40 Q.
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Figure 7.1: Equivalent circuit of the fully integrated receiver. The components that have been changed com-
pared to the previous 600 GHz prototype are highlighted in color.

In order to achieve this impedance, the antenna incorporates a A /4-matching transformer.
The 40 Q microstrip line is then connected to one of the inputs of the T-junction. The other
input is fed by the flux-flow oscillator. The matching transformer at the flux-flow oscillator
is a single-stage A /4 transformer, yielding a characteristic output impedance of 20 Q. The
single-stage transformer was preferred over the Chebychev transformer in this case, since
these frequencies require the first stage of the Chebychev transformer to be extremely short.
Therefore, the simulation results using the single-stage transformer exhibited a higher power
transmission to the 20 Q microstrip line. The T-junction needs to combine these signals onto
the single 50 Q output, which is directed to the mixer. From the 50 Q transmission line, the
impedance is transformed using the additional A /4 transformer, to obtain a close match to
the mixer normal state resistance.

Since the approach of realizing the mixer control line in the wiring layer did not yield
the required suppression of the Josephson critical current, the control line is now realized in
the ground electrode as discussed already in chapter 5. This implies further severe design
alterations that can be seen in the micrograph of the fabricated structures depicted in figure
7.2. The bright areas represent the niobium nitride of the wiring layer, the green areas are the
ground electrode. The green shade to the niobium nitride of the ground electrode is added
from the silicon monoxide on top of the ground electrode. The image depicts the center
part of a design with the FFO tail visible in the left part of the image, followed by both DC
breaks before entering the T-junction in the center of the image. The twin-slot antenna can
be seen left from the T-junction as the two blue slots in the ground electrode. The transition

from the slots to the microstrip transmission line is achieved by a transverse microstrip line
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across the slit, terminated by a short-circuit. This short circuit is again realized by a radial
stub. The microstrip lines from both slots join in the center of the antenna, after which a
A /4 transformation achieves the 40 Q output impedance. The antenna signal is then fed to
the second input of the T-junction. After the signal combination, both signals are fed to the
mixer junction embedded in the hybrid end-loaded stub tuning structure.

For a control line realized in the ground electrode, some sort of gap is required to guide
the control line current. In order to realize this gap in the vicinity of the mixer without
deteriorating the properties of the microstrip line circuit, the hybrid end-loaded stub tuning
approach has to be used. Furthermore, the biasing connection needs to be altered due to the
resulting gap in the ground electrode. In previous designs, this connection was realized using
a{ = A /4 microstrip transmission line terminated with a butterfly stub. The transmission line
transformed the very low impedance of the butterfly stub to an open circuit at the point where
the RF-circuit is connected, hence not influencing the properties of the RF network. Due to
the gap in the ground electrode, the microstrip connection can not be used in this case, but has
to be replaced by a coplanar transmission line setup as shown in figure 5.17. Therefore, the
butterfly stub is replaced by a consecutive multiple A /4 transformation terminated by a Zy =
50 Q transmission line which in literature is referred to a RF-choke. Since the intermediate
frequency is far lower than the design frequency, this connection is used not only for the
biasing, but also for the intermediate frequency output. After the choke, the 50 Q coplanar
waveguide transfers the signal via a taper to the IF-periphery. The onset of the taper is visible
in the right end of the image.

A close-up of the mixer site can be seen in the SEM image in figure 7.2. In this top view on
the wiring layer, the mixer can be recognized as the square shaped indention in the vicinity
of the intersection of the butterfly stub and the microstrip. Apparently, the rounding at this
intersection is more prominent than compared to the structure shown in figure 6.15. This is
not only due to the smaller lateral structure sizes, but might be owed to dose fluctuations dur-
ing lithography. Connected to the right end of the center of the butterfly stub is the coplanar
waveguide coming from the RF-choke. The edge of the gap in the ground electrode can be
recognized as the dark conical area with edges parallel to the radial stub edges. The gap of
the coplanar waveguide needs to be tapered in order not to deteriorate the properties of the
butterfly stub. In an overlay, this figure also contains the design file as dashed lines. The
edges of the ground electrode are marked in red, the junction area is limited by the blue line
and the wiring layer edges are depicted in green. Clearly visible is the perfect match, of both
the dimensions of each layer with the design, as well as the alignment of the layers to each
other. Except for the rounded intersections between the stubs and the microstrip line, the

fabrication process thus yields the expected design accuracy.
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4 pm -

(b)

Figure 7.2: Micrograph and SEM image of the integrated receiver design. The micrograph of an integrated
receiver is depicted in (a). The output of the FFO can be seen in the lower left corner attached to a
quarter wave matching transformer, followed by both DC breaks. The double slot antenna is located
in the top left part of the image. Both signals are combined in the T-junction, located in the center
of the image and then fed to the mixer. The IF output of the mixer is realized by an RF choke in
quasi-coplanar waveguide technology, which can be seen in the top right part of the image. (b) SEM
close-up of the mixer and tuning attached to the intermediate frequency output. In the overlay, the
design file is included as the colored dashed lines.

As in previously demonstrated prototypes, multiple designs were realized on a 10 x 10 mm?
sized sapphire substrate. Due to the incorporation of the intermediate frequency output taper,
the chip area consumed by a single integrated receiver is much larger, than without the in-
termediate frequency connection. Figure 7.3 depicts the design file of an integrated receiver.
This 1.8 x 1.8 mm? sized die contains all necessary connections for the operation of the inte-
grated receiver, including the coplanar intermediate frequency output, located in the top part
of the image, as well as the DC-connector pads. The particular purpose of each connector
part is given in the figure. With the given dimensions, a single 10 x 10 mm? substrate can

hence accommodate 16 dies.

Conclusion

Since the prototype devices yielded excellent agreement between the simulated transmission
frequencies and the measured ones for frequencies as high as 600 GHz, the complexity of
the RF circuit can be further increased to a fully integrated receiver. The required design
changes from the last preliminary device to this integrated receiver are described in this sec-
tion. The most severe alteration is the inclusion of an antenna, which requires the design

and incorporation of a T-junction. The mixer junctions are designed as 0.7 x 0.7 um? and
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Figure 7.3: Design file of an entire die of the integrated receiver. The wiring layer is depicted in light gray, the
ground electrode appears is colored in darker gray. The IF output is located in the top part of the
image. The connector pads for the particular DC connections are named in the image. The entire
die size is 1.8 x 1.8 mm?.

0.9 x 0.9 um? sized junctions, on an 8 kA /cm? trilayer. The high normal state resistance
of the mixer is accounted for by an additional quarter wavelength transformer, granting the
impedance matching for this high mixer impedances to the microstrip transmission line net-
work.

Furthermore, the mixer control line is realized in the ground layer, which is why the hybrid
end-loaded stub tuning approach was used. The intermediate frequency output therefore has
to be realized in a coplanar waveguide technology which can directly be connected to the
coplanar waveguide on the connecting PCB. Due to this connection, one design requires more
space on the chip as compared to the prototype devices without the IF connection. Therefore,
a 10 x 10 mm? can accommodate 16 different designs. As done with the preliminary devices,
these devices are also initially characterized in a dipstick measurement, investigating on the
transmission from the FFO to the mixer.
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Figure 7.4: Selection of FFO current-voltage characteristics for different control line currents ranging from 7.6
to 41 mA. The induced quasiparticle current rise in the mixer is illustrated in color code. The gray
lines represent the FFO operation points which do not result in a measurable quasiparticle current
rise. The red areas represent the operating points with a critical mixer pumping.

7.2 Electrical characterization

Prior to the quasioptical measurements in the cryostat, the dies are characterized for their
properties in a dipstick measurement. As with the preliminary devices, the spectrum of the
transmission properties from the FFO to the mixer can already be recorded without the need
for a time-consuming cryostat measurement. Especially, the altered components compared
to the preliminary devices are of interest. In particular, the T-junction incorporation also
involves a reduction in power transmission from the FFO to the mixer by approximately
3 dB compared to the devices without the T-junction. However, the overall transmission from
FFO to mixer is expected to be increased due to the additional A /4 transformer, accounting
for the mixer impedance matching to the RF network. Furthermore, the redesigned mixer
control line in the ground electrode can be investigated with respect to a full suppression of
the Josephson critical current.

As in the investigation of the prototype devices, shown in the previous chapter, a current-
voltage curve set of the FFO is recorded first, one of which is depicted as an example in
figure 7.4 by the gray lines. The color code indicates Aly, in the mixer, induced by the
FFO operation. For clarity reasons, not all recorded curves are displayed, which is why the
maximum frequency is below 1 THz. Following on the FFO characterization, the mixer DC
characteristic is recorded without applied FFO power and subsequently with incident FFO
power. Since the mixer control line is not yet used for this measurement, the mixer current-
voltage characteristic contains both Shapiro and photon-assisted tunneling steps. The FFO
bias voltage was set to 0.79 mV, resulting in an emission frequency of 382 GHz. The normal

state resistance Ry = 140 Q of this mixer is approximately at the expected value of 150 Q.
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Figure 7.5: (a) A mixer current-voltage characteristic with and without FFO radiation. (b) Transmission spec-
trum of the FFO to the SIS junction evaluated from the quasiparticle current rise. The critical current
level of this mixer is depicted by the dashed red line.

Due to the additional resistance matching, the mixer can accept more power from the FFO
as compared to the 600 GHz preliminary devices. This is confirmed by the height of the
photon-assisted tunneling step in figure 7.5a. The current right below the gap increases to
levels close to the critical current of the mixer. In particular, the mixer is susceptible to the
three frequencies 280, 315 and 382 GHz (compare the three red vertical areas in figure 7.4),
which was not expected from the simulation since the design frequency was 750 GHz. So
the yielded operation frequency is significantly lower than the simulated one. This is also
reflected in the graph of the frequency dependence of the induced quasiparticle current as
depicted in figure 7.5b. Clearly visible is the peak pumping level of the mixer at a frequency
of 384 GHz. The induced quasiparticle current of 15 pA almost equals the Josephson critical
current of the junction. The side maximum towards lower frequencies is at lower pumping
levels, as expected from the color code in the FFO current-voltage curve set. This overall
behavior is yet to be explained; simulations have not yet yielded a satisfactory explanation of
the measurements.

As it will become apparent in the following sections, this was not only a singular device
failing to achieve the target frequency, but all of the realized structures did not operate at
the 750 GHz design frequency, but at frequencies between 300 and 400 GHz. In order to
examine the origin of this deviation, the realized structures were investigated. At first, the
structures were inspected for deviations from designed dimensions. However, as depicted
in figure 7.2, the realized structures accurately fit the designed dimensions. The only devi-
ation is given by the rounded edges of the butterfly stub at the connection to the microstrip

transmission line.
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Figure 7.6: (a) The measured modulation of the critical current with the control line current. The Fraunhofer
fit is fitted to the assumed envelope of the measured curve. For control line currents exceeding
45 mA, the critical current of the mixer junction is fully suppressed. The resulting current-voltage
characteristic of the mixer is depicted in (b).

Therefore, this structure was adopted to CST and simulated with these rounded edges, how-
ever resulting in an unaltered simulation spectrum. These rounded edges can thus be ruled
out as the origin of the observed massive frequency shift.

Since this behavior could not be reproduced by the simulations, test devices have been
fabricated, focusing on various points in the entire RF circuit. Since one of the major de-
sign alteration as compared to the preliminary devices from the preceding chapter was the
inclusion of the T-junction and the antenna, these components were left out on one test de-
vice. This test design however did not show any different behavior other than a lower power
transmission. Furthermore, the FFO output impedance was altered. The calculated value
hereby served as the central value, around which arbitrary values were selected with higher
and lower values than the calculated one. Again, there was no change in the observed mi-
crowave behavior of the circuit. Further tests have not yet been conducted, but are necessary,
in order to obtain clearance on the origin of the unexpected frequency shift. Nevertheless the
device shown above has exhibited an almost critical pumping of the mixer by the flux-flow
oscillator.

Apart from the RF properties of the connection between mixer and FFO, the operation of
the mixer control line is examined. Figure 7.6 depicts the results obtained from this inves-
tigation. The modulation of the Josephson critical current with the control line current is
depicted in the left graph as the blue line along with a Fraunhofer fit. Clearly visible is the
decay of the critical current with increasing control line current down to zero critical cur-
rent for control line currents exceeding approximately 47 mA. Comparing this results with
those presented in section 6.2.2 results in a lower current efficiency in magnetic field gener-
ation by the control line in the ground electrode. This behavior is not unexpected, since the
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control line in the wiring layer exhibits a significantly larger inductance, due to its narrow
linewidth. Additionally, discontinuities are present in this graph. These can result from the
shape of the current path (compare figure 5.18). The current concentrated at the edges of the
electrode has to pass the edges with small radii at the mixer site. These edges result from
the tapering of the coplanar gap so as not to deteriorate the butterfly stub performance by
removing its ground electrode. Due to these small radii, current crowding effects have to be
considered [147-149], [VIMS15]. This can result in Abrikosov vortices entering the lower
electrode, which disturb the Josephson critical current due to their intrinsic magnetic field.
A preliminary confirmation of this hypothesis seems to be the observation of the critical cur-
rent modulation exhibiting some kind of envelope, to which the current jumps back more
or less periodically. This envelope is very close to a Fraunhofer fit as indicated by the red
dashed line. Of course, no ideal Fraunhofer spectrum can be expected to be obtained by this
measurement, since the magnetic field created at the junction is not homogeneous due to the
highly non-uniform current along the edge of the bottom electrode gap. The penetration of
vortices into the ground layer may be reduced by magnetic shielding and additional filtering,
lowering the noise levels. However, if the Josephson critical current is fully suppressed, the
vortices should not influence on the mixer performance, since the comparably weak magnetic
fields do not interact with the quasiparticles. The complete suppression of the Josephson cur-
rent by this magnetic field results in a current-voltage characteristic of this device as depicted
in figure 7.6b.

Conclusion

This section presents the results obtained by dipstick characterization of the fully integrated
receiver. This characterization includes the investigation of the FFO radiation transmission
to the mixer junction as well as the characterization of the alternative approach for the mixer
control line in the ground electrode. The recorded current-voltage characteristics of the mixer
under FFO radiation demonstrated significantly higher pumping levels as compared to the
600 GHz device. However, the power transmission is limited to frequencies significantly
below the target frequency. The measured devices all exhibited a measurable transmission
at frequencies in between 300 and 400 GHz. This behavior can not yet be modeled by the
simulation. Apart from the transmission characterization, the altered mixer control line is
investigated, which is now located in the ground electrode. This measurement yielded a full
suppression of the Josephson critical current in the mixer junction for control line currents
higher than 45 mA, hence demonstrating the successful implementation of the mixer control

line. This dipstick characterization did not include any external radiation.
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Figure 7.7: Photographs of the mixer block and the connector board. (a) In the front, the mixer block has an
opening for the silicon lens. The connector board is attached to the lid of the mixer block. This lid
with the connector board is inserted in the mixer block from the top and the device under test can
be bonded to the connector board. A close-up of the mixer glued to the silicon lens and bonded to
the connector board is shown in (b). Image adopted from [Reil7].

7.3 Quasioptical measurements

Since a high RF power transmission was demonstrated by the measured devices, a selection
thereof was characterized regarding their quasioptical response. For this characterization, a
single die is glued on the back of a hyperhemispherical silicon lens which is installed inside a
detector block that can be mounted on the cold plate of a cryostat. A Rogers connector board
is designed, providing all necessary DC connections as well as the 50 Q coplanar waveguide
intermediate frequency output. Figure 7.7 shows a photograph of the connector board (center
part of the image) which is then mounted in the detector block (left part of the image). The
connection between the adapter board and the chip is realized by aluminum bonds as depicted
in the close-up in figure 7.7. The DC connections are located to the right and to the left of
the chip, whereas the intermediate frequency output is located in the top part of the image.
This photo was taken during the bonding process.

The setup used in this case is depicted schematically in figure 7.8. A backward wave
oscillator (BWO) is used as a signal source with an instantaneous frequency coverage rang-
ing from approximately 180 to 390 GHz. The output power varies between 190 uW at the
lower frequency boundary and increases up to values exceeding 9 mW for frequencies around
380 GHz. The achievable frequency range can be increased by using a passive frequency
tripler, which is installed at the BWO output. The measured frequency spectrum with this
tripler thus ranges from 550 up to 1150 GHz. However, the complex output power spectrum

significantly drops to values ranging from 1.5 uW at the lowest frequencies to 5.4 uW at the
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Figure 7.8: Optical setup to determine the optical response of the integrated receiver. The chip inside the de-
tector block is mounted on the cold plate of a cryostat. The mixer is irradiated through a HDPE
window in the cryostat by a BWO radiation source. A rotatable polarizer grid is used to enable the
attenuation of the incident radiation. The IF is transmitted to a 50 Q coaxial transmission line to
a room-temperature amplifier which is connected to a spectrum analyzer. The DC biasing is room
temperature filtered.

LNA

FD—{ Spectrum analyzer ‘

" _—

&2

Cryostat

upper frequency boundary, exhibiting the maximum output power of 70 uW at 890 GHz. The
BWO does not incorporate a possibility to tune the output power. The polarized radiation is
coupled via free-space to the bath cryostat with the mixer block installed.

In order to achieve an ability to tune the power transmitted to the mixer block, a polarizing
wire grid is installed in between the BWO and the cryostat. By adjusting the angle of the
rotatable wire grid, the incident radiation intensity Iy can be attenuated to /; according to
Malus’s law

I = Iycos?(6) (7.1)

with the angle 6 between the polarization of the radiation and the polarizer. This rather
simple setup is not yet optimized for ultra low-noise operation yet, but realized only to inves-
tigate on the rudimentary operation of the mixer. This manifests itself in the usage of a room-
temperature amplifier, rather than a low-noise amplifier on the cold plate. The output signal
is transmitted by a 50 Q coaxial transmission line to room temperature where the amplifier
is connected. The output of the amplifier is then connected to a spectrum analyzer. Similar
to the amplification, the filtering of the biasing signals is not optimized for a low-noise mea-
surement setup. Simplifying the setup, the filtering was done at room temperature, resulting
in an increased noise level in the system as compared to the dipstick measurements. Since the
devices under investigation exhibit a FFO to mixer coupling at frequencies lower than the de-
signed frequency, the initial measurements were done using the BWO without the frequency

tripler, thus operating in the high-power low frequency regime at a frequency of 381 GHz.
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Figure 7.9: (a) Influence of the BWO 381 GHz radiation on the mixer current-voltage characteristic. (b) The
measured quasiparticle current rise depending on the incident power. The dashed blue line is a
square root fit.

The antenna on this device was designed to operate at the target frequency of 750 GHz.
Since the fractional bandwidth of the double slot antenna rarely exceeds 20 %, most of the
incident radiation is expected to be reflected by the antenna. In fact, from the simulations, it is
extracted, that the reflection at this frequency is at levels as high as |S,;| = —1 dB, thus only
transmitting a small fraction of the incident power to the transmission line on chip. The result
of this investigation is depicted in figure 7.9. The high power of 9.1 mW in this operation
point results in a significant, even overcritical pumping level of the mixer, which is depicted
in figure 7.9a. This graph contains an overlay of multiple current-voltage characteristics of
the mixer, each of them recorded for a different polarizer angle, thus at a different power level.
The blue curve represents the mixer characteristic with a maximally attenuated radiation (0 =
90°). Constantly decreasing the polarizer angle results in an increase in power transmitted
towards the mixer. This results in an increased power level at the mixer junction, yielding a
higher Aly, at a given bias voltage. For clarity reasons, only a selection of current-voltage
curves is depicted in this graph. The power dependence of the quasiparticle current rise is
depicted in figure 7.9b. The power given in this graph refers to the power right after the
polarizer grid. Powers smaller than 1 mW do not result in a measurable quasiparticle current
rise in the mixer current-voltage characteristic. Increasing from this value, the current rise
follows a square root dependence on the incident power, which is expected from theory
(compare equations (3.45) and (3.48)). A square root fit is given in the figure by the blue
dashed line.

In the more interesting frequency range, this device did not exhibit a measurable impact
from the FFO radiation on the mixer junction. Nevertheless, the device was also character-

ized at frequencies around 750 GHz, using the tripler in front of the BWO. The radiation
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Figure 7.10: In (a), the current-voltage characteristics of the mixer junction with and without BWO radiation
of 777 GHz are depicted. (b) The obtained spectrum for BWO radiation frequencies from 775 to
800 GHz.

source is thus in the low power regime. By sweeping the BWO frequency and monitoring the
mixer current-voltage characteristic, a possible radiation impact on the mixer junction was
searched. Figure 7.10a depicts the measured mixer characteristic without incident power.
At a frequency of 777 GHz, indeed a small current rise can be observed. The current rise
is however very small with only Aly, = 1.3 nA. Nevertheless, this value is above the noise
level of the measurement system and thus, a spectral dependence should be recordable. The
resulting frequency dependent quasiparticle current rise is depicted in figure 7.10b. Clearly
visible is a maximum in accepted RF power at a frequency of 777 GHz with a sharp drop to-
wards lower frequencies and a moderate decrease in quasiparticle current rise towards higher
frequencies. This result quite accurately correlates with the simulated operation frequency
with a deviation of only about 4 %.

Nevertheless, the absolute value of the power accepted by the mixer is very small compared
to the overcritical pumping by the excitation with 381 GHz. This behavior can however be
explained, when considering the link budget of the transmission path from the BWO to the
mixer for the two different frequencies. The main reason for the massive pump level at
381 GHz is the high power available from the BWO (P33; g, = 9.1 mW = 2.9 dBm), which
is more than two orders of magnitude higher than the power at 777 GHz (P777 gz = 25 ptW =
—16 dBm). From the fit in figure 7.9b, the power after the polarizer for a quasiparticle current
rise of Aly, = 1.5 pA can be estimated to P = 1.94 mW = 2.9 dBm).

After the transmission of the radiation from the BWO to free space, the Gaussian beam
exhibits a strongly divergent behavior. Therefore, a setup that is optimized for a high power
transmission typically contains off-axis elliptical mirrors which focus the radiation on the
lens on the detector block [146].
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Table 7.1: Link budget for 381 GHz and 777 GHz for Alg, = 1.5 pA

v =381 GHz | v="775GHz
P, (dBm) 2.9 —16
Coupling efficiency (dB) [150] —6.5 —6.5
Antenna (dB) —15.8 2.4
Circuit losses (dB) —28.8 —15.2
P Simulation (dBm) —48.2 —40
Py Theory (dBm) —56.4 —52.1

The measurement setup used in this work is however not yet optimized, no mirrors are
present. This results in a strongly divergent beam pattern of the radiation emitted from the
BWO. Due to the lack of focusing the radiation, a considerable amount of the available out-
put power is expected to be lost. Nevertheless, the following consideration can be used for
an approximate estimation of especially the relative power levels incident to the mixer at
the two frequencies 381 GHz and 777 GHz. From free space, the radiation has to pass the
cryostat window and enter the silicon lens in the detector block where the power is focused
on the antenna. The losses occurring in this path are summarized as coupling efficiency and
have been determined experimentally in [146, 150]. However, as opposed to those, the an-
tenna is a double slot antenna, which is why the polarization coupling efficiency is increased
from 50 % to 100 %. Furthermore, the antenna coupling efficiency is excluded and listed
separately in table 7.1. In total, the coupling efficiency is accounted for with —6.5 dB.

The coupling efficiency of the antenna was estimated from simulations for the respective
frequencies. Also obtained from the simulation is the transmission from the antenna to the
mixer for the different frequencies with —29 dB and —3.7 dB respectively. This includes
mismatch reflection losses in the entire circuit on the mixer chip, including the mismatch at
the junction. Summing these values leads to the power levels accepted by the mixer. For the
381 GHz signal, itis A = —48.2 dBm = 15.1 nW and the 777 GHz signal arrives at the mixer
with R, = —40.1 dBm = 97.07 nW. An overview on this rough estimation of the link budget
is given in table 7.1. According to theory, the power is proportional to the square of the
frequency [16, 84]. From the values obtained by the simulations, this relation is not fulfilled,
but exhibits a difference by a factor of approximately 6. This might be due to inaccuracies
in the simulations. Using the theory [16], the incident power can also be approximated by

evaluating the unpumped and especially the pumped mixer current-voltage characteristics.
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Figure 7.11: The mixer response to FFO radiation. (a) The current-voltage characteristics with and without FFO
radiation at 330 GHz. (b) The spectrum of the Aly, depending on the FFO operation frequency.

Assuming a quasiparticle current rise of Aly, = 1.5 uA, this results in P Theory 381 GHz =
2.3 nW and P; Theory 777 GHz = 6.1 nW.

As expected, the power levels resulting from the simulations are approximately one order
of magnitude larger than the values obtained by calculations from theory. However, as men-
tioned earlier, this can be explained by the non-optimal optical setup, which will be required
to be improved in the future. Nevertheless, from this estimation the power coupling at the
381 GHz can be explained. In spite of the low coupling efficiency of the antenna and the
tuning circuit, the BWO still offers enough power to overcritically pump the mixer.

The identical device is also characterized regarding the flux-flow operation. The results
obtained by this characterization is depicted in figure 7.11. The left graph contains an exem-
plary current-voltage characteristic, pumped with an signal frequency of 334 GHz. Clearly
visible is the quasiparticle current rise in the retrapping branch. Furthermore, the right graph
depicts the spectral dependence of Aly,, revealing a radiation power acceptance by the mixer
at frequencies of 334 and 380 GHz. However, no spectral information is available for fre-
quencies above these values, since no Aly, was measurable.

In order to compare the results from the FFO operation with the simulation, the spectra are
depicted in a single graph in figure 7.12. The red line represents the simulated transmission
characteristic of the FFO to the mixer junction. The measured transmission peaks correspond
well with the simulated ones at v = 334 and 380 GHz. However, it is unclear, why only
these peaks can be measured, whereas the peaks towards higher frequencies with even higher
simulated transmission values are not measurable. In addition to the FFO operation related
curves, the graph also contains the transmission simulated from the antenna to the mixer as
the green curve. This can be compared with the results shown earlier obtained from incident
power from the BWO which is depicted by the blue line.
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Figure 7.12: Comparison of the simulated transmission spectra with the measured ones. The green and red line
represent the simulated transmission from the antenna and the FFO to the mixer. The blue lines
depicts the measured quasiparticle current rise induced by the FFO and the BWO. The black line
shows the atmospheric transmission, adopted from [151].

As predicted by the simulation, the mixer accepts power from the BWO at frequencies at
777 GHz. The sudden decay in transmitted power can be explained by the atmospheric trans-
mission. The absorption maximum of the atmosphere at frequencies around 750 GHz further
suppresses the already small values of the incident power, resulting in a non-measurable re-
sponse of the mixer to the BWO radiation. The spectral response of the mixer has not yet
been measured for the frequency range below the atmospherical absorption maximum.

The combined results from the FFO operation and the BWO generated free-space radiation
lead to the assumption, that the mixer tuning simulation is valid. However, the fact that
no power from the FFO can be measured at frequencies higher than 380 GHz can not be
explained by these simulations. Since the mixer tuning is assumed valid, the error has to
be located in the path between FFO and the T-junction. In order to further validate the
simulation, the spectral response to free-space radiation has to be investigated more closely.
This includes the optimization of the measurement setup to maximize the power levels at
the mixer. Furthermore, the setup needs to be optimized regarding the noise level that is
present at the mixer, due to the lack of proper filtering. This becomes especially important,
when the receivers are to be characterized in the future regarding their noise temperature.
With an optimized measurement setup, the spectral response of the receivers can be obtained
with a larger resolution, enabling the identification of smaller intensity transmission peaks
as compared to the current setup. Furthermore, it is required to record the receiver response
across a larger spectral range, enabling the identification of the different transmission peaks.
This will facilitate the validation of the simulations.

Another approach, to locate possible reasons for the lack of the high-frequency operation,
was conducted using a different mixer installed in the cryostat. This device was realized using

a SIS junction with an area of 0.9 x 0.9 um?, resulting in a normal state resistance reduced
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Figure 7.13: (a) Current-voltage characteristic of a mixer with increased area (0.9 x 0.9 um). (b) The measured
spectral dependence of the power transmitted from the FFO to the mixer.

by 30 % compared to the previous devices (Ry = 95 Q). The current-voltage characteristic
of this device is shown in figure 7.13a with and without applied FFO power at 330 GHz. The
operation frequency of the coupling is again in the range of 300 — 400 GHz, as can be seen
in the spectrum of the quasiparticle current rise, depicted in figure 7.13b. Apparently, the
lower normal state resistance has no significant influence on the operation frequency of the
mixer, when driven with the FFO, since no mixer response to a high frequency input radiation
was measurable.

As the device shown previously, also this one exhibits a significant power coupling of the
FFO at the low frequency regime, in which the BWO exhibits a high output power level.
Therefore, this device is used for preliminary investigations on its mixing properties, demon-
strating the basic mixing operation. As opposed to the regular operation, the FFO in this case
serves as the source of the RF signal instead of the LO signal, which is provided by the BWO
radiation at 330 GHz. The intermediate frequency output is connected to an amplifier at room
temperature through stainless steel coaxial transmission lines. These transmission lines are
installed in spite of their rather high attenuation due to their low thermal load to the cryostat.
However, since the amplifier is installed only at room temperature instead of right behind the
mixer block, the output power of the mixer is significantly attenuated before even reaching
the amplifier. Figure 7.14 depicts an IF output spectrum recorded with a spectrum analyzer.
The black curve depicts the noise level of the system at around —72 dBm. The intermedi-
ate frequency output spectrum around 2 GHz demonstrates the basic operation of the mixing
process. This measurement is not suitable for e.g. the determination of the linewidth of the
FFO, since the bandwidth of the BWO is unknown, and only specified with approximately
3 % in the data sheet provided by the manufacturer.
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Figure 7.14: Intermediate frequency output of the integrated receiver for incident 330 GHz radiation. The BWO
is used as local oscillator, the FFO is used as signal source. The two curves are recorded with and
without applied FFO power respectively.

Therefore, it can not be determined whether the bandwidth in the IF spectrum stems from the
BWO radiation or results from the flux-flow oscillator. Nevertheless, this preliminary result
shows the successful mixing of a radiation signal received from free space with a radiation
signal generated on chip by a NbN-based flux-flow oscillator.

In order to characterize the mixer regarding the ideal bias point for a maximized conver-
sion, the amplitude of the intermediate frequency output has to be monitored at different
mixer bias points. This can be done with the current setup by setting the spectrum analyzer
to a zero span mode which then monitors a specific frequency in time domain. The spectrum
analyzer contains an analogue output, which can be connected to a lock-in amplifier, in or-
der to quantify the output power measured by the spectrum analyzer. By sweeping the bias
voltage of the mixer, and simultaneous recording of the lock-in amplifier signal, the depen-
dence of the mixer conversion efficiency on the bias point can be obtained. The result of this
measurement is shown in figure 7.15. The blue curve depicts the unpumped current-voltage
characteristic of the mixer as a reference. The red curve is obtained for this mixer, pumped
with the BWO at v = 330 GHz. The black curve depicts the recorded lock-in signal, where
the BWO radiation was chopped. Starting from zero bias voltage, an increase in output power
can be seen, which peaks on the first photon step. For voltages exceeding the gap voltage,
the measured output power drops rapidly. In literature [84] it is found that low LO power
levels typically result in a maximized conversion efficiency of the mixer at the first photon
step. This is exactly the behavior that is shown by the present receiver.

With these fully integrated NbN-based receivers, a successful mixer operation was demon-
strated, yielding an intermediate frequency spectrum from RF frequencies at 330 GHz. Since
the devices were designed for 750 GHz, the coupling efficiency for free space radiation is not

at the required high values. Therefore, the receivers were not characterized regarding their
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Figure 7.15: Measurement of the IF output power of the mixer, depending on the DC bias point. The blue curve
depicts the mixer current-voltage characteristic without external radiation. By applying BWO
radiation, the mixer is pumped (red curve). The mixer bias point is swept and the analog output of
the spectrum analyzer is connected to a lock-in amplifier.

noise temperature. Nevertheless, these devices prove the successful implementation of an
integrated receiver in niobium nitride technology. Several receiver devices have been fabri-
cated where all of them exhibited the lack of efficient radiation transmission at the targeted
frequency. A preliminary parameter variation did not yield the origin of this behavior. By
optimizing the spectral coupling efficiency of the FFO to the mixer at the target frequency, an
efficient pumping of the mixer by the flux-flow oscillator can be achieved. This will enable
the low-noise operation of the NbN-based integrated receiver at frequencies exceeding the
700 GHz limit.

Conclusion

Multiple integrated receivers were characterized by quasioptical measurements in the cryo-
stat regarding various characteristics of the devices under test. The measurements setup
comprised a backward wave-oscillator as radiation source, irradiating the mixer through the
cryostat window. This preliminary measurement setup is not yet optimized for the accurate
measurements of the sensitivity of the receivers. Nevertheless, a significant amount of radia-
tion was recorded at the mixer for a frequency of 381 GHz due to the high power of the BWO
at this frequency. Although the FFO operation did not result in a measurable mixer pumping,
the irradiation of the mixer by the BWO with a frequency of 777 GHz resulted in a small,
but measurable quasiparticle current rise. Considering the low power levels of the BWO at
this frequency, this small Aly, value of the mixer response to this signal is in a reasonable
range. This result leads to the assumption that the signal path from the antenna to the mixer
tuning behaves close to the predictions from the simulation. Due the fact that no impact from

the FFO radiation was measurable at these frequencies, the error in simulation is expected to
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occur in the signal path from the FFO to the mixer. Since the BWO offers high power at the
low frequency regime, the receiver operation was demonstrated at a frequency of 330 GHz,
yielding an intermediate frequency signal from the FFO and the BWO radiation. The depen-
dence of the IF output power on the mixer bias point was investigated, yielding the expected
result of the highest output power for a mixer biasing on the first photon step. Although the
receiver operation was not demonstrated at the desired target frequency, these measurements
prove the successful implementation of an integrated receiver in NbN/AIN/NbN technology.
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Superconducting integrated THz receivers comprise a flux-flow oscillator integrated on chip
with a SIS mixer and a receiving antenna. These two active components and the antenna
are interconnected by a transmission line network, which has to ensure a low loss transmis-
sion of the radiation between the three components. This circuit furthermore has to allow
a separate DC biasing of the active components and the tuning of the mixer reactance. An
accurate modeling of this complex RF-network can be achieved only with the knowledge of
the material parameters of the applied superconductors and dielectrics. The most common
superconductor is Nb, which limits the operation frequency to values of < 700 GHz. Nio-
bium nitride exhibits an energy gap twice as large as niobium, which is why the substitution
of Nb by NbN as electrode material allows an increase in operation frequency up to 1.4 THz.
The frequency limitation includes the mixer junction itself, but also and even more signifi-
cantly, the flux-flow oscillator and the transmission lines on chip. In addition to the large
energy gap, a high-quality receiver also requires ultra-low leakage currents and simultane-
ously large critical current densities of the mixer junctions, which requires the surface of the
ground electrode to be smooth on a sub-nm scale. As known from literature and as shown
by experiments during this work, the highest quality of NbN-based Josephson junctions is
achieved on magnesium oxide substrates. However, due to the hygroscopic nature of MgO it
is beneficial to realize the trilayers on more resistant substrates on which a high quality NbN
deposition poses a significant challenge.

Therefore, this work was dedicated to the realization of a superconducting integrated re-
ceiver with niobium nitride electrodes on substrates other than MgO. This requires a close
optimization of the deposition process along with the development of a reliable fabrication
technology. The deposition process was investigated and optimized for multiple substrate
materials such as oxidized silicon, silicon and sapphire. Due to the complexity of the reac-
tive deposition process, the various deposition parameters are highly correlated. The critical
temperature can be optimized using the nitrogen consumption as a parameter. It was found
that the total pressure for a constant argon to nitrogen ratio and a constant relative nitrogen
consumption only exhibits a minor influence on the transition temperature of the NbN films.

The surface roughness however, is strongly determined by the total pressure. Using these
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correlations, the independent optimization of the two most important quality parameters of
NbN films is enabled. The obtained results are a significant improvement over the initial op-
timization point, yielding NbN films with critical temperatures of 15.7 K and a RMS surface
roughness of less than 1 nm at a film thickness of 200 nm on sapphire substrates. The max-
imization of the critical temperature yields junctions with gap voltages as high as 5.1 mV,
which should enable the operation of the superconducting integrated receiver well above the
1 THz limit. The low surface roughness of the ground electrode results in low leakage cur-
rents at low critical current densities. Increasing the critical current density is done by a
variation of the deposition time of the AIN barrier, resulting in thinner barriers. This leads
to a strong increase in leakage currents, which is why the surface roughness will have to be
improved further, allowing for low leakage currents through the barrier at higher critical cur-
rent densities. In general, the deposition system will have to be further optimized, in order to
decrease the spread of the quality parameter of the resulting trilayers. Furthermore, the prop-
erties of the wiring layer need to be reconsidered. Since the NbN wiring layer is deposited on
amorphous surfaces, it exhibits a significantly lower energy gap than the electrodes. In order
to achieve the highest possible low loss operation frequency, the energy gap of the wiring
layer needs to be at the same high level as the electrode energy gap.

For the realization of an integrated receiver, the patterning is of utmost importance, since
the characteristic impedances of the transmission lines are dependent on the lateral dimen-
sions of the structures. Therefore, the patterning was optimized, resulting in achievable mixer
junction areas down to 0.5 x 0.5 um? and minimum linewidths of the wiring layer as small as
500 nm. The microstrip transmission lines are created by the wiring layer, separated from the
NbN ground electrode by a 400 nm thick SiO dielectric. This material setup leads to a char-
acteristic impedance range from 70 Q down to 10 2, which enables the impedance matching
between the FFO, the mixer and the antenna. For the proper design of the RF circuits, the
knowledge of the surface impedances of the employed materials is required. These values
are extracted from temperature dependent resistance measurements, subsequent calculation
using the Mattis-Bardeen theory and can then be included in the simulation software CST mi-
crowave studio. Utilizing this software, RF circuits were developed for the realization of an
integrated receiver. Due to the large complexity of the integrated receiver, prototype devices
were designed, realized and characterized, in order to verify the simulation results. These
prototypes were created with a consecutive increase in complexity, starting from a mixer
integrated with an antenna for 166 GHz in niobium nitride technology, without a flux-flow
oscillator. The subsequent prototypes disregarded the antenna but included the flux-flow os-
cillator instead, with the more complex microstrip network between the FFO and the mixer.

This transmission line network needs to allow for a parallel biasing of the FFO and the mixer,
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hence disconnect both components for DC currents, but on the other hand grant a maximized
transmission of the RF signal. Furthermore, the creation of localized magnetic fields needs
to be included, since both, the mixer as well as the FFO require magnetic fields of different
strengths for operation. This is achieved by the implementation of control lines, which cre-
ate the localized magnetic fields by a current parallel to the electrodes in the vicinity of the
mixer and the flux-flow oscillator. The characterization of these preliminary devices resulted
in a demonstration of radiation transmission from the FFO to the mixer for frequencies as
high as 600 GHz, agreeing well with the simulated values. Furthermore, multiple simulation
challenges could be verified. This included the verification of the material parameters, as
well as the correct representation of the active devices in the circuit. The operation of the
preliminary devices was limited to frequencies around 400 GHz and 600 GHz, which is not
imposed by the flux-flow oscillator or the microstrip lines, but is the design frequency, where
the mixer capacity is compensated by the tuning circuit.

Different tuning approaches are introduced, realized and characterized: the classical stub
tuning which simply connects an inductor in parallel to the mixer capacity, the twin junction
tuning approach, which uses a second junction in parallel to the actual mixer junction and
the resulting total capacity is compensated by a inductor in between these junctions. The
third tuning approach is the hybrid end-loaded stub tuning, which has the same setup as
the twin junction tuning, except, the second capacity is realized not by a second junction,
but by a capacitor. The realization of these three tuning approaches allowed their charac-
terization regarding the frequency accuracy and frequency tuning capability. This leads to
the observation of the best tuning structure in terms of accuracy being the twin junction
tuning, which exhibited an almost perfect match between the simulated and the measured
transmission peaks. The hybrid end-loaded stub tuning also exhibited a good agreement be-
tween simulation and measurement, however, with a slightly increased deviation, followed
by the classical stub tuning with an even higher deviation. All three approaches could thus
be demonstrated to operate, with a varying frequency accuracy. Furthermore, the upscaling
of the frequency exhibits different limits for the different tuning approaches. All inductors
are realized using transmission lines, which exhibit a length dependent inductance. Higher
operation frequencies thus lead to a shorter length of this transmission line for a given mixer
capacity. The classical tuning approach exhibits the shortest transmission line length among
the three investigated approaches. Therefore, the operation frequency is limited in practice
due to calculated tuning lengths in the deep sub-micrometer range for high frequencies. This
tuning length is in this case already within the accuracy limit of the patterning, hence the fre-

quency accuracy is deteriorated. Due to increased tuning lengths in the twin junction tuning
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and the end-loaded stub tuning approach, these approaches can be used for higher frequency
operation of the mixer.

The results of the prototype devices were included in the design of a fully integrated re-
ceiver, which is the next step in increasing the total complexity of the RF circuit. The in-
cluded double-slot antenna is connected to a T-junction along with the flux-flow oscillator.
The signals coming from these two components are transmitted to the mixer, which is em-
bedded in a hybrid end-loaded stub tuning network. This tuning network was selected, since
it offers the possibility of realizing the control line in the ground electrode. The resulting
devices proved to work with significantly higher pumping levels compared to the previous
prototypes, however, the operation frequency was significantly below the design frequency.
Multiple possible origins of these deviations have been considered as the reason for this be-
havior, such as the inaccuracy in patterning at the intersection of the butterfly stub and the
microstrip line, a deviating FFO output impedance, a mismatch induced by the T-junction,
or an additional imaginary part in impedance occurring at the mixer site, due to either devi-
ating mixer capacities or non-zero input imaginary impedance stemming from the RF choke
at the intermediate frequency output. However, none of these have resulted in a satisfactory
explanation for the measured behavior. Nevertheless, a direct detection of incident BWO
radiation was possible for frequencies around 777 GHz. A receiver operation was demon-
strated for frequencies around 330 GHz using the BWO in conjunction with the flux-flow
oscillator. This included the recording of an intermediate frequency spectrum as well as the
bias point induced variation in IF output power of the mixer. The operation of an integrated
receiver with a device based on NbN/AIN/NbN technology was thus demonstrated with these
devices. A close investigation of the operation frequency deviation of the presented devices

should enable the reliable realization of integrated receivers at frequencies above 1 THz.
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sG
Os1s

AStub

)]

A
AL

Attenuation constant of an electromagnetic wave in a transmission line
(w)

Damping parameter in the sine-Gordon equation ()

Pumping parameter of a SIS mixer ()

Opening angle of a radial stub (deg)

Swihart velocity (%)

Imaginary part of the propagation constant y of an electromagnetic wave

in a transmission line (%)

Steward-McCumber parameter (V)

Surface resistance of the superconductors in the Sine-Gordon equation ()
Quasiparticle current rise in the subgap branch of a SIS mixer (A)
Nitrogen consumption during a reactive deposition process (%)
Single energy gap of a superconductor (eV)

Skin depth (m)

Length of a transmission line (m)

Vacuum permittivity (8.854 1012 £)

Relative permittivity ()

Friction coefficient in the RCSJ model ()

Reflection coefficient ()

Propagation constant of an electromagnetic wave o +jf3 (é)
Reduced Planck constant 2’—;

Ginzburg-Landau parameter ()

Josephson penetration depth (m)

London penetration depth of a superconductor (m)
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Nomenclature

Lo Vacuum permeability (12.566 10~7 &)

v Frequency (Hz)

VLO Local oscillator frequency (Hz)

VRE Incident signal of interest (Hz)

o) Angular frequency 27tv (1)

Oplasma Plasma frequency in a Josephson junction (1)

Wres Resonance angular frequency of a resonant circuit (%)
@ Magnetic flux quantum £ = 2.0678-10~1> Wb

v Superconducting wavefunction

p Specific resistance (Qm)

P20 Specific resistance at 7 =20 K (Qm)

c Specific conductance ()

On Normal state conductance of a superconductor (%)
Sij Scattering parameter for port i and j (dB)

Zemb Embedding impedance of a mixer junction (Q)

) Phase difference of two superconductors across a Josephson junction
o Phase of a superconductor

B Magnetic flux density (T)

E Electrical field strength ()

'3 BCS-coherence length (m)

EoL Ginzburg- Landau coherence length (m)

¢ Specific resistance of the superconductor (Q)

s Specific surface resistance of a superconductor (Q)
B.» Second critical magnetic field (T)

C Capacity (F)

c’ Specific capacity (£)

Cl Capacitance of a SIS trilayer (L)

dcpw Total width of the coplanar waveguide (m)

ddiel Dielectric thickness between a microstrip and the ground electrode (m)
e Elementary charge (1.602-107!° C)
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Nomenclature

G
Gamp
h

hy

hy

H,
Ivias
IcTrRL
I
I.RN
Lyis

I rcsy
Is
Liotal
KyRresy
Jesc
Je

kg

L

17

Ly

Iy

ms
ns
PAr
P

PN2

Conductivity (S)

Gain of an amplifier ()

Planck constant (6.626 10~ Js)

Width of the active part of the output of a flux-flow oscillator (m)
Width of the idle region of the FFO output (m)

Critical magnetic field of a superconductor (%)
Bias current of a mixer or a flux-flow oscillator (A)

Control line current (A)

Critical Josephson current (A)

Ambegaokar-Baratoff parameter (V)

Discharge current of the plasma in the magnetron sputtering device (A)
Quasiparticle current in the RCSJ model (A)

Superconducting current through a Josephson junction (A)

Total current through a junction in the RCSJ model (A)

Displacement current in the RCSJ model (A)

Critical current density of a superconductor ( C%)

2
Critical current density of a Josephson junction (ﬁ)
Boltzmann-constant (1.38-1072* m? kg s> K~!
Inductance (H)
Specific inductance (1)
Length of a Josephson junction (m)

Length of a Josephson junction, normalized to

the Josephson penetration depth ()

Mass of Cooper pairs (kg)

Density of the Cooper pairs ()

Argon pressure in the recipient (bar)

Intermediate frequency power generated by a mixer (W)
Local oscillator power available at the mixer junction (W)
Power dissipated in a load Ry, (W)

Nitrogen pressure in the recipient (bar)
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Nomenclature

P, Noise power (W)

Prp Overall power of a signal of interest (W)

q Charge of a Cooper pair (C)

R Resistance (Q)

R pbias Differential resistance of a flux-flow oscillator

derivated from the bias current (Q)

Ra.cTRL Differential resistance of a FFO derivated
from the control line current (Q)

Ruix Mixer normal state resistance (Q)

RN Normal state resistance of a Josephson junction (€)
Ro Resistance in the subgap branch of a Josephson junction (Q)
RRR Residual resistance ratio ()

s Gap width in a coplanar waveguide (m)

t Time (s)

1 Thickness of the ground electrode of a SIS junction (m)
1) Thickness of the counter electrode of a SIS junction (m)
13 Thickness of the wiring layer (m)

T. Critical temperature of a superconductor (K)

tdiel Thickness of the dielectric between the wiring layer

and the ground electrode (m)

T Noise temperature (K)

fox,m Magnetic thickness of the barrier in a SIS junction (m)

fox Physical thickness of the barrier in a SIS junction (m)

Vo Mixer bias voltage (V)

Vdis Discharge voltage of the plasma in the DC magnetron sputtering device
V)

Ve Fermi velocity (2)

Veap Gap voltage of a Josephson junction (V)

Viy Voltage across a Josephson junction (V)

Vo Voltage of the local oscillator (V)
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Nomenclature

Vear

Yp

VShap

wcpw

wyj

wMS

Xmix

AFM
BW
BWO
CPW
DC
DUT
FFO
h-ELS
HDPE
IF

1

Voltage span of a photon-assisted tunneling step (V)

Phase velocity ()

Phase velocity of an electromagnetic wave ()

Voltage span of a Shapiro step (V)

Width of the center conductor of a coplanar waveguide (m)
Width of a Josephson junction (m)

Width of a Josephson junction, normalized to

the Josephson penetration depth ()
Width of a microstrip line (m)
Mixer reactance ()

Spatial coordinate in the propagation direction

of an electromagnetic wave (m)

Characteristic impedance of a transmission line (Q)
FFO output impedance ()

Generator output impedance (Q)

Load impedance (Q)

Surface impedance of a normal conductor ()
Surface impedance of a superconductor (Q)
Alternating current

Atomic-force microscope

Bandwidth (Hz)

Backward wave oscillator

Coplanar waveguide

Direct current

Device under test

Flux-flow oscillator

Hybrid end-loaded stub

High-density polyethylene

Intermediate frequency

Josephson junction
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Nomenclature

LNA
MS
RCSJ
RF
SEM
SIS

twinlJ
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Low noise amplifier

Microstrip transmission line

Resistively and Capacitively Shunted Junction
Radio Frequency

Scanning electron microscope
Superconductor Insulator Superconductor

Twin junction
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and sub-millimeter radio observatories. Being realized using
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realized in the same technology and thus integrated on the
receiver chip. Typically, these integrated receivers are nowa-
days employed using elementary niobium as superconductor,
which limits the operation of the integrated THz receiver to a
maximum operation frequency of 700 GHz. This limit can be
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with niobium nitride. However, the required high quality of
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ing to achieve with this compound superconductor compared
to elementary niobium.
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