Band 008

Axel Stockhausen

Optimization of Hot-Electron
Bolometers for THz Radiation

T ining






Axel Stockhausen

Optimization of Hot-Electron Bolometers for THz Radiation



BAND 008
Karlsruher Schriftenreihe zur Supraleitung

Herausgeber

Prof. Dr.-Ing. M. Noe
Prof. Dr. rer. nat. M. Siegel

Eine Ubersicht Gber alle bisher in dieser Schriftenreihe
erschienene Bande finden Sie am Ende des Buchs.



Optimization of Hot-Electron
Bolometers for THz Radiation

by
Axel Stockhausen

ST #oihing



Dissertation, Karlsruher Institut fr Technologie (KIT)
Fakultat fur Elektrotechnik und Informationstechnik, 2013
Hauptreferent: Prof. Dr. Michael Siegel

Korreferent: Prof. Dr. Paul Seidel

Impressum

Karlsruher Institut fur Technologie (KIT)
KIT Scientific Publishing

StraBe am Forum 2

D-76131 Karlsruhe

www.ksp.kit.edu

KIT — Universitat des Landes Baden-Wurttemberg und
nationales Forschungszentrum in der Helmholtz-Gemeinschaft

®90)

Diese Veroffentlichung ist im Internet unter folgender Creative Commons-Lizenz
publiziert: http://creativecommons.org/licenses/by-nc-nd/3.0/de/

KIT Scientific Publishing 2013
Print on Demand

ISSN 1869-1765
ISBN 978-3-7315-0066-7









Optimization of Hot-Electron Bolometers
for THz Radiation

Zur Erlangung des akademischen Grades eines
DOKTOR-INGENIEURS
an der Fakultit fiir
Elektrotechnik und Informationstechnik
der Universitit Karlsruhe (TH)
genehmigte
DISSERTATION

von
Diplom-Physiker Axel Stockhausen

geboren in Heilbronn

Tag der miindlichen Priifung: 24. Juni 2013

Hauptreferent: Prof. Dr. Michael Siegel

Korreferent: Prof. Dr. Paul Seidel






Preface

This dissertation is the result of my work at the Institut fiir Mikro- und Nanoelektron-
ische Systeme which was conducted at the Karlsruhe Institute for Technology (KIT).
This thesis would not have been possible without the help of many different people

whom I want to thank in the following.

Danksagung

Diese Arbeit wire nicht ohne die Unterstiitzung von vielen Menschen moglich gewe-
sen, denen ich auf diesem Wege noch einmal meinen Dank aus-sprechen mochte. Zu
Beginn mochte ich mich bei Herrn Professor Siegel dafiir bedanken, dass er es mir
ermoglicht hat, diese Arbeit durchzufiihren, bei Herrn Professor Seidel fiir die Uber-
nahme des Koreferats und bei Dr. Konstantin Ilin fiir die Betreuung wéhrend der
Promotion.

Ein besonderes Dankeschon gilt Herrn Doktor Wiinsch fiir die bestindige seelische
und moralische Unterstiitzung, die mir sehr geholfen hat, diese Arbeit zu vollenden.
Besonders danke ich auch Dr. Alexander Scheuring mochte fiir die langjidhrige und
vor allem sehr unterhaltsame Zusammenarbeit. Des Weiteren bedanke ich mich bei
allen Mitarbeitern und Studenten, mit denen ich gemeinsam am Institut gearbeitet
habe. Namentlich erwihnen mochte ich Dagmar Henrich, Matthias Hofherr, Max
Meckbach, Petra Thoma, Gerd Hammer, Matthias Arndt, Christoph Kaiser, Hansjiir-
gen Wermund, Karlheinz Gutbrod, Frank Ruhnau, Alexander Stassen, Erich Crocoll
und Doris Duffner.

Nicht zuletzt geht ein spezieller Dank an meine Eltern, Mona und Elmar Stockhausen,
an meine Briider Philipp und Felix sowie an meine Freundin Carolin Henrich, die
mich tiber die lange Zeit der Doktorarbeit immer unterstiitzt haben, und ohne die ich

wahrscheinlich nie fertig geworden wiire.






Zusammenfassung

Diese Arbeit beschiftigt sich mit der Optimierung von Hot-Electron Bolometern fiir
den THz-Frequenzbereich. Hot-Electron Bolometer sind hochsensible, rauscharme
Strahlungsdetektoren die in vielen Bereichen der Forschung Anwendung finden. Ger-
ade im Bereich der Astrophysik sind besonders rauscharme Detektoren mit einer ho-
hen Bandbreite von mehreren Gigahertz stark nachgefragt. Hot- Electron Bolometer
machen sich den namensgebenden "Hot- Electron" Effekt zu nutze. In Systemen in
denen der Hot- Electron Effekt vorkommt, kann das Elektronensystem des Detek-
tormaterials sich vom Phononensystem entkoppeln. Beide Systeme konnen dann in
einem eigenen thermischen Gleichgewicht sein. Durch Ausnutzung dieses speziellen
Zustands konnen Detektoren hergestellt werden, die iiber eine hohe Bandbreite und
Empfindlichkeit verfiigen. Die so hergestellten Hot-Electron Bolometer bestehen aus
einer ultradiinnen Niobnitrid Schicht, die auf ein Silizium- oder Saphirsubstrat mit-
tels reaktivem Magnetronsputtern aufgebracht wird. Diese Schicht wird mit Hilfe
Nanolithographie zu einem Detektorelement strukturiert. Zur Einkopplung der THz-
Strahlung wird eine planare Goldantenne, die direkt auf der Detektorschicht abge-
schieden wird, benotigt. Diese wird mittels Lift-Off strukturiert.

Ziel dieser Arbeit ist es den Fertigungsprozess so zu optimieren und zu verstehen,
dass die Herstellung von Detektoren mit einer hohen Bandbreite und einem geringen
Rauschen realisiert werden kann. Es wurden unterschiedliche Schritte durchgefiihrt,
um dieses Ziel zu erreichen. In einem ersten Schritt wurde die Herstellung der einzel-
nen supraleitenden Schichten optimiert, und die supraleitenden Eigenschaften der ab-
geschiedenen Diinnfilme untersucht. Um den Einfluss der unterschiedlichen Schichten
aufeinander zu bestimmen, wurden Mehrfachschichtsysteme auf ihre Eignung fiir die
Herstellung von rauscharmen Detektoren untersucht. Hier stellte sich heraus, dass die
normalleitende Schicht der Goldantenne die Supraleitung im Detektorelement unter-

driickt. Um diesen Effekt zu verhindern, wurden supraleitende Pufferschichten zwis-
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Zusammenfassung

chen der Detektorschicht und der Antennenschicht entwickelt. Die auf diese Weise
hergestellten Detektoren wiesen keine Unterdriickung der Supraleitung in ihrem De-
tektorelement auf. Bei der Charakterisierung der Rauschtemperatur dieser Detektoren
wurden Rekordwerte erzielt. Dies zeigt, dass die durchgefiihrte Optimierung zu einer

verbesserten Leistungsfiahigkeit der Detektoren gefiihrt hat.

In einem zweiten Schritt wurde die thermische Ankopplung des supraleitenden Diinn-
films an das verwendete Siliziumsubstrat untersucht. Die thermische Kopplung zwis-
chen Substrat und supraleitendem Diinnfilm ist ein Kernparameter, um die Empfind-
lichkeit und Antwortzeit von Bolometern einzustellen. Um diese thermische Kopplung
zu untersuchen, wurde der supraleitende Diinnfilm auf einen freistehenden Silizium-
sockel mit variabler Hohe aufgebracht. Hier konnte eine starke Abhéngigkeit der ther-
mischen Kopplung von der Hohe des Sockels festgestellt werden. Um diesen Effekt
zu erkldren, wurde ein Modell entwickelt, das die gewonnenen Ergebnisse mit einer
sehr guten Ubereinstimmung beschreiben kann. Aufgrund dieser Ergebnisse wurden
Detektoren hergestellt deren Detektorelement auf einem Siliziumsockel liegt. Bei der
Charakterisierung der Antwortzeiten der Detektoren konnte eine starke Verldngerung

der Antwortzeit festgestellt werden.

Abschlieend wurde die Funktion der im Rahmen dieser Arbeit hergestellten Detek-
toren in Experimenten iiberpriift. In einem ersten Experiment wurde der Detektor
zur Messung von kohidrenter Synchrotronstrahlung im Terrahertz-Bereich verwendet.
Die vom Synchrotron aus gesendeten Pulsziige konnten von dem Bolometer mit ho-
her Genauigkeit gemessen werden. Aus der Form der Einzelpulse lie3 sich weiter-
hin ein Riickschluss auf die Antwortzeit des Detektors machen. In einem zweiten
Experiment wurde der Detektor zur Charakterisierung eines Terrahertz-Quantenkas-
kadenlasers verwendet. Normalerweise werden fiir solche Experimente Golay-Zellen
oder langsame SiGe-Bolometer verwendet. Durch die Verwendung eines schnellen
Hot-Elektron Bolometers war es moglich nicht nur die mittlere Leistung des Quan-
tenkaskadenlasers in einem Puls zu bestimmen. Zum ersten Mal war es in diesem
Experiment moglich den zeitlichen Verlauf der Emission des Quantenkaskadenlasers
zu messen, was fiir unsere Kooperationspartner zu weiteren Erkenntnissen fiir die En-

twicklung dieser Laser gefiihrt hat.

Zusammengefasst kann gesagt werden, dass die im Rahmen dieser Arbeit entwickelten

v



Zusammenfassung

Detektoren, sehr gute Leistungsdaten in Laborexperimenten gezeigt haben. Weiterhin
konnten sie bereits erfolgreich fiir iiber die klassischen Anwendungsgebiete hinausge-
henden Experimente eingesetzt werden. Fiir die Zukunft sind viele weitere Anwen-

dungen fiir diese Detektoren in den unterschiedlichsten Feldern denkbar.
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1 Introduction

In recent years research in the field of terahertz radiation detection has seen a lot of
attention. Astrophysics, Spectroscopy, medicine and security applications are only a
few areas in science and technology that show an increased interest in measurements
in this frequency range.

The THz frequency range from 0.1 THz to roughly 10 THz is of particular interest for
these fields of research. In this frequency range lie a lot of vibration and absorption
lines of molecules which makes it interesting for deep space radio astronomy and for
spectroscopic analysis. It is also the frequency range where the absorption in the earths
atmosphere is very strong. This calls for very sensitive detectors and high altitude or
airborne experiments. Also THz radiation is damped only weakly by interstellar dust
which further increases the usability for astronomy applications.

THz radiation can also pass through many materials used for packaging and clothing
which, in recent years, attracted the interest of security agencies all around the world.
By using sensitive THz detectors it is possible to measure the THz emission from a
human body. Concealed objects will (in contrast to the clothing which is transpar-
ent) show a different THz emission than the rest of the body and thus can be detected
even if they are beneath clothes. It is also interesting for non-destructive material test-
ing where transmission measurements of THz radiation can reveal internal inclusions
inside materials.

To be able to observe any of these effects it is important to have very sensitive detec-
tors which can operate in this frequency range [1]. Below 1 THz the superconductor-
isolator-superconductor (SIS) mixer shows the lowest noise equivalent power and are
accepted as the most sensitive detectors in this the frequency range with noise down to
the quantum limit. The cut-off frequency of the SIS mixer depends on the energy gap
of the superconducting material used. Thus they can only be operated up to a certain

gap frequency, for example 700 GHz for Niobium devices [2], which are the most



1 Introduction

common SIS mixers. At this frequency they show a noise temperature of 7 ~ 100 K.
Above the gap frequency the noise temperature of these devices increases drastically.
Using a different material like niobium nitride with a higher energy gap the expected
theoretical limit is about 1.4 THz [3]. This limits the application of SIS devices in
the THz frequency range.Due to the non-availability of fast detectors and radiation
sources in the region between 1 THz and 10 THz, this frequency range has often been
described as the “THz-gap” in the literature. Due to development of new kinds of
detectors in the last decade the THz-gap is no longer existent [4]. To achieve ultimate
sensitivity and fast signal response or mixer operation superconducting detectors are
required. For frequencies above 1 THz superconducting detectors which are do not
depend on the superconducting energy gap are required. One possible kind of detector
for this application is the superconducting hot-electron bolometer. It is a fast super-
conducting bolometric detector that can be operated as a direct radiation detector and
also as a mixer depending on the requirements of the application. It has been shown
by several groups that HEB detectors can be used to detect radiation up to several THz
[5]. HEB detectors are the most sensitive detectors in this frequency range and can
reach noise temperatures of close to ten times the quantum limit (see e.g. figure 4
in [6]). The goal nowadays is to develop detectors with the smallest possible noise
temperature. Such hot-electron bolometer devices might achieve ultimate sensitivity

close to the quantum noise level.

Structure of the work

In chapter 2 of this work the basic operation principle of a bolometer is explained
and the special case of the hot-electron bolometer is discussed and subsequently noise
sources in bolometers are described. In a further part the different detection principles
of direct and heterodyne detection are introduced and the need for an antenna coupling
for the THz HEB is explained. The last part of chapter 2 focuses on the requirements
and challenges for the development of HEB detectors.

The third chapter the focus is on the development and optimization of thin film de-
position for the detector film and the antenna structure. The very important aspect

of interfaces between the different films that make up the bolometer, and the interplay
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between these films is discussed in the light of the proximity effect theory. The chapter
closes with the characterization of a HEB mixer fabricated using optimized thin films
and interfaces.

In the fourth chapter the modification of the thermal coupling between the thin super-
conducting detector film and the thermal bath is discussed. A method to decouple the
thin film from the thermal bath is developed. By putting the detector on a silicon mesa
structure the phonon escape path gets restricted. A model is developed to describe the
experimental measurements of thin films on different aspect ratios of silicon mesas.
The chapter closes with the characterization of a detector fabricated sitting on a high
silicon mesa structure.

The fifth chapter of this work focuses on the application of detectors fabricated in this
work in large scale experiments. Therefore the sensitivity and the noise equivalent
power of the detectors was first characterized using an in-house measurement system.
In the second part the characterization of coherent synchrotron radiation with these
detectors is demonstrated and from the data the speed of the detector is evaluated. In
the last part of this chapter the detectors are used to characterize the time dependent
power output of a quantum cascade laser.

The work closes in chapter 6 with a summary about what was achieved in this work

and a short outlook.






2 Bolometric detectors for the THz spectrum

Bolometers are radiation power detectors. They measure the power of the radiation
through absorption and a thus resulting change of a measurable quantity. The most
commonly used bolometers are resistive bolometers. They use a change in resistance
induced by absorption of radiation and measure the resulting current/voltage change.
This change is proportional to the absorbed power.

Most detectors used in the optical and far infrared range as well as detectors devel-
oped for the microwave frequency range show only weak performance in the THz
frequency range. The radiation detection of bolometric detectors in contrast is not fre-
quency restricted as long as there is a way to absorb the incoming radiation. This marks
bolometers as interesting candidates for radiation detection in the THz frequency range
The bolometer principle is already quite old, being developed at the end of the 197
century. The first bolometer was developed by S. P. Langley in 1878 [7] as a tool to
measure the infrared spectrum of the sun. He used a setup where two identical thin
platinum stripes covered with carbon black lay close to each other. Only one of them
was irradiated by light and warmed up. The change in resistance was measured with
a Wheatstone bridge [8]. By using different absorber materials it was, since then,
possible to fabricate bolometers for various radiation frequencies.

In this chapter we will first describe the basic operation principle of a bolometer. The
most important figures of merit like sensitivity and speed of the bolometer are derived
and explained. The special case of the hot-electron bolometer and the superconducting
hot-electron bolometer is introduced and explained. In the second part we will quickly
introduce two different modes of operation for radiation detectors that can be used with
hot-electron bolometers, namely the direct detection and the heterodyne detection.
In a subsequent section the need for coupling of the superconducting bolometer to
an antenna will be discussed. In the last part of the chapter the requirements for a

superconducting hot electron bolometer for the THz regime will be given.



2 Bolometric detectors for the THz spectrum

2.1 Basics of bolometers operation

Bolometers are radiation detectors which have been widely used as sensitive detectors
for thermal radiation since their development in the lat 19™ century. The basic setup
of the classical bolometer didn’t change since then. A schematic view of the basic
components of a bolometer is shown in figure 2.1.

The bolometer consists of an absorber material that converts the incoming radiation
P, into heat. This absorber is coupled to the body of the bolometer. When radi-
ation is absorbed by the absorber the produced heat is transferred to the bolometer
body. The bolometer body heats up depending on the amount of power absorbed by
its heat capacity C. The temperature change of the bolometer body is measured with a
thermometer. The temperature difference between the non-irradiated state and the ir-
radiated state is proportional to the power of the absorbed radiation. To relax back into
its initial state the bolometer body is coupled to a thermal bath. The thermal coupling
is described by the thermal coupling coefficient G. The thermal coupling coefficient
governs the time in which the heat can be removed from the bolometer body.

When the absorber of the bolometer is no longer irradiated the temperature of the
bolometer body 7 relaxes back to the temperature of the thermal bath 7;,. The time de-
pendent behavior of a bolometer that absorbs all incoming radiation can be described
according to [9] using the thermal balance equation of the system:

dr
Pae =G(T ~Ty) +C- 2.1

The speed of this temperature change or its inverse the time in which the bolometer
can relaxes to its equilibrium state is defined by the ratio between the thermal coupling
coefficient G and the heat capacity C of the bolometer body. This time constant can
be calculated from (2.1) to c

T= G 2.2)
When the bolometer body has a large heat capacity it can store more heat than a
bolometer with a small heat capacity. For a fixed thermal coupling the bolometer
with the smaller heat capacity will relax much faster to the bath temperature than
the bolometer with the large one. Equally for a fixed heat capacity the strength of

the thermal coupling coefficient defines how fast the heat can be transferred from the
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incoming
radiation P,

absorber

bolometer body
heat capacity C | thermometer

{} thermal coupling G

thermal bath 7,

Figure 2.1: Schematic of a classical bolometer which consists of three basic parts. An absorber,
the bolometer body with a heat capacity C and a thermometer. The bolometer is
thermally coupled to a thermal bath with temperature 7;,. The thermal coupling is

described by the thermal coupling coefficient G.

bolometer body to the thermal bath. The larger the thermal coupling coefficient the

faster the relaxation back into the initial state.

When a bolometer is irradiated by a radiation source with an amplitude modulated
output power the temperature change of the bolometer depends on the modulation of
the incoming radiation. When the power of the incoming radiation Py, consists of a

portion with a constant power Py and a variable portion AP it can be written as
Pinc(t) = Py + AP(t) (2.3)

where o is the modulation frequency of the output power. Using equation (2.1) and
(2.3) the temperature response of the bolometer AT on the incoming radiation power

AP can be calculated according to [9]

AT 1
AP GV1+ 0’1?

where 7 is taken from equation (2.2). Equation (2.4) describes the thermal sensitivity

2.4)

Sin of the bolometer to incoming radiation in [K/W]. The magnitude of the sensitivity

depends on the one hand on the thermal coupling coefficient between the bolometer
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body and the thermal bath. On the other hand it depends through 7 on the heat capacity
of the bolometer body. Depending on the modulation frequency @ of the incoming
radiation one of the two factors is dominant. In the limit of (@7 >> 1) equation (2.4)

simplifies to
AT 1

AP~ Co
The bolometer response is proportional to the inverse of its heat capacity. Additionally

2.5)

in this operation mode the response of the bolometer becomes frequency dependent.
An increase of the modulation frequency leads to a reduction in sensitivity. For high
sensitivities in this mode of operation the heat capacity has to be as small as possible.
In the limit of (w7 << 1) equation (2.4) simplifies to

AT 1
Ve (2.6)
This is the most common mode of operation for bolometers. The response increases
with a reduction of the thermal coupling but the time constant of the bolometer in-
creases. For optimal performance the factor G should be selected as small as possible.
When operating the bolometer in this regime the product of the sensitivity and the

speed of the bolometer is constant.
Sth’fl =const. < C 2.7

The only way to increase the temperature response of a bolometer without changing
the speed is by variation of the heat capacity of the bolometer body. The heat ca-
pacity of the bolometer C can be calculated from the volumetric heat capacity cy of
the bolometer material and the volume of the bolometer body V to C = cyV. The
volumetric heat capacity depends on the material choice for the bolometer body. The
limitations for the bolometer volume are defined by the limits of the fabrication pro-
cess.

The temperature response of the bolometer is directly proportional to the power of the
incoming radiation. To measure this temperature change a thermometer has to be used.
There are different possibilities for thermometers and depending on the type of ther-
mometer, the response of the bolometer can be measured using different quantities.
The most common form of bolometer is the resistive bolometer, where the tempera-

ture is measured via a resistor that has a well known temperature dependency R(T).
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When biasing a resistive bolometer with a constant current /, the signal response is
proportional to the change of incoming radiation power. It can be measured by using

the voltage change due to the heating of the resistor with constant bias current
AV = LiasAR . (2.8)

The electrical sensitivity S of such a resistive bolometer is defined as the change of the
detector voltage AV over the change of radiation power AP. Taking equation (2.8) and

(2.4) the sensitivity can be written as

G AV ARL 1
- AP = blasATG ,71+(D2T2

The electrical sensitivity of the resistive bolometer has the same form as the thermal

(2.9)

sensitivity of the bolometer and thus the same dependencies concerning C,G and T
apply. Equation (2.7) can be rewritten with the electrical sensitivity in mind to 771 =
const. o< C. This means that the sensitivity of the bolometer can still only be increased
at the expense of the speed.

The introduction of a resistive thermometer gives another method to increase the sen-
sitivity of the bolometer without decreasing its speed. The sensitivity of a resistive
bolometer is directly depending on the steepness of the temperature derivative of the
resistance. The temperature derivative of the resistance is a property of the material
the thermometer is made of.

For the optimization of the sensitivity and speed of a bolometer the choice of material
for the different parts of the bolometer is of great importance. The absorber should be
made from a material that can absorb all of the incoming radiation. The temperature
derivative of the resistance % of the thermometer should be as large as possible. The
heat capacity of the bolometer body should be as small as possible. And the thermal
coupling of the bolometer body to the thermal bath G should be as small as possible.
When taking into account all the required parameters for fast and sensitive bolometers
the suitable materials are quite limited. For bolometers operated at room temperature
mostly thin metal films or semiconductors are used. At room temperature the specific
heat capacities of metals (e.g. platinum cp pc = O.ISgLK [10]) and semiconductors (e.g.
silicon ¢y = 0.755%1( [10]) are in the same order of magnitude so no great difference

in operation should arise from this given the volume of the bolometer is similar. In
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Table 2.1: TCR of various different materials suitable for fabrication of uncooled bolometers,

fabricated with different techniques. 7CR data taken from [11].

Technique Material TCR [K ]
Sputtering YBaCuO 2.9-3.5
CVD Si,Ge_y 24
DC sputtering + oxidation VO, 2.0
PLD VO, 2.8
Ton beam sputtering + oxidation VO, 2.6
RF sputtering V,05/V/V;,05 2.6

RF sputtering V-W-O 2.7-4.1
DC magnetron sputtering + annealing VO, 4.4
Reactive e-beam evaporation VO,+ V,05 3.2

state of the art semiconducting bolometers commonly used materials with a high tem-
perature coefficient of the resistance (TCR = %%) are VaOx, SiGe or YBaCuO which
range from 2 to 4% /K (see Table 2.1) or metals have a maximum 7TCR of 0.3% /K.
To further improve the sensitivity of a bolometer at room temperature the thermal cou-
pling between the bolometer body and the thermal bath is the only available param-
eter for tuning. By increasing G higher sensitivities can be achieved. This is usually
achieved by placing the bolometer on a thin membrane [12] or using a spider-web
approach [13] structure. The strong thermal decoupling leads to high sensitivities in
the order of 106% but also increased response times of the bolometers to several mil-
liseconds. Materials with higher TCR at room-temperature are available but they are
difficult to use as bolometers.

To reduce the temperature dependent noise contributions it is common to cool down
the bolometer. Another positive side effect of the low temperature operation is the
strong decrease of the heat capacity of the bolometer material with decreasing temper-
ature. According to the Debye model [14] the phonon heat capacity of a solid material
at temperatures far below the Debye temperature strongly depends on the temperature
cy o< T3 where cy is the volumetric heat capacity of the material. Therefore at low

temperatures the speed of the bolometers increases significantly.
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3

b

e
]

Figure 2.2: The resistance over temperature behavior of a thin superconducting tantalum wire

close to its critical temperature 7¢ is shown. Picture taken from [15].

2.1.1 Superconducting bolometers

When operating at low temperatures superconducting materials become possible can-
didates as material for the bolometer body. They show a strong dependence of their
resistance on the temperature at their superconducting transition temperature 7¢. Such
a transitions is depicted in figure 2.2. The here shown superconducting transition is
from a thin tantalum wire bolometer [15]. Superconducting bolometers made from
titanium have shown transition widths in the range of a few mK [16]. Due to the
very small width of their superconducting transition A7c the TCR of a superconduc-
tor operated on its transition can be orders of magnitude higher than for conventional
semiconductor or normal metal bolometers. They are thus well suited as thermome-
ters [17] for bolometers. A common approach to take advantage of these properties
is to use composite superconducting bolometers with a non superconducting absorber
and a small superconducting bolometer body as thermometer [18]. Bolometers with

a superconducting thermometer have to be operated at temperatures below or close to

11



2 Bolometric detectors for the THz spectrum

Tc which are in the range between a few hundred mK for aluminum or up to 80 K
for YBCO. Detectors operated on the superconducting transition in direct detection
mode are called transition-edge sensors (TES). This kind of detector has been proven
to be very sensitive with state of the art detectors reaching a noise equivalent power of
NEP=5-10"" \/% [16] for titanium detectors at 375 mK. Though the response time
of such a bolometer is as large as 13 ms.

To further increase the speed of the bolometer the heat capacity of the bolometer body
has to be reduced. This can be achieved by reducing its dimensions. The heat capacity
of the bolometer directly depends on its volume C = cyV = cywld, where w, [ and d
are the width, length and thickness of the bolometer element respectively. Therefore a
miniaturization of the detector element is desirable.

The lateral dimensions are on the one hand limited by the technological limit of the
lithography system used (which is in the range of a few 10 nm). On the other hand
the superconducting properties of the thin films used for the bolometer element also
depend on size and the film thickness is limited by fabrication technology for ultra-
thin films to a thicknesses of a few nm. For structures that are too thin or with small
lateral dimensions the superconducting transition temperature and critical current are
greatly reduced (see chapter 3.1) which makes them no longer suitable for bolometer
applications.

For the fabrication of fast and sensitive bolometers it can be concluded that the materi-
als used for the thermometer/bolometer body need to have a high TCR at the operation
temperature. The speed of the bolometers can be increased by deceasing the heat ca-
pacity of the bolometer. This can be achieved by reducing the volume of the bolometer
body and low operation temperature. For operation at low temperatures superconduct-

ing thin film bolometers show very good performance.

2.1.2 Hot-Electron Bolometers (HEB)

The signal power of many interesting applications in the THz frequency range is very
small which makes it difficult to detect. To detect such small signals there is a need
for very sensitive detectors. One kind of detector that can satisfy this need is the Hot-
Electron Bolometer (HEB).

When the electrons in a material can be described as thermally decoupled from the
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electron subsystem
Ttherm CT
Te-ph Tph-e <Te-ph
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Cph, T ph
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thermal bath 7,

Figure 2.3: Schematic depiction of the energy transfer in a hot-electron bolometer.

Taken from [22].

phonons, they can each have a different temperature. This can happen when the ther-
mal coupling between the phonons and the electrons is weaker than the thermal cou-
pling between the phonons and the substrate. This means that the electrons can heat
up while the the phonons stay cold, thus the term hot-electron. In this situation both,
the electrons and the phonons, can be in thermal equilibrium each having its own tem-
perature where the temperature 7; of the heated electrons is higher than the phonon
temperature 7py,. The term "hot-electron” was at first used to describe non-equilibrium
electrons in semiconductors [19]. The hot-electron effect has since then been observed
in metals [20] and superconducting systems [21].

In a superconducting HEB the electrons and Cooper pairs are used as the absorber and
the body of the bolometer. They are also used as the thermometer. The phonon sub-
system which is coupled to the thermal bath is used as the heat sink. When radiation
is absorbed in such a detector the temperature increases and thus the resistance of the
superconducting device changes [21]. This change of resistance is used to measure
the incoming radiation.

The thermalization scheme of the electrons and phonons and their corresponding in-
teraction times in a HEB are schematically shown in figure 2.3. C.pp are the heat
capacities and T¢ py the temperatures of the electrons and the phonons respectively.

According to [22] the time for the energy transfer from the phonon to the electron
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2 Bolometric detectors for the THz spectrum

sub-system T, has to be much larger than the escape time Tesc of phonons into the
substrate for an effective decoupling of the electron subsystem from the phonon sub-
system. This guarantees that the heat from the phonon subsystem is transported into
the thermal bath. At the same time the electron-phonon interaction time 7. pp, has to be
much smaller than the phonon-electron interaction time to prevent backflow of energy
from the phonon to the electron subsystem. The thermalization inside the electron and
phonon subsystems is assumed to be instantaneous.

The process of detection of radiation in a HEB can be described as follows. When a
photon with an energy of 7iw is absorbed in the HEB it breaks a Cooper pair or excites
an electron and produces a highly excited electron which has almost the complete en-
ergy of the photon. The electron looses its energy by emitting high energy phonons
that in turn can, with sufficient energy, break other Cooper pairs or scatter with elec-
trons. This creates an avalanche effect of excited electrons that redistributes the energy
of the absorbed photon inside the electron subsystem. Since this thermalization time
Tiherm 1S much smaller than 7.y, it can be assumed that the electrons have a uniform
temperature 7.. This thermal energy can then, on a timescale of Te_pp, be transferred to
the phonon subsystem which is at a temperature of 7. The stored heat is completely
removed out of the system after a time T.sc When it is transferred to the thermal bath
with a temperature 7;,. The time constant corresponding for the energy backflow from
the phonons to the electrons is depending on the ratio of the respective heat capacities
and can be taken from equilibrium conditions ( Tyn-e = Te-ph g—‘e’). The heat capacities
in turn have a strong dependence on the detector temperature. The heat capacity of
the electrons is inversely proportional to the temperature c. o< 7! while the phonon
heat capacity below the Debye temperature follows a power of three law cpp, o T3
[14]. At too low temperatures the electronic heat capacity can become larger than the
phonon heat capacity and the hot-electron effect seizes to exist.

The time constants for the different interactions between phonons, electrons and the
substrate are material and temperature dependent. To achieve low electron-electron in-
teraction times, which are in part responsible for the thermalization inside the electron
subsystem, it is preferred to have a disordered material and temperatures which are
as high as possible for the material to encourage scattering processes. The electron-

electron interaction time can be written according to [23] as Te.e o< ﬁln’l (Ro)- So,
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Detector film|

Substrate

Figure 2.4: Sketch of the detector area of a typical Hot-Electron Bolometer. It consists of a thin
detector film with thickness d and an antenna structure. The detector element with
length [ and width W is defined between the edges of the antenna structure. Heat
generated in the detector element can escape by diffusion (7yir) or by thermal escape

into the substrate (7es) as indicated by the red arrows.

high operation temperatures and a large square resistance R of the film are required
for a fast thermalization.

The electron-phonon interaction time is depending on the strength of the interaction
between phonons and electrons. It has been shown in [24] that the temperature de-
pendence of this interaction follows Te_pn o< 7™ where m is a experimentally obtained
parameter which varies between 1 and 3 for different materials. The intrinsic electron-
phonon interaction time in niobium nitride [23] has been found to have a temperature
dependency of Te_ph o< T, This temperature dependency implies that HEBs exhibit
shorter relaxation times at higher temperatures. Since an operation at higher temper-
atures is improving the speed of the HEB, materials with high Tt are better suited for

use in HEB mixers.

Design of a Hot-Electron Bolometer

To remove the heat from the phonon sub-system before it can flow back to the electron
sub-system the phonon escape time has to be small. For a given material it greatly
depends on the geometry of the fabricated bolometer. Figure 2.4 shows the layout of
the detection area of a typical Hot-Electron Bolometer. The HEB consists of a thin

superconducting detector film with a gold layer for an antenna structure on top. The
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2 Bolometric detectors for the THz spectrum

detector element is defined between the large metallic contacts used for an antenna
structure for radiation coupling and a RF readout line.

The dimensions of the detector element are chosen so that its DC resistance is close
to that of the antenna structure with an impedance of 74 Q [25] and the impedance of
the coplanar waveguide for the readout which is 50 Q.

The geometry of the detector is then defined by the sheet resistance of the thin film
times the number of squares N required for the detector bridge to reach 50 Q (NRo ~
50€). For a sheet resistance between 100 and 500 €, which is typical for niobium
nitride, N is in a range of N = 0.1 ---0.3. The width W of the detector bridge is chosen
in a way that the smallest dimension (usually the length /) is in the range of a few
hundred nanometers. Depending on the length of the device the heat has two different
paths on which it can leave the system indicated by the red arrows in figure 2.4.

Hot electrons can diffuse out of the bolometer into the large cold metallic contacts
when they are close enough. This happens on the time scale of the diffusion time
Tgiff- The electrons can also scatter with the lattice of the bolometer and cool down by
emission of phonons into the substrate which happens on the scale of the escape time
Tesc- Both of these cooling mechanisms are present in every bolometer but depending
on the size and the material one of the two is dominant. Detectors can thus be separated
into two categories, diffusion-cooled [26] and phonon-cooled bolometers [27].

For the diffusion to be the dominant process the length of the detector must be shorter
than the thermal diffusion length [26]

Laitt = \/DTe-pn (2.10)

where D is the diffusion constant for the electrons in the material used as detector.
This cooling mechanism is mostly relevant in superconducting thin-film hot-electron
bolometers fabricated from clean and well ordered material like niobium with diffu-
sion coefficients of D > 1cm/ s2 [28]. Due to their large diffusion constant the critical
length of the detector is in the range of a few hundred nanometers [29] which is easy
to fabricate with state of the art lithography and deposition systems. The relaxation
time Tgir =~ (1/4)?/D in these systems is depending on the length [ of the detector
bridge and independent of the temperature [30]. The drawback is that due to the high

diffusion coefficients the influence of the contacts on the detector element increases.
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This leads to a strong influence of the normal metal contacts on the superconducting
thin film of the detector. This so called proximity effect (see chapter 3.3.1) may lead
to an unpredictable behavior of the bolometer. When fabricating bolometers from
disordered materials like niobium nitride one has to account for their low diffusion
coefficient. With a diffusion coefficient of D = 0.5 cm? /s [31] and a short electron-
phonon interaction time in the order of ten picoseconds [32] the required bolometer
length for diffusion cooling is in the range of 10 nanometers. This size is not suitable
for fabrication. In this case the limiting time constant for the removal of the heat from
the bolometer body is the thermal escape time from the thin film into the substrate
(see equation (2.14) ). When the escape time becomes too large the heat gets trapped
inside the phonon subsystem. It was found by Kaplan that the probability of phonons
escaping from a thin film is depending on several factors [33]. For thin films and if
specular and diffuse scattering of the phonons at the film substrate interface is assumed

the escape time can be approximated to

4d @2.11)

Tesc =
esc au

where d is the thickness of the superconducting thin film, & the transmission coeffi-
cient for phonons from the film to the substrate and u the speed of sound in the thin
film. The transmission coefficient depends on the difference of the speed of sound in
the thin film and the substrate material and their respective densities. By choosing a
substrate with a perfect matching of the phonon spectra the escape time can be greatly
reduced.

Since the escape time limits the speed of our detectors for very fast detectors the films
have to be made as thin as possible and the phonon transmission coefficient between

the thin film and the substrate should be as high as possible.

2.1.3 Theoretical model of the HEB

To describe the response of a hot-electron bolometer to incoming radiation theoreti-
cally the two-temperature model [21] was developed. It describes the time evolution of
the temperature of the bolometer by introducing the time constants mentioned earlier
in this chapter. It is assumed that the thermalization of the electrons and the phonons

in their respective subsystems happens instantaneous over the whole detector and a
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2 Bolometric detectors for the THz spectrum

uniform temperature distribution can be assumed. The system can be described by
the coupled heat balance equations of the respective sub-systems. These equations
are normally non linear but become linear in the case of a small signal excitation and
close to Tc. Using these assumptions the thermal balance equation for the electron
sub-system can be written according to [22] as

G = P (T T @.12)

and for the phonon sub-system as

dTph Cph Cph
— = T. — — —(Thn — Ty 2.13
ph dr Tph-e( e ph) Tesc( ph b) ( )

where C, 1, are the heat capacities and T¢ py, the temperatures of the electrons and the
phonons respectively. The phonon-electron scattering time constant Tpp.e = CC—":TC_ph
was taken from equilibrium conditions. The energy of an electron is completely re-
moved from the system when it has gone through the phonon subsystem and to the
substrate. The effective energy relaxation time of the electrons can be described ac-
cording to [22] as

CC

Teav = Te-ph + (1 + F)Tcsc (2.14)
ph

From equation (2.14) the dependence of the relaxation time of the HEB on the different

Ce
Con

the two time constants Tesc and Teph. For an increasing ratio the escape time becomes

parameters can be derived. For a < 1 the response is dominated by the larger of
the dominant term and is mainly responsible for the thermal decay. This model can
be used to simulate the response of the detector to, for example, pulsed radiation and
explains the pulse shape and the decay times seen in such experiments (see chapter 5).
This model does not take into account the dissipated power from the DC bias current.
Also the assumption of a uniform temperature distribution over the complete device
is not sufficient to explain the operation of a HEB in mixing mode. Therefore the
hot-spot model was developed [34]. This model describes the bolometer by a one
dimensional thermal balance equation where the temperature of the electrons varies
along the bridge. It is assumed that the HEB is pumped with a local oscillator and that
the absorbed power of the local oscillator is uniformly absorbed over the whole bridge.
The second assumption is that the complete DC power is dissipated only in a small hot-

spot in the center of the detector element [35]. In the hot-spot the electron temperature
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2.1 Basics of bolometers operation

is above the critical temperature T¢ and the superconductivity is suppressed. The heat-
balance equations for the HEB inside of the hot-spot can be written according to [34]

as
&’r G 5
K+ —(T.-T)=j 2.15
A2 + Te—ph( e b) J p+I)I_,O ( )

and outside of the hot-spot as
&7 C

—+
dx? Te-ph

-K (I. - Ty) = Ro (2.16)

where K is the thermal conductivity in the bolometer thin film, j is the current density
of the bias current flowing through the bridge, p is the resistivity of the bolometer
thin film in the normal state and P o is the absorbed local oscillator power. When the
incoming radiation power changes, the size of the hot-spot increases and decreases
accordingly [36]. This change of the hot-spot size results in a resistance change over
the HEB and can be measured in form of a voltage/current change.

To predict the behavior of the HEB to a change in incoming radiation the model as-
sumes a uniform absorption of the local oscillator radiation over the whole device. In
real devices this assumption is not correct. Disturbances of the superconducting order
parameter at the edges of the bridge due to the metallic contacts in the finished detec-
tor can lead to formation of different hot-spots at the edges of the bolometer. If the
quality of these contacts is not well defined this may lead to an irreproducibility of de-
tector characteristics between different detectors and to additional noise and RF losses
in the bolometer due to uncontrolled interface resistances in these areas. Therefore the
quality of the contacts and the interfaces has to be controlled for optimal performance
of the detector.

The hot-spot model can be used to describe the behavior of a HEB mixer qualitatively
very well for radiation frequencies in the THz region. When the radiation frequency
of the local oscillator is only several hundreds of GHz it has been observed that the
predictions made by the hot-spot model do not fit the experimental results. It has thus
been proposed that the radiation incoming on the bolometer directly interacts with
vortex/anti-vortex pairs inside the detector element [37]. This results in a increased
intermediate frequency bandwidth of the HEB when operated at lower frequencies.
This has to be taken into account when characterizing mixers at low local oscillator

frequencies.
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2 Bolometric detectors for the THz spectrum

2.2 Direct detection of radiation

When used for direct detection the HEB is operated as a classical bolometric detec-
tor and reacts directly to the incoming radiation. The detector does not differentiate
between different frequencies and polarizations. It acts as a power detector and only
integrates over the incoming radiation power. Thus the detector is not sensitive to the
phase of the incoming radiation.

To limit the spectrum of the detected radiation passive filters are used to filter out the
desired spectrum. Frequency dependent information and information depending on
the polarization of the radiation has to be gathered from the radiation by application

of external polarizers and spectrometers often in the form of tunable interferometers.

2.3 Heterodyne detection of high frequency radiation

To obtain the spectral information of the measured radiation without the need for com-
plex filters and interferometers detectors can be operated in the heterodyne detection
mode. In heterodyne detection the incoming radiation signal is mixed down with a
local oscillator signal in a mixer element (here the HEB) to frequencies easily acces-
sible by standard readout electronics. The accessible spectral ranges are depending on
the frequencies of the local oscillator and the intermediate frequency bandwidth of the
mixer as explained later in this section. The advantage of fast superconducting HEB
mixers is that they can have an intermediate frequency bandwidth of several GHz in
the THz frequency range [26] which allows efficient measurements of large spectral
ranges. When a HEB is operated as a heterodyne detector it is kept at a temperature
below the critical temperature of the detector element. The detector is biased with a
bias current [, and pumped to a resistive state with a local oscillator with a power of
P o. This leads to the formation of a hot-spot inside the bolometer as described by
equation (2.15) and (2.16). When radiation of a frequency close to the LO frequency
is coupled into the detector the length of the hot-spot changes with the frequency dif-
ference between LO and signal frequency.

One of the main advantages of HEB mixers is that they require only few nW of pump-

ing power to operate which is perfect for the THz region where strong and compact
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Figure 2.5: Schematic of a heterodyne detection setup. The incoming radiation (frp) is mixed

with the radiation of a local oscillator (f; o). The output signal of the mixer has a

frequency of fir = | fRr — fi0]

sources are not readily available. Also the noise of superconducting HEB detectors is
very low (see e.g. [38]).

The underlying principle of the heterodyne detection is schematically shown in Figure
2.5. The detection setup uses a source signal with a frequency frp that has to be ana-
lyzed, and a local oscillator signal at a frequency fi o close to the signal frequency. By
mixing the source signal with the local oscillator signal the mixer product of the two
frequencies lies in an intermediate frequency (IF) range accessible by modern elec-
tronics fir = |frr — fLo|. The intermediate frequency bandwidth of the heterodyne
detection is limited by the relaxation time of the detector element. The signal output
from the detector can then be amplified and measured. For the characterization either
a spectrum analyzer or a dedicated bandpass filter with a power meter attached to it
can be used.

To describe the response of the detector to incoming radiation we first assume that the
incoming radiation and local oscillator radiation are of sinusoidal form. This radiation
is absorbed in the bolometer and then induces an oscillating voltage with equivalent

frequency. The induced voltage in the detector can be written as

V(1) = Vrpcos(wrgt) + Viocos(@Lot) (2.17)

where VR is the voltage induced by the radiation signal and V| g is the voltage induced

by the local oscillator. wrr and @y o are the corresponding frequencies of the radiation.
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The power dissipated in the bolometer can then be calculated to

V2
P(t) = R (Vrrcos(orrt) +Viocos(@pot))?

1 (Vi VZ
=% (gF(l +cos(2aRpt)) + %(1 +cos(2myot)) (2.18)
+ VReVLo (cos((@rr + @L0)t) + cos((Orr — @L0)?)))
The time constants of the HEB detector are in the order of a few picoseconds. Thus
the detector can not follow high frequency changes with several hundred GHz up to
several THz used for the LO and the RF signal, Wrr10. Therefore the first three terms
in equation (2.18) give a constant contribution to the dissipated power. The remaining
time dependent part is the intermediate frequency contribution from the (@Wrr — ®L0)
2
term. Substituting Prpo = VRF% we can calculate the time dependent part of (2.18)

to
P(t) o< \/PrePLocos((oE)r) . (2.19)

with Wi = WRrr — W the intermediate frequency. Since the cosine is symmetric
around zero the same output signal can be created by two different input signals. The
absolute value of |wrr — @o| gives us the output frequency of the mixer. This leads
to an operation mode called double sideband (DSB) mode. When one of the sidebands
is suppressed through the use of filters or similar devices the operation is called single
sideband (SSB) mode.

2.4 Antenna-coupled superconducting bolometers

To couple the radiation from the free space to the detector element there are several
possibilities. The most common method to transfer a free-space wave into a current
is an antenna. For the purpose of high integration directly on chip a planar antenna
element is preferred.

Depending on the requirements of the experiment different kinds of planar antenna
structures can be used to couple the radiation. There were two kinds of different
antennas used in this work desinged by our group (for more in-depth information see
[39]). The double-slot antenna and the log-spiral antenna. The double-slot antenna

(see figure 2.6 on the left side) is a resonant antenna with a linear polarization and a
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Figure 2.6: SEM images of different antenna types. In (a) a double-slot antenna is depicted.The
center frequency of this antenna is defined by the length of the slots of the Antenna.
The image (b) shows a log spiral antenna where the minimum and maximum fre-

quencies are defined by r; and r, respectively [40].

small bandwidth. The center frequency of the double slot antenna is defined by the
length of the arms which correspond to a quarter wavelength. This kind of antenna
has a bandwidth of only up to 30 % and the to be detected radiation frequencies have
to be in this narrow bandwidth of the antenna.

The log-spiral antenna (Figure 2.6 on the right side) is a traveling wave antenna and
has a very weak polarization dependency. The minimum frequency of the antenna
is defined by the inner radius of the spiral structure and the maximum frequency is
designed by the maximum radius of the antenna element.

For all antenna designs the detection element is placed inside a gap in the center of the
antenna element and has typical dimensions of W x L of 1 umx0.3 pum.

The material from which the antennas are fabricated has to have a very low resistance
to reduce losses in the antenna structure. It should also not directly absorb the radiation
power and convert it to thermal energy. The material of choice for the antenna structure
is a gold layer with several hundred nanometers of thickness which has a low resistivity

and almost no direct absorption of radiation happens up to several THz.
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2.5 Noise in Bolometers

Hot-electron bolometers are used for measurement of very weak energy signals. The
ultimate limiting factor to signal measurement is the noise generated by the receiver
system and the background noise of the incoming radiation. When the noise signal is
larger than the signal of the incoming radiation no measurements are possible. Thus

for the measurement of small signals the reduction of the noise is of great importance.

2.5.1 Noise equivalent power

When operated in direct detection mode the noise equivalent power (NEP) is often
used as a figure of merit to characterize the noise performance of detector systems.
In the case of the HEB detector one can differentiate between several different con-
tributions to the NEP. Using the NEP it is possible to add and compare the different
contributions of noise to the total. The NEP is defined as the radiation power P
incident on the detector which produces an output signal of the magnitude of the noise
Pooise of the detector in a bandwidth of one Hz. The total NEP in the detector can be
calculated by adding the squares of the different NEP which arise from uncorrelated
noise sources [41].

The noise in the detector has various sources [9] and the main contributors for the
noise in an ideal bolometer can be identified as the photon noise from the background
radiation, the Johnson noise and the phonon noise.

The total NEP and the Johnson noise of the bolometer can according to [9] be written
as

(NEP)2 = (NEP)%ohnson + (NEP)ghonon + (NEP)2 . (2.20)

photon

The Johnson noise is given due to random fluctuation of the electrons inside the

bolometer and has a value of

(NEP)3 — (4kTR)/|S)? (2.21)

Johnson

with k the Boltzmann constant, 7 the detector temperature, R the resistance of the

bolometer and S the sensitivity of the bolometer. The noise contribution from the

24



2.5 Noise in Bolometers

Johnson noise can be reduced by increasing the sensitivity of the detector, by reduc-
ing the resistance or the operation temperature. In the case of a niobium nitride hot-
electron bolometer the resistance is fixed due to the need of matching to the antenna
structure and the operation temperature is fixed near 7c. The only possible way to
reduce the Johnson noise contribution in this case is to increase the sensitivity of the
detection element which can be achieved by methods mentioned earlier in this chapter
e.g. reduction of the bolometer volume or use of high TCR materials. The phonon
noise term

(NEP)2onon = 4kT2G /1 (2.22)

phonon

with G the coupling between detector thin film and substrate and 7 the absorptivity of
the bolometer, stems from the thermal fluctuations inside the bolometer. It is caused
by the phonons passing from the bolometer over the thermal conductance G to the
substrate and is calculated from the temperature fluctuations inside the system. It can
be suppressed by reducing the thermal coupling of the bolometer to the thermal bath
which is also desired for an increased sensitivity.

The NEP contribution from the photon noise has its source in the background radiation
incoming on the detector. Usually bolometric systems use filters with a transmittance
7(Vv) to block the incoming radiation power in the unwanted frequency ranges. A por-
tion of the background radiation is still incoming to the detector and the noise of the
background radiation adds to the total noise of the system. This noise contribution is
not dependent on the bolometer fabrication but is a characteristic of the incoming radi-
ation source and its temperature. Thus detectors only limited by this noise contribution
are called background limited detectors.

The above mentioned quantities for the NEP are all calculated for a system which is
in a thermal equilibrium. It has been shown [42] that by calculating the noise from
non-equilibrium theories these quantities can be further reduced. The main contributor
of noise in real detectors is the phonon noise. To reduce this quantity the thermal cou-
pling to the film and the quality of the interfaces through which this thermal coupling
happens has to be improved.

Since it is difficult to experimentally access the different parts of equation (2.20) di-
rectly an often taken figure of merit is the noise temperature of the detection element.
This value corresponds to the NEP in a way that Ty = NEP/k\/E where B is the
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measurement bandwidth of the system. It is most commonly used when comparing

different superconducting mixers.

2.5.2 Noise temperature

To compare the performance of different mixer devices in the THz range the noise
temperature Tpise 1S the most common used figure of merit. To directly measure the
noise temperature of a mixer setup the detector is pumped into its operation point by
a local oscillator. Then the mixer is exposed to the thermal radiation coming from a
hot load (usually a black body radiator at room temperature) and a cold load (usually
a black body radiator cooled down to 77 K using liquid nitrogen). The signal response
of the detector to this hot an cold load is measured. Using the Y-factor method the
noise temperature of the system can be directly calculated.

To calculate the Y-factor of a detector it is irradiated with two radiation sources with
a well known temperature and radiation power like the hot/cold load described above.
Using the following formalism according to [43] the noise temperature can be calcu-

lated. The output power of the detector will then be

Pouthot/eold = G(Pinhot/cold + Paoise) (2.23)

where G is the gain of the detector, P hov/cold 1S the radiation power of the hot/cold load

and P,jse the noise of the detector in the bandwidth B of the system. The Y-factor is

the ratio between the output power of the detector under hot and cold load ¥ = ﬁ“—%.
Combining this formula with equation (2.23) the Y-factor can be calculated to
Y — Pin,hot + Phoise (2.24)
Pm,cold + Pnoise '
Solving this equation for Pise the noise power can then in turn be calculated to
Pinhot —YP,
Pnoise _ in,hot in,cold (225)

Y -1
For radiation detectors the hot and cold load used to irradiate the detector is a black

body radiator at liquid nitrogen temperatures T¢01q = 77 K and one at room temperature

Teo1d = 300 K. The noise temperature can then be easily calculated to

Thot — Y T¢
Thoise = % (226)
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using the Rayleigh-Jeans law P = kT where k is the Boltzmann constant. This is valid
for devices characterized at very high temperatures where the Rayleigh-Jeans law is
still valid. Kerr suggested [43] that at operation temperatures of the devices close to
absolute zero at high radiation frequencies and with devices close to the quantum noise
limit the physical temperatures in formula (2.26) have to be corrected, to account for
this discrepancy. The physical temperatures Tt cold have to be replaced by the Callen
and Welton definition [44]

hf
A h
Teaw =T ’;liT + hy (2.27)
exp [K—];] —1 2k

in order to derive the noise temperature which accounts for zero fluctuation noise %

2.6 Bolometers for the THz frequency range

As has been discussed in the previous sections the choice of material has a very large
influence on the properties of the HEB. There are only a few materials which can
be used to fabricate fast and sensitive THz detectors for the THz range [45]. Nio-
bium nitride has been used widely for bolometric detectors in the THz range over
the last decades. It is one of few materials that enables fabrication of phonon cooled
HEB mixers with large intermediate frequency bandwidth of several GHz. Due to
the low diffusion coefficient of the niobium nitride in the order of D = 0.5¢m? /s [31]
and short intrinsic electron-phonon interaction time the dominant cooling process is
phonon cooling. With the ability to fabricate high quality thin films with a thickness
of a few nanometers while still retaining high 7¢ a low escape time, and thus a high in-
termediate frequency bandwidth, can be achieved. Because of this we use on niobium

nitride as superconducting thin film for the detectors in this work.

2.7 Requirements and challenges for HEB detectors for the THz
spectrum

To fabricate fast and low noise hot-electron bolometers for the THz frequency range
the design of the hot-electron bolometer devices has to be improved and optimized.

Several parameters of the bolometer design are already fixed due to technological and
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experimental requirements. The operation temperature of the hot-electron bolometer is
set above liquid helium temperatures. Additionally application requires that the speed
of the detector or respectively the intermediate frequency bandwidth when operated
as mixer should be at least a few GHz. The desired frequency range dictates that an
antenna structure has to be used to couple the radiation into the detector element.

The design for hot-electron bolometers consist of a multilayer structure. In figure 2.4
the different layers, namely the superconducting thin film layer and the antenna layer
on top, can be seen. For a better adhesion of the antenna layer on the detector film
an additional layer has to be interposed between the two. This is done in-situ during
the deposition of the antenna. The length and width of the detector element have to
be chosen in a way that the resistance of the detector element provides good matching
resistance to the antenna impedance.

The combination of these requirement already limits the choice of the superconduct-
ing material for the detector thin film. The choice of the superconducting material also
determines the minimum film thickness which can be used for the detector layer which
in turn defines the relaxation time of the bolometer according to equation (2.11). As
described in Chapter 2.6 niobium nitride is the most suitable material for a phonon-
cooled hot-electron bolometer and is used for the detectors fabricated in this work.
Optimization of the superconducting niobium nitride thin film for the detector layer
(see chapter 3.1) is thus the first step in developing optimized hot-electron bolometers.
To reduce the noise introduced to the bolometer due to the antenna contacts (see
chapter 2.1.3) the superconducting and normal conducting properties of each of the
bolometer layers have to be analyzed separately (see chapter 3.2). Additionally the
influence of multiple layers on each other have to be examined and taken into account.
Lastly, and most importantly the interfaces between the different layers have to be ex-
amined and taken into account when fabricating multilayer structures for hot-electron
bolometer detectors.

Another aspect of the bolometer optimization is the thermal coupling of the supercon-
ducting thin film to the substrate. As discussed in chapter 2.1 this is a key parameter
for the speed of the detector element. Depending on the requirements of the experi-
ment it can be desirable to reduce the thermal coupling between the detector element

and the thermal bath to increase the sensitivity of the device according to equation
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(2.9). To reduce the thermal coupling of the bolometer to the substrate several differ-
ent approaches have been used like spiderweb or membrane structures. In this thesis
a novel approach is presented in Chapter 4 where the thermal coupling is reduced by

placing the superconducting thin film on a elevated mesa structure.
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3 Interfaces and proximity effect in multi-layer
structures of THz HEB devices

To improve the performance of hot-electron bolometers, one has to acquire a deep
understanding of the different components that a HEB consists of and how their prop-
erties influence each other. In figure 3.1 the schematic layout of a typical bolometer is
depicted. It consists of four layers that are: the substrate and the detector film which
is fabricated from ultra-thin (= 5 nm) niobium nitride. On top of the detector layer a
buffer layer is deposited on the ultra-thin niobium nitride film. This layer provides an
electrical contact and improves the adhesion of the final layer of gold.

The interfaces between these four layers have a strong influence on the properties of
the neighboring layers and thus on the operation of the bolometer. The interface be-
tween the detector film and the substrate determines the escape of phonons from the
niobium nitride film to the substrate which is the key parameter for the speed of a direct
detector (see equation (2.2)) and determines the intermediate frequency bandwidth in
case of a HEB mixer [46][47]. The quality of the surface of the substrate and its lattice
matching to the niobium nitride also determines the crystalline and superconducting
properties of the niobium nitride thin films [48].

Fabrication of the antenna requires that the gold layer on top of the niobium nitride
is deposited ex-situ. This leads to an exposure of the niobium nitride film to the sur-
rounding atmosphere and thus a contamination of the thin film surface which would
introduce a high contact resistance between the gold and the niobium nitride. By de-
positing an in-situ normal metal buffer layer the contact resistance is greatly reduced.
Yet the usage of a normal metal buffer layer results in a partial suppression of super-
conductivity in the region of the detection element due to the direct contact of a normal
conductor and a superconductor. In turn this leads to a non-homogeneous Hot-Spot
formation in the detection element, which was shown in [49], and leads to a strong

degradation of device performance. It has been proposed [50] that precleaning of the
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Antenna
Structure

Detector thin film

Substrate

Figure 3.1: The detector consist of three different layers which are deposited on the substrate.
The first layer is the active detector film layer, the second layer is a buffer layer
which serves as a electrical and mechanical stabilization layer between the Antenna

structure and the detector film.

interface and application of a superconducting buffer layer reduce these effects by in-
creasing the phonon transparency between the buffer layer and the detector film.

The goal of the optimization of the interfaces between the different layers of the HEB
structure is, on the one hand, an increase of the intermediate frequency bandwidth.
This can be achieved through thinner films and a good matching between the substrate
and the thin film. On the other hand, a strong reduction in noise temperature due to a
more uniform formation of the hot-spot can be achieved by the application of super-
conducting buffer layers and reduction of the interface resistance between antenna and
detector.

In this chapter we will first present results on the development of ultra-thin film deposi-
tion technology for the niobium nitride detector films and the influence of the substrate
film interface on the superconducting properties (see chapter 3.1). The critical tem-
perature in respect to the film thickness will be analyzed in the light of the proximity
effect model. The dependence of the superconducting and normal conducting proper-
ties of two different materials (niobium and niobium nitride) on the film thickness and
different fabrication conditions will be analyzed and their fitness for the buffer layer
will be discussed in chapter 3.2.

The respective bi-layers niobium/gold and niobium nitride/gold, the interface between
the gold and the buffer layer and the proximity effect between these films will be

discussed in chapter 3.3.
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3.1 Ultra-thin superconducting NbN films for the detector layer

In chapter 3.4 the influence of the interfaces in the multilayer will be examined and
the performance of a HEB fabricated with an optimized multilayer structure will be

presented.

3.1 Ultra-thin superconducting NbN films for the detector layer

The key element in a superconducting hot-electron bolometer detector is the super-
conducting thin film used for the detector element (see figure 3.1). In the detectors
fabricated in this work the material of choice for the ultra-thin films is niobium nitride
due to its general suitability for detectors in the THz frequency range (see chapter
2.7) and widely accepted material for HEB [51][52]. For optimal performance of the
HEB the fabrication process has to be optimized for small film thicknesses while still

retaining high critical temperatures.

3.1.1 Influence of the substrate and deposition temperature

The superconducting properties of niobium nitride vary greatly with deposition condi-
tions and substrate properties. Therefore an analysis of the superconducting properties
of ultra-thin niobium nitride films deposited on different substrates and under different
conditions was conducted. The thin films were either deposited on two-side polished
single-crystalline (100) oriented silicon substrates which were fabricated using the
floating-zone method or on single side polished R-cut sapphire substrate.

The base pressure inside the deposition chamber was in the range of 1.5 x 10~ mbar.
The base pressure was created by a turbo-molecular pump and the chamber was baked
out overnight to remove adsorbed water in the chamber walls. Before deposition, the
niobium target was cleaned by sputtering off its surface in a pure argon atmosphere at
a pressure Py, = 3 x 10~ >mbar for about 10 min. Then nitrogen gas was added to the
atmosphere with a partial pressure of Py = 2 x 10 #mbar. After stabilization of the
discharge voltage the deposition was made. The thickness d of the superconducting
thin films was calculated from the deposition time. The deposition rate was evalu-
ated from the results of a high resolution transmission electron microscopy [48] study
of similar niobium nitride films deposited onto Si substrate and was found to be 10

nm/min.
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Figure 3.2: Superconducting transition of a 13 nm thick niobium nitride film deposited on Sili-
con substrate. The critical temperature 7¢ is indicated by an arrow at the point where

the resistance first drops to zero.

Niobium nitride was deposited with reactive DC-magnetron sputtering at substrate
temperatures of 700° C for silicon substrate and 750° C for sapphire substrate. Silicon
and sapphire have been chosen as substrate materials due to their high transparency in
the THz frequency range and their good matching to the lattice of the niobium nitride.
R-cut sapphire has a lattice constant of aapo3 = 4.7A and silicon has a lattice con-
stant of as; = 5.4A while the niobium nitride lattice constant is aNpN = 4.4A. Right
after deposition the temperature dependence of the film resistance was measured in
the temperature range from 4.2 K to room temperature by four-probe technique and
the zero critical temperature 7¢c was measured. Figure 3.2 shows an example curve for
the measuring of the critical temperature. The resistance over temperature for a 13 nm
thick niobium nitride film close to its superconducting transition is shown. We define
the critical temperature as the point where the resistance first drops to zero as indicated
by the arrow. The thickness dependence of the zero resistance critical temperature
is shown in figure 3.3 for three different deposition conditions. The black squares
correspond to niobium nitride thin films deposited on a sapphire substrate heated to

750° C during deposition, the red circles correspond to niobium nitride deposited on
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Figure 3.3: Superconducting transition temperature 7¢ of niobium nitride thin-films over thick-
ness for reactively sputtered films. From top to bottom 7 on heated sapphire
(A1,03) (Tyep = 750° C, black ), heated silicon (7gep = 700° C, red A) and silicon
at room (Tgep < 85° C, blue V) is depicted.

silicon heated to 700° C during deposition and the blue triangles correspond to nio-
bium nitride deposited on silicon at ambient temperature. A general feature that all
three curves in figure 3.3 have in common is a strong decrease of their critical tem-
perature for thinner films. This is a well known behavior for thin superconducting
films and will be explained in detail in chapter 3.1.2. Figure 3.3 also shows a strong
dependence of 7¢ on the substrate properties. Since the R-cut sapphire lattice has a
better lattice matching to the lattice of niobium nitride than the silicon we expect T¢ to
be higher on the sapphire substrate which is indeed shown for the films deposited on
heated sapphire substrate. They show a critical temperature which is more than 2 K
higher than that of the films deposited on heated silicon substrate. The strong differ-
ence between the hot deposited and cold deposited niobium nitride on silicon can be
explained by a much higher mobility of the atoms at elevated temperatures which in
turn leads to an improved crystalline growth while the films grown at ambient temper-
ature are amorphous. This leads to a difference in the critical temperature between the

hot deposited and the cold deposited niobium nitride of about 2 K.
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Figure 3.4: Transmission electron microscopy images of niobium nitride deposited by reactive
magnetron sputtering on heated silicon (a) and heated sapphire (b). The niobium ni-
tride on silicon shows a polycrystalline growth with grain sizes of several nanome-
ters. The niobium nitride on sapphire shows a quasi epitaxial growth with grain

sizes in the range of the film thickness.[53]
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To analyze the influence of the substrate properties on the growth of the niobium ni-
tride thin films, transmission electron microscopy analysis of niobium nitride films
deposited on heated substrates were made. Figure 3.4 shows transmission electron
microscope (TEM) images taken on niobium nitride films deposited on heated silicon
(a) side and those deposited on heated sapphire (b). The niobium nitride deposited on
heated silicon substrate was covered with an ex-sifu deposited layer of niobium. The
niobium nitride shows a polycrystalline growth with grain sizes in the range of a few
nanometers in this sample. The grains are tilted relative to each other and show no
preferred orientation. On the top and the bottom of the niobium nitride layer clearly
amorphous regions are visible where the substrate is covered with native oxide or the
deposited niobium nitride layer was exposed to the atmosphere respectively. We have
analyzed the elemental distribution in these regions using electron-energy loss spec-
troscopy (EELS) [53]. It was found that there are large amounts of oxygen in the
interface regions. In between the oxide layers the growth of the niobium nitride is
stoichiometric with no oxygen included. The niobium films on top of the niobium
nitride film also shows a polycrystalline growth but in the interface region there seems
to be an amorphous layer. In these regions oxides of niobium are formed which are
not superconducting. This reduces the effective thickness of the niobium nitride film
reduces the critical temperature 7. Another factor influencing the critical tempera-
ture is the amorphous layer of silicon oxides that hamper the epitaxial growth of the
niobium nitride.

The niobium nitride grown on heated sapphire substrate is shown in figure 3.4 b). We
can see that there is no amorphous layer and thus no formation of niobium oxides
on the surface of the substrate. This leads to an epitaxial growth of nano-crystallites
which are limited in height by the film thickness but show a preferred orientation of the
grown crystalline structure. On top of the niobium nitride film again a amorphous layer
of niobium oxides can be seen which reduces the effective superconductor thickness.

In conclusion, the lattice mismatch of niobium nitride with a lattice constant of anp,n =
4.4A on Si substrate with ag; = 5.4A is larger than that on R-plane sapphire substrate
with a lattice constant of aapo3 = 4.7A. The niobium nitride grows on the silicon in
a polycrystalline shape with small crystallites while epitaxial growth can be observed

on the sapphire. The critical temperature of the niobium nitride films deposited on
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silicon substrate is suppressed due to surface effects at the grain boundaries inside the
film. In niobium nitride on sapphire these boundaries are almost non-existent due to
the epitaxial growth. This leads to a large difference in 7¢ of about 2.5 K for 5 nm thin

films deposited on heated substrates.

3.1.2 Proximity effect in thin superconducting films

As discussed in chapter 2.1.2 the superconducting thin films for the detector element
should be as thin as possible to reduce the heat capacity of the detector and increase
its speed (see equation (2.2)). As it turns out a reduction of the film thickness leads
to a decrease of the critical temperature of the film. This effect is attributed to the
proximity effect first proposed by Cooper [54]. All films in Figure 3.3 show a strong
dependence of their critical temperature on the film thickness. This effect has already
been observed in a lot of different superconducting materials [55]. Cooper proposed
that the interaction constant of a superconductor [N(0)V] is greatly reduced when it
comes into contact with a normal metal. For the most simple case, where the elec-
trons in the superconducting and the normal conducting film have the same effective
mass, the same Fermi velocities and a perfect interface between the metal and the
superconductor the new interaction constant of the S+N bi-layer is according to [54]
ds
dn +ds

IN(O)V]sn = INOV]s 3.1

where dgs and dy are the thicknesses of the superconductor and the normal metal re-
spectively. Due to the exponential dependence between the superconducting transition
temperature and the interaction constant [54] a very thin normal conducting film is
sufficient to influence the superconducting properties:

1

Tc o< eNOV (3.2)

Combining equation (3.1) and equation (3.2) the superconducting transition tempera-

ture of a superconductor/metal film can be easily calculated
daN

Tc(ds) = Tc(oo)ei dsN (O 3.3)

where T (o) is the superconducting transition temperature of the bulk material.
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Figure 3.5: Calculation of the normalized critical temperature over thickness for a superconduct-
ing thin film in contact with a layer with destroyed superconductivity of thickness
dn. The contact between the superconducting film and the normal conducting film
leads to a suppression of the superconducting transition temperature proposed by
[54].

Even though this model assumes a very special case of two almost identical mate-
rials it can be used to describe the behavior of thin superconducting films from one
material [55]. Due to oxidation at the surface the superconductivity in a thin layer
with a combined thickness of dy at the surfaces of the film gets destroyed and we get
normal conducting layers. We assume this layer of destroyed superconductivity to be
constant in thickness since the formation of the surface layer should be independent
of the superconducting film thickness. The influence of this surface layer grows with
a decrease of the film thickness. The resulting sandwich of a superconducting film
between layers of suppressed superconductivity can be described by a N/S structure
and applying Coopers theory (see equation (3.3)) we can see a clear decrease in the
transition temperature. The behavior of the transition temperature of a superconduct-
ing film with layers of suppressed superconductivity with a combined thickness dy is
calculated in figure 3.5.

When applying this theory to the measurement data of the niobium nitride films we can

calculate the value of dy and T (e0) for the different substrate materials and deposition
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Table 3.1: dn and T¢(e) values for the three different niobium nitride deposition conditions

| Te(e) [K] | dy [nm]

Hot deposited NbN on sapphire 17.9 0.5
Hot deposited NbN on silicon 15.2 0.8
Cold deposited NbN on silicon 13.9 1.4

conditions. The results of this calculation are shown in table 3.1. The small values for
dn mean that only a few unit cells thick normal conducting films are responsible for
the decrease in superconductivity which fits to our assumption of a thin surface layer
that is responsible for this effect.

The values in table 3.1 show that the layer of destroyed superconductivity is the
smallest for the hot deposited niobium nitride films on sapphire substrate which is of
about half the thickness as for the hot deposited silicon. This seems reasonable since
the TEM images in figure 3.4 show a amorphous niobium oxide layer on the top and
the bottom of the niobium nitride film deposited on silicon. On sapphire only on the
top of the niobium nitride film an amorphous layer is present. The thicknesses of
the niobium oxide layers in the TEM is in the range of a few nanometers which is
substantially larger than the values calculated from equation (3.3). This is probably
due to the very strong simplifications of the used model. Nevertheless, it enables us
to predict the transition temperature of our thin films very well. It also reinforces the
idea that the removal of the surface oxide of the silicon is crucial to achieve higher
Tc values for these films. To further increase the superconducting properties of the
thin films one has to be aware of these facts. It has to be taken care that the interface
between the substrate and the deposited films is free of oxides and that the substrate

has a good lattice matching to the niobium nitride.

3.2 Superconducting thin films as buffer layer

As discussed in chapter 2.1.2 and shown in figure 3.1 the detector element is embedded
between large metal contacts for an antenna structure. For the detectors fabricated in
this work the chosen antenna types were planar antennas. The planar antennas might

differ in their form depending on the experimental requirements (see chapter 2.4) but
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always consist of a thick gold layer which is deposited on top of the detector film (see
figure 3.1). Since the adhesion of gold ex-situ deposited on niobium nitride is very
poor, a buffer layer is introduced between the antenna and the detector film.

The fabrication process of the detector requires that the antenna and the buffer layer
are patterned using lift-off technology. Thus the niobium and gold layer have to be
deposited at ambient temperature to prevent overheating of the used resist. The most
common buffer layer materials used are chromium (7¢ = 3K) and titanium (7¢ =
0.4K) [50]. They are normal metals at the operation temperature of the HEB devices
(T =4.2K). This results in a suppression of the superconductivity in the detector film
due to the proximity effect. To prevent such an influence superconducting materials
like niobium or niobium nitride can be used as materials for the buffer layer.

The detector element has a critical temperature of about 10 K. To reduce the influence
of the proximity effect on the critical temperature of the detector element the buffer
layer should have a critical temperature which is similar or even higher than that of the
detector element. At the same time the thickness of the buffer layer should be as small
as possible to reduce the resistive losses in this part of the detector. Therefore the
superconducting properties of niobium and niobium nitride thin films are measured

and the suitability of these materials as buffer layers is evaluated.

3.2.1 Room temperature deposition of superconducting thin films

The niobium or niobium nitride films were deposited on one side polished low resistive
silicon wafers. These wafers were cut prior to deposition to pieces 10 by 10 mm in
size. Structures were created via lift-off technique and the patterning of the resist was
done by photo lithography prior to deposition. The films were then DC magnetron
sputtered at ambient temperature. The sputtering chamber is equipped with a 3 cm
diameter Ar ion-beam gun, which is used for pre-cleaning of the substrate, a 2 inch
magnetron with a niobium target for sputtering of niobium and reactive sputtering of
niobium nitride films. The chamber is also equipped with a 2 inch magnetron with a
gold target for the in-situ deposition of Au directly on top of the superconducting thin
film without the use of a normal metal buffer layer. The base pressure of the main

chamber is in the range of 10~7 mbar, which is reached by pumping with a cryopump.
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Samples were sputtered on a rotating sample holder to ensure homogeneity of the
thickness of the thin films. The niobium thin films were deposited with a deposition
rate of 0.26 nm/s at an argon pressure of 5- 10~ mbar. For the niobium nitride films a
mixture of argon and nitrogen was used. The argon pressure was kept at 5- 1073 mbar
and a nitrogen partial pressure of 2.4 - 10~ mbar was used. This results in a deposition
rate of 0.2 nm/s.

The results from chapter 3.1 show that there is an amorphous native oxide on the
silicon substrate. This layer is influencing the growth of the thin films and thus their
critical temperature and normal conducting properties. To analyze the influence of the
native oxide layer on the substrate surfece on the critical temperature the substrate was
pre-cleaned for some of the deposited films. For the in-situ pre-cleaning prior to the
deposition of the superconductor an Ar ion-beam-gun with an energy of 100 eV was
used. This gives an etching rate of the silicon of less than 0.3 nm/min. Cleaning of the
substrates was done for two minutes. After deposition the superconducting and normal
state properties of the samples were characterized with a four probe measurement
setup. The critical temperature in these measurements was defined as the point where
the resistance of the films dropped below 0.1% of the normal state resistance Ry of

the structures for the first time.

3.2.2 Superconducting and normal conducting properties of niobium
and niobium nitride thin films

The dependence of the critical temperature on thickness for niobium films deposited
on substrates that were prepared with and without pre-cleaning is shown in figure 3.6
(a). A strong decrease of the superconducting transition temperature for film thick-
nesses of less than 50 nm can be seen for both kind of samples as expected according to
the proximity effect theory in chapter 3.1.2. The samples deposited with pre-cleaning
show an improved transition temperature which is about 0.3 K higher than for the
uncleaned samples. The lines in the graph are a best fit according to equation (3.3).
Using this equation a value of T¢(e0) = 9.5K was calculated. Figure 3.6 (b) shows
the residual resistivity ratio (RRR = R300/R10) of the respective niobium films. The
residual resistivity ratio is a rough indicator for the crystalline quality and the purity

of the film. It is also reduced in thinner films due to enhanced scattering effects at the
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Figure 3.6: Superconducting transition temperature over film thickness of niobium films sput-

tered on room temperature silicon substrate (a) and the corresponding residual resis-

tivity ratio of the thin-films (b). The black line corresponds to a deposition made on

unmodified silicon substrate. The red line corresponds to samples where the silicon

substrate was in-situ pre-cleaned by means of Ar-ion milling before deposition. The

lines in graph (a) are best fits according to equation (3.3). The lines in graph (b) are

to guide the eye.
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Table 3.2: Calculated superconducting transition temperature and thickness of the layer with

destroyed superconductivity according to equation (3.3).
| Te(>) [K] | dy [nm]
Nb 9.6 1.2
NbN 13.2 1.2

film surface. This behavior was predicted for thin metallic films [56] where the mean
free path in the bulk material is in the same range as the film thickness. The strong
difference between the RRR for uncleaned films (RRR ~ 2.5) and pre-cleaned films
(RRR =~ 3.5) indicates that removing the amorphous oxide layer from the substrate
surface leads to formation of a more homogeneous niobium film.

The Tc(d) dependence of the niobium nitride layer deposited on substrates prepared
with or without pre-cleaning can be seen in figure 3.7 (a). The same reduction of the
critical temperature for decreasing film thickness as for the niobium thin films can be
seen in the experimental data. As before this can be attributed to the proximity effect.
A strong decrease of the critical temperature can again be seen for thin films below
25 nm and the T (e0) was calculated to T¢(e0) = 13.1K.

The dependence of RRR for the niobium nitride films can be seen in figure 3.7 (b).
The influence of the pre-cleaning is not as pronounced as in the case of niobium.
Niobium nitride is a chemically stable compound material and is not as sensitive to
the availability of oxygen on the substrate surface as the niobium films. The RRR
values of the niobium nitride films are less then unity for the whole thickness range.
Having a RRR of below unity for all thicknesses implies that the resistivity is governed
by scattering at grain boundaries and impurities inside the film. The pre-cleaning has
almost no bearing on the RRR value.

In conclusion, niobium and niobium nitride are both suitable candidates for a buffer
layer of a hot-electron bolometer. The superconducting transition temperature of both
materials is above 8 K for films with a thickness larger than 10 nm for niobium nitride
and about 25 nm for niobium respectively (see figure 3.8). Using equation (3.3) values
for T (o) and dn were extracted from the measured critical temperature data for both
films and are presented in table 3.2. The values for dy are equal for the two materials.

Both materials have good adhesion to the surface after deposition and strong getter
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Figure 3.7: Superconducting transition temperature over film thickness of niobium nitride films

sputtered on room temperature silicon substrate (a) and the corresponding residual
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Figure 3.8: Comparison of 7¢ of Niobium and Niobium Nitride films depending on thickness.
niobium nitride has over the whole thickness range a much higher 7¢ than the nio-
bium film. Since we want the buffer layer in our detector to be as thin as possible
but still achieve a 7¢ of ever 9 K niobium nitride is identified as more suitable buffer

layer material. The lines are best fits according to Equation (3.3).

material qualities. This enables both films to be used as replacement for the normally
used normal metal titanium or chromium buffer materials. Additionally the high crit-
ical temperatures is a promising indicator that it will be possible to create bi-layer
structures of niobium or niobium nitride and gold which will have a critical tempera-
ture above the critical temperature of the detector film. Niobium nitride with its larger
critical temperature of is the more promising candidate of these both. The next section

will take a closer look on the superconducting properties of these bi-layers.

3.3 Superconducting-normal metal bi-layers for antennas

As described in the previous section the HEB detector has to be embedded into an an-
tenna structure to be sensitive to THz radiation. The material of choice for the antenna
structure is gold (see chapter 2.4). In the standard bolometer designs an additional

titanium or chromium layer is added between the gold and the niobium nitride thin
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film to increase the adhesion. Since the antenna structure consists of normal metal
it will influence the superconducting properties of the detector layer by means of the
proximity effect when deposited on top of the detector film [57]. It was shown that
the noise temperature and the IF bandwidth of a HEB can be greatly improved when
this interface is taken into account [58]. To reduce the influence of the proximity ef-
fect between the antenna and the detector element a superconducting buffer layer (see
chapter 3.2) is used.

To analyze the behavior of such superconductor/normal metal bi-layers, films fabri-
cated from niobium and niobium nitride as discussed in section 3.2 were analyzed
with a gold layer deposited on top. To fabricate these films the niobium or niobium
nitride films were prepared as described in the previous chapter. After deposition of
the superconducting film an in-sifu gold layer was deposited immediately on top. The
in-situ deposition is necessary to prevent contamination of the interface between the
two films to keep it as clean as possible. By adding a normal metal layer with a
thickness dy on top of the superconducting thin film the superconductivity in these
structures gets substantially suppressed. In figure 3.9 the superconducting transition
of an uncovered niobium nitride film with a thickness of dypny = 20 nm and an uncov-
ered niobium film with the same thickness are depicted. Also identical films covered
with a gold layer with a thickness of da, = 280 nm are presented. The resistance of
these films is normalized to their value just above the transition for better visibility
of the transition regions. The superconducting transition of the covered film has been
reduced by 2.4 K for niobium nitride thin films and by 1.8 K for niobium films. The
reduction of the critical temperature in these bi-layers is due to the proximity effect.
To be able to characterize the interface between the gold film and the superconducting
thin film the transition temperature of the superconductor with varying thicknesses of
gold on top have been analyzed. Therefore samples with a fixed thickness of the su-
perconducting film were deposited and an in-sifu gold layer with a thickness between
10 and 200 nm was deposited on top. Afterwards the resistance over temperature was
measured and the critical temperature was evaluated. Figure 3.10 shows the critical
temperature of the bi-layer over the thickness of the gold dy that was deposited on
top. Niobium films with a thickness of 20 nm show a very strong dependence of their

critical temperature on the thickness of the gold layer. It drops by ~ 30% for gold
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Figure 3.9: Superconducting transition of a single niobium nitride (blue), niobium (dark
blue) (20 nm) layer and a niobium nitride/gold (red), niobium/gold (orange)
(20 nm/280 nm) bi-layer normalized to their resistance at 10 K. The proximity effect
reduces the transition temperature by 2.4 K for the niobium nitride/gold bi-layer and

by 1.8 K for the niobium/gold bi-layer.

layers with a thickness of over 100 nm to a value of 7¢c = 5.4K. Films with a thickness
of 33 nm on the other hand show only a very weak dependence on the thickness of
the gold layer. The T¢ of these films drops only ~ 5% to a value of Tc = 8K. This
result was expected since the relative thickness of the two layers is relevant for the
suppression of the superconductivity. For the niobium nitride/gold bi-layer structures
a strong influence of the thickness of the gold layer on the underlying niobium nitride
layer with a thickness of 18 nm can also be observed (see figure 3.11). By increasing
the gold layer thicknesses to over 100 nm a strong decrease of the critical temperature
by 30% down to Tc = 8.4K can be observed. By further increasing of the thickness
of the niobium nitride film up to 20 nm the superconducting transition temperature of
a bi-layer with a 280 nm thick gold layer on top can be increased up to 10 K (see fig-
ure 3.9). This exceeds the transition temperature for ultra-thin hot-deposited niobium
nitride films for the detector element. This makes this bi-layer a perfect candidate for

the usage as an antenna layer.
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Figure 3.10: Dependence of the critical temperature 7¢ on thickness of the gold layer dy for
two different film thicknesses of niobium. The red dots correspond to the transition
temperature of a 33 nm thick niobium film and the black squares to a 20 nm thick

film respectively. The solid lines are calculated using equation (3.4).
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Figure 3.11: Transition temperature 7¢ over the thickness of the top gold layer for a niobium
nitride thin film with a thickness of 18 nm. The black curve is a fit according to

(3.4). The calculated interface resistance amounts to pj, = 17.3.
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3.3.1 Proximity effect in superconductor-normal metal bi-layers with
non-perfect interface

The behavior of the critical temperature of thin superconducting films can be described
by the proximity effect discussed in chapter 3.1.2 and the superconducting transition
temperature of S/N bi-layers can be calculated with equation (3.3). Since this model
assumes a perfect interface between the superconducting film and the normal con-
ducting film and similar Fermi velocities the theory is limited to the description of
simple systems. Fominov and Feigel’man [59] took into account the different Fermi
velocities of the thin films and also introduced a interface resistance to account for

imperfections in the interface between the films. This led to the following formula:

T (o) ™ 1 s+ 1
l = Pl > N )y
" Tc Ts + TN 2+27'CTC’L'S‘L'N 2

2
—In 1+(TS+TN> :
TS TNWD

where T¢(ce) is the transition temperature of a film with infinite thickness, @p is the

(3.4)

Debye-frequency, W is the di-gamma function, and 7y and 7 are defined by

VNdN ds
W =20—Pint, Ts =20 Pint - (3.5)

Vg Vs
The values vy s and dns are the Fermi velocities and the thicknesses of the super-
conducting and normal metal layers, respectively. The dimensionless parameter Pjn
represents the magnitude of the resistance at the interface Rj,; per conduction channel

and is given in units of the quantum resistance Ry.

2N,
Dint :RimR—Ch (3.6)
q

The interface resistance depends on the number of conduction channels Ny, available
which is not an easily accessible experimental parameter.

The strength with which the superconductivity is suppressed depends on the thickness
of the normal metal layer and the interface resistance pj,. The theory developed in
[59] is used to describe this effect. In figure 3.12 the influence of different values of

the interface resistance have been plotted. A clear dependency on the quality of the
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Figure 3.12: Superconducting transition temperature of a bi-layer normalized to the 7¢ of a
single film over Z—’;’ where dg is the thickness of the superconducting layer and
d the thickness of the normal metal layer. Curves were calculated with (3.4) for

different values of the interface resistance pjy;.

interface is visible. For a non transparent interface with a very high interface resis-
tance there is no suppression of the superconducting transition temperature. When the
transparency of the interface increases and with that the interface resistance decreases
a decrease of the superconducting transition temperature for large ‘fl—f; is visible. The
superconductivity in a thin superconducting film can be almost completely suppressed
when the interface between the two films is perfectly transparent (pj, = 1) and the

thickness ratio between the normal conducting and the superconducting film ‘3; is

very large.

Applying the above theory to the experimental data we showed earlier in this chapter
we obtain the solid lines in the figures 3.10 and 3.11 for niobium and niobium nitride
respectively. From these lines we can extract the values of the interface resistance of
the two different setups. As can be seen when looking at the critical temperature in
figure 3.10 the experimental data and the theoretical calculations do not fit very well
for small film thicknesses. The suppression at low gold film thicknesses is not as large

as expected from the theory. A possible explanation is a increased contact resistance
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pint and a reduced influence of the proximity effect. The origin of this increase of
the contact resistance might be attributed to formation of oxide layers on top of the
niobium layer inside the vacuum chamber. To estimate the interface resistance be-
tween the superconductor and the normal metal thin film the critical temperatures of
bi-layers with a thickness of ds, > 75 nm were used for fitting. The so-calculated
interface resistance pjiy for the niobium films amounts to Pip N, = 29.8.

For the niobium nitride films we have a very good agreement between the theory
calculation and the experimental data as can be seen in figure 3.11. The interface
resistance between the gold and the niobium nitride can be calculated to PinNbN =

17.3. This is only about 60% of the interface resistance between the niobium and the
gold layer.

The strong difference indicates that the interface between niobium nitride and gold
must be more transparent than between niobium and gold. This might be explained
by the higher reactivity of niobium compared to niobium nitride. The higher reactiv-
ity might already lead to a contamination of the surface of the niobium films inside
the deposition chamber due to residual gases. Even though the chamber has a very
low base pressure of less than ppase ~ 1- 1077 mbar and very pure argon is used as
process gas some residual oxygen might leak into the chamber during processing and
contaminate the surface.

In conclusion, the examined films show very promising results in regard to application
in THz detectors. We have measured a relatively low resistivity of pyp ~ 1-1077Qm
for niobium thin films. But the critical temperature of the Nb/Au bi-layer structure
needs a superconducting buffer layer with a thickness of at least 30 nm to have com-
parable T¢ values as the detector element.

For niobium nitride thin films we measured a resistivity of pxpny ~ 4 - 10~°Qm which
is more than an order of magnitude larger than the resistivity of the niobium thin films.
Due to their innate higher critical temperature buffer layers from niobium nitride can
be made as thin as 15 to 20 nm. This still results in a niobium nitride/gold bi-layer
which has a critical temperature which is higher than that of the detector element.
The interface resistance p;,; of the bi-layers is small for both materials (see table 3.3).
Compared to the values in [59] which are in the range of pj, > 80 both interfaces

seem much better. In the light of the unclear difference between the theoretical and
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Table 3.3: Calculated superconducting properties and interface resistance (see equation (3.4))

of niobium(niobium nitride)/gold bi-layers on Si substrate.
| 70(0) K] | pias
Nb(20 nm) 8 29.8
ND(33 nm) 9.5 29.8
NDN(18 nm) 12.5 17.3

experimental results for the niobium layer and the much higher pj,¢ niobium seems to
be not the best choice as buffer layer material. The niobium nitride/gold films show
only about 60% of the interface resistance of the niobium/gold films which may be
attributed to the reduced reactivity of the niobium nitride layer to residual gases in
the deposition chamber during deposition. This and the conclusions from chapter 3.3
mark niobium nitride as the best possible buffer layer material for superconducting
HEBs.

3.4 Detector fabrication with superconducting buffer layer

Applying the results of this chapter to the detector fabrication a detector with an opti-
mized antenna structure was fabricated and characterized [60]. The detector layer was
fabricated with the process described in chapter 3.1 on a heated silicon substrate (see
figure 3.1). The deposited niobium nitride film had a thickness of 6 nm and a critical
temperature of 9.5 K after patterning.

Afterwards the detector was patterned using e-beam lithography and the antenna struc-
ture was deposited on the detector film according to the process developed in chapter
3.3. The antenna bi-layer consisted of a 20 nm thick niobium nitride buffer layer with
a 280 nm thick in-situ gold layer on top. To improve the superconducting properties
of the antenna bi-layer and the detector film a pre-cleaning by means of Ar ion milling

was conducted before the deposition.

3.4.1 Superconducting transition of an optimized detector element

The resistance-over-temperature curve for the fabricated detector can be seen in figure

3.13 indicated by the black dots. The critical temperature of the structured buffer
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Figure 3.13: Superconducting transition of HEB detectors fabricated with different buffer lay-
ers. The niobium/gold antenna structure (blue diamonds) was deposited without
pre-cleaning. The niobium/gold antenna structures were all deposited with pre-

cleaning.

layer and gold antenna was above the critical temperature of the detector thin film
which results in a single-step drop of the resistance at ~ 9.5 K which corresponds to
the critical temperature of the niobium nitride thin film.

In fact, figure 3.13 shows the superconducting transitions of several different detec-
tor/buffer layer combinations which were fabricated using the processes described in
this chapter. The temperature of the first drop of the resistance is independent of buffer
material and cleaning and is only depending on the thickness of the hot deposited nio-
bium nitride thin film beneath. The buffer layers represented by the blue diamonds and
the green triangles are deposited on 5 nm thick niobium nitride films. The buffer layers
represented by the red triangles and the black squares were deposited on 6 nm thick
niobium nitride films. The influence of the buffer layer is clearly visible in this fig-
ure. The detector with the niobium buffer layer deposited without pre-cleaning (blue
diamonds) shows a very strong double step transition and a critical temperature of
Tc = 6.8K. In contrast, a pure niobium film of this thickness has a transition temper-

ature of 7c = 8.1K (see figure 3.6). By changing the buffer layer material to niobium
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nitride and applying pre-cleaning the double step transition can be greatly reduced. For
the sample with 20 nm niobium nitride buffer layer the double step transition vanishes
completely.

Thus, we can conclude that the process developed and described in this chapter greatly
improves the superconducting properties of the detector element. By using a super-
conducting buffer layer of sufficient thickness the double-step in the superconducting
transition can be completely suppressed. The so improved detector shows no more
influence of the antenna and contact structures on the critical temperature of the detec-
tion element. This in turn leads to a strong reduction of the noise temperature of the

detector as will be seen later in this chapter.

3.4.2 Influence of surface pre-cleaning on the critical current of an
optimized detector

To analyze the influence of the pre-cleaning and the buffer layer material on the current
carrying capabilities of the superconductor the critical current was measured at 4.2 K.
The critical current of detectors fabricated from 5 nm thick niobium nitride films with
either a niobium buffer layer and no pre-cleaning is Ic N, = 180 pA or a niobium ni-
tride buffer layer with pre-cleaning is Ic noN = 190 pA. The achieved values for the
critical current are almost the same for both devices as can be seen in figure 3.14. The
2 K difference in their critical temperature has no influence on the maximum critical
current since only the current through the detector element is measured which is iden-
tical for both structures. Yet the type of buffer layer and the pre-cleaning procedures
have a strong influence on the shape of the current-voltage characteristic (see insert
in figure 3.14) close to the critical current. The detector with a niobium nitride buffer
layer and a cleaned interface instantly switches from the superconducting into the re-
sistive state at the critical current. In contrast, the device with an niobium buffer layer
and an uncleaned interface already shows a very small resistance at currents far below
the critical current of the detector thin film.

The insert in figure 3.14 shows that starting at about 25 pA there is a non-zero voltage
drop over the detector. This voltage drop increases slowly with increasing current until
it switches to the normal conducting state at the critical current of the niobium nitride

thin-film detector layer.
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Figure 3.14: IV characteristic of a detector with a niobium buffer layer and an uncleaned inter-
face (solid line) and a detector with a niobium nitride buffer layer and a pre-cleaned
interface (dashed line). The insert shows a closeup close to Ic. The sample with
the uncleaned interface shows a small increasing voltage drop starting from low

currents while the pre-cleaned interface shows a clean jump from zero at Ic

The exact origin of this behavior is unclear. One can imagine that due to the regions of
suppressed superconductivity below the antenna structure the critical current in these
regions is reduced and the superconducting thin film can thus not carry the complete
current. A fraction of the current thus flows through the low resistive gold antenna and
creates the small voltage drop. A schematic of this model can be seen in figure 3.15
on the left side.

In the regions where the superconductivity is suppressed (shaded orange in figure 3.15)
the film already switches to the normal conducting state at a lower critical current
Ic suppressed < I2 < Ic. These regions of suppressed superconductivity are shunted by
the above lying low resistive gold antenna. The current that flows through the gold an-
tenna does not produce sufficient heat to switch the complete detector element into the
normal conducting state. Thus, only a small voltage drop is observed corresponding
to the parts of the current that is shunted through the gold layer. The fraction of the

current that is carried by the gold layer and thus the voltage drop increases until the
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Figure 3.15: Schematic view of the cross section of the detection element with a buffer layer
with Te < Tt detector ON the left side and a buffer layer with Tc > T getector- The
orange shaded regions indicate where the superconductivity of the device is sup-
pressed relative to the detector film. The current flow through the detector at
currents /1 < Ic suppressed 18 indicated by the solid dark blue line. Currents with

I suppressed < 12 < IC detector are indicated by the dashed light blue line.

critical current of the bridge itself is reached and the complete detector switches into
the normal state.

If the buffer layer has a higher critical temperature than the detector film it has no
negative influence on the superconductivity in the detector film. The complete current
can be carried by the detector film layer. The switching only occurs when the critical
current of the detector element is exceeded and it switches into the normal conducting

state abruptly.

3.4.3 Characterization of an optimized HEB mixer at 2.5 THz

The HEB mixer detector with optimized interfaces and antenna structure was charac-
terized at a radiation frequency of 2.5 THz. The measurements were performed at the
DLR in Berlin by H. Richter. The noise figure of the niobium nitride HEB mixers
fabricated using the optimized technologies described in this chapter was measured at
2.5 THz local oscillator frequency. The local oscillator used for these measurements
was a quantum cascade laser (QCL) [60]. An image of the complete setup can be seen
in figure 3.16 on the left side and a sketch of the interior of the cryo-cooler is shown
on the right side. The QCL used as LO is mounted on the 40 K stage of a pulse tube

cooler and its output signal is redirected by a lens and a beam splitter back into the
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Figure 3.16: Image of the measurement setup at DLR Berlin mounted into the cryo-cooler. A
sketch of the interior of the system can be seen on the right side. The QCL that is
used as LO is mounted on the 40 K stage of the cryo-cooler and its output signal
is redirected by a lens and a beam splitter back into the cryostat. The HEB sample
block is mounted on the 4 K stage of the cooler. The THz radiation is then coupled

into the HEB through a beam splitter on the same optical path as the QCL power.

cryostat. The HEB sample block is mounted on the 4 K stage of the cooler. The THz
radiation is then coupled into the HEB through a beam splitter on the same optical path
as the QCL power. The power of the QCL Pycr = 45 uW is enough to pump the HEB
from the superconducting to the normal conducting state. The pumped /V-curves of
the detector can be seen in figure 3.17. The double sideband (DSB) noise temperature
was measured using a black body at room temperature as hot load and one cooled to
liquid nitrogen temperatures as cold load. The noise temperature was measured using
the Y-Factor method explained in chapter 2.5.2. The lowest DSB noise temperature
was achieved at a bias current of Iy, = 36 UA and a bias voltage of Upj,s = 0.6mV.
The achieved uncorrected noise temperature was TpsB noise, uncorrected = 2000K. This
is the uncorrected value where the losses in the optical path (e.g. beam splitter, silicon
lens) and reflection losses are still included in the figure. Correcting this value for all
losses in the signal path and the absorption losses of the optical components the DSB
noise temperature of the detector can be calculated to Tpsp noise.corrected = S8O0K. This
is a reduction of about 25% in noise temperature compared to similar devices fabri-

cated using the same niobium nitride thin films and a 10 nm thick titanium buffer layer.
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Figure 3.17: IV-characteristics of the HEB mixer pumped with a QCL LO at 2.5 THz. The
arrow indicates increasing LO power. The black lines correspond to the /V-curves

pumped with increasing LO power from top to bottom, as indicated by the arrow.

Those devices showed a noise temperature of Tji.=1050 K at a radiation frequency
of 2.5 THz.

To compare the result of this work with the published data of other groups figure 3.18
shows the DSB noise temperature of several different HEB detectors fabricated by
research groups all around the world. The value achieved in this work is marked with
ared star. At time of publication in 2009 [60] this was the record noise value obtained
for HEB mixers at 2.5 THz. Most recent results were obtained with in-situ sputtered
gold antennas directly on the niobium nitride ultra-thin film for the detector layer. In
[72] an even lower noise temperatures of 600 K at 2.5 THz [72] was claimed. These
results further reinforce the assumption that the quality of the interface between the

antenna and detector film is one of the main contributors to the noise temperature.

3.5 Conclusion of Chapter 3

We have studied superconducting properties of ultra thin niobium nitride films de-
posited on different substrates and at different deposition conditions. The supercon-
ducting transition temperature of these films shows a strong dependence on the film

thickness. It was shown in light of the intrinsic proximity effect theory that this de-
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Figure 3.18: DSB noise temperature of several HEB detectors by different groups as indicate by
the legend. The DSB noise temperature obtained in this work is marked with a red
star. The black line in the figure indicates ten times the quantum limit of the noise.
Data was taken from [61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72].

pendency is due to suppressed superconductivity at the surfaces of the films. We have
achieved fabrication of superconducting films deposited on heated silicon substrate
with a critical temperature of 7c ~ 9 K for 5 nm thick films. This is suitable for fabri-
cation of fast THz HEB detectors.

niobium and niobium nitride thin films deposited at ambient temperatures have been
evaluated in respect to their application as superconducting buffer layers between the
detector film and a gold antenna. It was found that pre-cleaning of the substrate surface
by means of Ar-ion milling greatly improves the normal state and superconducting
properties of the films. Reasonable high critical temperature above 9 K were achieved
for bi-layers made from both materials. The dependence of the transition temperature
and the gold layer thickness was analyzed using the proximity effect theory. From this
theory an interface resistance between gold and niobium of pj,¢ = 29.8 and of as low
as Pint = 17.3 between gold and niobium nitride was extracted.

Due to their intrinsically higher critical temperature the niobium nitride buffer layers

can be made thinner than niobium buffer layers with the same critical temperature and
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still retain superior superconducting properties. A bi-layer with a critical temperature
of above 10 K that is suitable for detector fabrication was developed. This exceeds
the transition temperature of the ultra-thin hot-deposited niobium nitride films for the
detector element. Such bi-layer are perfect for the usage as antenna layers.

Detectors with a niobium nitride superconducting buffer-layer and pre-cleaning prior
to antenna deposition were fabricated. It was shown that such a detector shows a per-
fect single step resistive transition at 7c. Also their [V-characteristic at 4.2 K have a
perfect shape. Noise measurements of this detector showed an uncorrected DSB noise
temperature of 2000 K at a radiation frequency of 2.5 THz. After correction for losses
the DSB noise temperature of the detector was as low as 800 K. This is a decrease of
about 25% when compared to similar devices with a titanium buffer layer. At the time
of publication this was the lowest reported noise temperature for a HEB at 2.5 THz.
These results are very good when compared with state of the art devices which have a
noise temperature between 600 K and 1350 K [70]-[73] at 2.5 THz. This shows that

the detectors fabricated in this work are well competitive with state of the art devices.
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4 Detector sensitivity modification by thermal
coupling engineering

During the last decade the most popular material for development of fast and sensitive
detectors in the THz spectral range is niobium nitride (HEB direct detector [74] and
mixers [46]). The attractiveness of niobium nitride is caused by its relatively high crit-
ical temperature among conventional superconductors, its high hardness, its chemical
stability and its developed technology of ultra-thin films on different types of sub-
strates. The thermal coupling G between the thin film used as a detection element and
the thermal bath is according to equation (2.2) one of the main influences on the speed
of a bolometer and according to equation (2.9) on the other hand it is inversely propor-
tional to the sensitivity of the bolometer. Being able to influence the thermal coupling
between film and substrate enables us to change the speed and the sensitivity of the
detector accordingly. By this we can tune the detector from being very fast to very
sensitive by decreasing the thermal coupling between detector and substrate. Thus,
the speed and sensitivity can be adjusted as required by any experiment.

In this chapter, we propose a new approach to influence on the thermal coupling be-
tween the detector film and the substrate. On a flat substrate the heat escaping from
film to substrate can spread into the whole half-space of the substrate (Figure 4.1).
When the substrate at the sides of the superconducting film is removed as depicted
on the right side of Figure 4.1 the volume that phonons can escape into is greatly
reduced. This reduces the thermal coupling of the superconducting film to the bulk
substrate below. In this work a novel model was developed to describe the thermal
coupling between superconducting micro-bridges on mesa structures with high aspect
ratio with the substrate. In this model we are using one-dimensional thermal balance
equations taking into account disordered matter of our thin niobium nitride films and
limitations imposed on the phonon mean free path by the width of the silicon mesa. To

verify this model the self-heating in long superconducting micro-bridges made from
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Figure 4.1: On the Left side of this picture the thermal coupling of a thin film micro-bridge to a
flat substrate is schematically depicted. In this case the heat (red waves) can escape
in the complete half-space which consists of the substrate. On the right side we
see the proposed geometry for the restriction of the thermal path. By removing the
bulk of the silicon substrate and leaving only a single bridge standing, we reduce the
volume that the heat can escape into. In this way we can tune the thermal coupling

G between the micro-bridge and the thermal bath.

thin niobium nitride films deposited on top of high silicon mesa structures was stud-
ied by analyzing the hysteresis current density jy (see chapter 4.1). A more than
twofold decrease of ji with the increase in the ratio of heights of the silicon mesa, #,
to the width of the micro-bridge, W, from 0 to 24 was observed. Using the developed
model a good agreement between theory and experimental data over a wide tempera-
ture range from 4.2 K up to the critical temperature T¢ for all aspect ratios /W was
obtained. In the last part of the chapter (4.4) we discuss the challenges of fabricating
a deep etched detector and show first results of measurement detectors under radiation

fabricated with a deep etched detector element.

4.1 Model for the superconducting hysteresis current of deeply etched
mesa structures

The hysteresis current is determined by the heat dissipated in the thin film and the
thermal coupling of the film to the substrate and thus can be used to analyze the thermal
coupling. The hysteresis current Iy is the point where the current in the returning
branch of the current-voltage diagram drops back to zero for the first time (see figure

4.2). We expect a constant critical current I¢ for structures with different heights 4 of
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Figure 4.2: Expected shape of the current-voltage diagram of two identical superconducting
microbridges on different mesa structures. The curve marked by red squares corre-
sponds to a microbridge on a flat substrate (see left side of figure 4.1). The curve
marked by black dots corresponds to a microbridge on a flat substrate (see right side
of figure 4.1).

the mesa structure but identical parameters of the microbridge. The hysteresis current
in contrast is expected to drop with higher silicon mesas. To be able to compare
microbridges with different width we use the hysteresis current density. Using the
dimensions of the bridge the hysteresis current density can be calculated to

Iy

= 4.1)

JH
where W is the width and d the thickness of the microbridge. The hysteresis current
density should be independent of the width of the film.

The value of the hysteresis current density in thin film superconducting micro-bridges
was calculated in numerous works by the analysis of the formation and the dynamics
of self-generated hot-spots [35], [75]. These models assume a long superconducting
bridge with large metal contacts on a flat substrate. The hot-spot is situated in the
center of the bridge and the metal contacts are assumed to be at the same temperature
as the thermal bath. The assumption of a long bridge is valid when the bridge is longer

than the thermal healing length n = (Kthh)l/ 2. Where K is the thermal conductivity
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Figure 4.3: Schematic of the cross-section of the silicon mesa structure with the thermal resis-
tances Ry int and Ry, mesa Which arise from the interface between film and mesa and
the mesa itself respectively. The niobium nitride film is assumed to be at the critical

temperature 7¢ while the bath is assumed to be at bath temperature 7.

of the film d the film thickness and Ry, the thermal resistance between bridge and bath.
For the typical structures analyzed in this chapter the healing length is below 100 nm
so the model is valid in all cases. In this model the return of a micro-bridge from
the resistive to the superconducting state is determined by the thermal equilibrium
between generated Joule power I2R and several cooling channels. The three main of

these cooling channels are:

e the cooling through the film-substrate interface, where the substrate is assumed

to be semi-infinite and kept at the temperature of the bath;

e the cooling through the surface of the strip, which is performed by radiation
and/or thermal contact between the film and cryogenics in gas or liquid form

through corresponding interfaces;

* the cooling determined by the thermal conductivity of the metal at a given tem-

perature.
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4.1 Model for the superconducting hysteresis current of deeply etched mesa structures

The thermal balance equation describes the film in equilibrium between the heat pro-
duced in the micro-bridge and the cooling of the structure through the film and the
silicon mesa. Modifying the model given in [35] to match our system the heat balance

equation can be written in the following way:

dT dT dT
IR = KingWL— + KnonWd — + Kqurface W L— 4.2)
dz dx dz

where Kjy is the thermal conductivity of the interface between thin film and substrate,
Knpn is the thermal conductivity of the niobium nitride thin film, Kgyface 1S the thermal
conductivity of film-to-vacuum/gas/liquid interface. L, W, d are the length, width and
thickness of the superconducting microbridge, ‘% is the temperature gradient in the
direction normal to the film surface, i.e. in the film to substrate interface and in film-
to-vacuum/gas/liquid interfaces, and % is the temperature gradient along the length
of the thin niobium nitride film bridge.

To model the dependence of the hysteresis current density on aspect ratio for a su-
perconducting thin film on a high mesa structure (see figure 4.3) we followed this
approach and modified it according to our particular situation [76]. At first, we can
neglect the contribution of the thermal conductivity of the thin niobium nitride layer
(the second term in equation (4.2)). Thin niobium nitride films are known as bad nor-
mal conductor with a very small electron diffusion coefficient [31] and according to
the Wiedemann-Franz law we can estimate the thermal conductivity of thin films from
their specific resistivity. For pnpN,15nm = 4.5 - * 10~°Qm we can estimate KNbN,150m =
7-1072 W/(m K) and for pxpN.sam = 8- *1070Qm we get KnoN,sum = 2.8 - 1072 W/(m
K) at their corresponding critical temperatures. Moreover the cross-section of this
channel, Wd, is more than three orders of magnitude smaller than the cross-sections
of the other two cooling channels. Thus we can neglect the influence of diffusion cool-
ing. The validity of this assumption will be proven later.

The contribution to the cooling of the bridge through the thin-film surface is signifi-
cant in case of liquid helium cooling but much smaller in case of helium vapor cooling
and performed by radiation only in case of vacuum. At first approximation we thus
assume that the contribution of the heat transfer to the surrounding can be neglected.
To derive the first term in equation (4.2), which should describe the thermal flow

through the film/ substrate interface and further through the silicon mesa, we consider
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a simple one-dimensional model schematically shown in figure 4.3. In this situation
there are two defined temperatures: the temperature of the bridge which equals to the
critical temperature T¢ at the onset of the superconducting transition and the second
is the temperature of the bath T;, measured in the experiment by a temperature sensor.
In this case the thermal conductivity through the socket dz/Kine can be replaced by
the corresponding thermal resistance of the mesa structure and the interface Ry,. The

thermal resistance of the mesa and the interface can be found as

Ry = Rth,int + Rth,mesa (h) = Rth,int +

4.3)

mesa

where Ry inc 1s the thermal resistance between thin film and the silicon mesa, and Kesa
is the thermal conductivity of the silicon mesa. Inserting equation (4.3) into equation
(4.2) we get
IZR= & Lth (4.4)
Ty Repint + g —
The hysteresis current density can then be written as

1

1T nNT
= — Riine+ —— | dT 45
JH dp /Tb ( th,1nt+ Kmesa) ( )

where p is the resistivity of the film in normal state just above the transition. Using
Callaway’s model [77] for the lattice thermal conductivity at low temperatures the

thermal conductivity can be written as

3 il 4
K= anZvah (khB) T3/0 § T(V,T)(ejez)zdx (4.6)
where V is the phonon frequency, x = 27hv /kgT, where 7 is the Plank constant, kg
is the Boltzmann constant, ®p is the Debye temperature, V,y, is the phonon group
velocity and (v, T) is the total phonon relaxation time. This model assumes at first a
phonon distribution characterized by the Debye spectrum. Furthermore the scattering
processes can be described by relaxation times and that the relaxation times can be

reciprocally added to a total relaxation time using Matthiessen’s Rule:

-1 _ -1 -1 —1 -1
T = Tonp + Toh-e + Ton-d + Toh-ph “4.7)
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4.1 Model for the superconducting hysteresis current of deeply etched mesa structures

Toh-d> Tph-p

boundaries, electrons, defects and other phonons correspondingly. Single-crystal un-

-1
where Toh-b T,

phec® L are the characteristic times of phonon scattering on

doped silicon used for sample fabrication is characterized by a perfect crystalline
structure (see for example figure 3.4) and high resistivity even at room temperature
(p > 10000Qcm), which increases with decrease in temperature. Therefore we can
neglect the contributions to the phonon scattering time T from the phonon scatter-
ing on defects (’L‘I;id) and charge carriers (T&ie). The contribution through phonon-

phonon scattering, Toh is also low since the temperature of our measurements

1
_ph9
(4.2K < T < 12.5K) is far below the Debye temperature of silicon (@Ops; = 645K
[9D.

This leaves only boundary scattering T;hlb as the main contribution to the thermal
conductivity. It has been also shown by Weber et al. [78] that at temperatures below
10K the main contribution to the thermal conductivity K in the bulk silicon arises
from the scattering of phonons on surfaces and interfaces. In low dimensional systems
being in Casimir limit of very rough surfaces the phonon scattering time ’L'p’th can be
estimated as

Iph

—1
— o 48
Tph—b Voh ’ ( )

where [, is the mean free path of the phonons. It has been shown by Yong Fu Zhu et

al. [79] that the mean free path in thin films can be approximated as
lph =2D 4.9)

where D is the smallest dimension of the film. In our case the width W of the silicon
mesa (which equals to the width of niobium nitride bridge) is the smallest dimen-
sion and thus limits the phonon mean free path to [, = 2W. Therefore the phonon-
boundary scattering time (equation (4.8)) is independent of temperature and account-
ing for the limit ®p/Tc >> 1 the thermal conductivity K (equation (4.6)) can be
rewritten as

13kp (kB

3
— " (IB) pr3—ADT? (4.10)
Amdvi \ h )

where D = W. The thermal resistance is inversely proportional to a thermal conduc-

tivity Ry, o< K~!. We can thus assume that the temperature dependency of the thermal
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1

resistance is Rip int = Inserting this and equation (4.10) into equation (4.5) for the

BT3*
hysteresis current density we get
1 >
1 /1 h\ " [Te 4
mn=\—\(=-+-— T°dT 4.11
JH (dp<B+AW> " ) (4.11)

For arbitrary bath temperature 7, < T¢ the hysteresis current density can be calculated

as
1

1 /1 n\! :
I _ T4 T4 . 4.12
m [4dp <B+AW> (Te b)l “4.12)
With this model the hysteresis current density of long superconducting microbridges

on mesa structures with arbitrary aspect ratio can be described.

4.2 Device Fabrication

The thin niobium nitride films, for this study, were deposited by reactive magnetron
sputtering of a pure niobium target in argon/nitrogen atmosphere. A more in detail
analysis of such niobium nitride thin films is given in chapter 3.1. The films were
deposited on 10 x 10mm? high-resistive (p > 10 kQcm) silicon substrate heated to
about 750°C. The silicon substrate used in this study was undoped silicon, fabricated
by the floating-zone method that results in a very low density of defects.

The thickness of the studied niobium nitride films was 15 nm and 5 nm with a critical
temperature of 7 ~ 12.2 K and T¢ = 9.2 K respectively. The critical temperature was
defined as the temperature corresponding to the point on the R(T)-curve where the
resistance drops to R ~ 0.5Q, defined by the resolution of the measurement system
(the zero resistance 7¢). In a subsequent step the films were patterned into micro-
bridges for a four-probe measurement setup using photo-lithography. The width of
the ten bridges on one chip varied between 1 and 10 um. Afterwards the unprotected
niobium nitride film was removed by means of argon ion milling down to the silicon
surface.

The same resist mask was then used for deep etching of the silicon substrate. The un-
protected silicon was etched using a deep reactive ion etching (DRIE, Bosch) process
[80]. Deep reactive ion etching was conducted in collaboration with and at the MC2

laboratory of Chalmers University in Gothenburg, Sweden. The working principle
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Figure 4.4: The deep reactive ion etching process is a multi-step process depicted above from
top left to bottom right. First the structured film is isotropically etched for a few mi-
crometers with a reactive gas. In a second step a passivation layer is deposited on top
of the whole sample. Then the passivation layer is removed from all exposed struc-
tures parallel to the substrate by physical etching. Subsequently the now exposed
substrate is again etched with an isotropic process. Through constant repetition of
these steps structures with a very large aspect ratio and perpendicular edges can be

fabricated.

of this process is schematically depicted in figure 4.4. This process allows fabrica-
tion of deeply etched profiles of silicon with almost vertical edges. To achieve a high
anisotropy of the etching the process is split into several steps. By alternating the pro-
cess gases between SFg for etching and C4Fjg for passivation of the surface these steep
edges can be realized. During the SF¢ etching phase the silicon substrate is etched
isotropically. In a subsequent C4Fg phase a passivation layer of polytetrafluoroethy-
lene is deposited on the whole surface of the to be etched wafer. This layer protects
the covered silicon from etching during the isotropic SFg etching phase. On surfaces
parallel to the substrate surface however, this layer is removed from the silicon during
consecutive SFg phase by ions accelerated in normal direction to the substrate surface
indicated by the black arrows in figure 4.4. This makes the silicon there available for
reactive ion etching again. Alternating these steps multiple times a structures with
very high aspect ratios can be realized. In the used process a mean silicon etching rate
of 2.4 um per minute was achieved.

With this process it was possible to etch silicon to a depth of about 24 um and to

retain mechanically stable micrometer wide bridges. Deeper etching leads to a punch
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Figure 4.5: SEM image of a 2 um wide bridge with a length of 20 um and a height of 24 ym
tilted 13° to the right taken at Chalmers MC2 laboratory. In the center the bridge is
visible with its contact leads leaving to the top and the right side of the picture. The
bright area on the left side of the bridge is the side of the silicon mesa. The lines

visible each correspond to one etching step with the DRIE process.

through effect in the smallest 1 um wide sockets of the micro-bridge which etches
away the socket in an uncontrolled manner. Therefore the maximally achievable aspect
ratio of etching depth to width of the bridge was about 24, which was obtained for 1 um
wide bridges on a 24 pm high mesa. The actual width W of the micro-bridges was
measured with a scanning electron microscope (SEM). The height of the silicon mesa,
h, was measured with a Tencor P15 profilometer with a measurement resolution of
1 nm. The SEM image of a typical micro-bridge with a width of 2 um tilted by 13° to
the left is shown in Figure 4.5. The current leads for the four probe measurements are
connected at the top and bottom, and the voltage leads are connected via the bridges
on the right side. The brighter area on the left side of the bridge is the side of the
silicon mesa. The line pattern on the wall is characteristic for samples etched with
DRIE and results from the switching between etching and passivation of the surface.
Chips with niobium nitride microbridges with different etching depths of the silicon

of 0, 8, 16 and 24 um were fabricated from the 15 nm thick niobium nitride films
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Figure 4.6: Critical current density (black) measured at 7 = 4.2K in the liquid helium and crit-
ical temperature (red) of the niobium nitride microbridges as a function of Aspect
Ratio #/W for the 15 nm thick film (Squares) and the 5 nm thick film (triangles)
respectively. Both 7¢ and jc(4.2K) show only minor fluctuations for structured

samples. The dashed lines mark the average value of the respective properties.

and with etching depths of 0, 16 and 24 um from the 5 nm thick films. Therefore the
aspect ratio 1/W was varied from O (no silicon etching) to 24 (1 pm wide niobium

nitride microbridge on 24 um high silicon mesa).

4.3 Experimental Results

To characterize the superconducting properties of the as deposited films and the af-
terwards fabricated samples the temperature dependencies of the resistance R(T') and
the current-voltage characteristics (IV-curves) were conducted. These measurements
of R(T) and IV -curves were performed with a homemade dipstick in a liquid helium
transport Dewar. The samples were mounted on a ceramic sample holder allowing
simultaneous measurements of up to six samples. The sample holder was placed on a
massive copper block in close vicinity to the temperature sensor. Measurements of the
R(T)-curves were made in a standard four probe experimental set-up to prevent a con-
tribution of the resistance of the bias lines. During the R(T') measurements the sample

was biased with a transport current /;; < 1 pA which did not overheat the samples even
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Figure 4.7: Typical current-voltage characteristic of a 15 nm thick niobium nitride film mea-
sured over a 1 pm wide bridge in liquid helium (solid line) at 4.2 K and in helium
vapor at slightly above 4.2 K (dashed line). Critical current /- and the hysteresis
current /i are indicated by arrows in the graph. The inset shows a close-up of the
hysteresis current. The well visible increase of the hysteresis current is due to an
additional cooling channel when immersing the sample into liquid helium. Point A
corresponds to the point where the bridge has a temperature of 7¢ while at point B

the bridge is far in the resistive state.

when they had a high normal state resistance. The sample temperature was varied
from room temperature to liquid helium temperature using the temperature gradient of
the helium gas in the liquid helium dewar. The critical temperature of the finally fab-
ricated micro-bridges does not show any significant change due to degradation of the
niobium nitride films that might have been expected from damaging during patterning
procedure. Figure 4.6 shows the critical temperature of all studied micro-bridges with
different aspect ratios for the 15 nm thick films. Similar results were obtained for the
5 nm thick film.

We obtained a total spread of the critical temperature values smaller than 0.5 K, i.e.
less than 5 % of Tc = 12.2 K which is identical to the critical temperature of an un-
patterned 15 nm thick niobium nitride films on silicon substrate. Measurements of the

current-voltage characteristic (/V-curves) were made in the current bias mode. Two
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measured IV -curves, one of the sample immersed in liquid helium (7 = 4.2K) and
on of the same sample but kept in helium vapor at temperature only slightly above
4.2K, are shown in figure 4.7. We define the critical current value Ic of our structures
as the current at which the micro-bridge switches from the superconducting into the
normal state while increasing the transport current. Likewise the hysteresis current
Iy is defined as the point in the current-voltage characteristic where the micro-bridge
first switches back from the resistive to the superconducting state while decreasing
the transport current (see figure 4.2) From the so found values of Ic and Iy the den-
sities of the critical current jc and the hysteresis current jg were calculated using the
known cross-section of the niobium nitride microbridges, d x W as jcu = % All
studied samples showed a strong hysteresis at T < Tc. At temperatures very close to
Tc (T > 0.98T¢) the IV -curves became non-hysteretic and therefore the value of the
critical current was determined with a 100 uV criterion defined by the resolution of
the measurement setup.

When the sample is transferred from the liquid helium to the helium gas phase the
hysteresis current of all studied micro-bridges decreased significantly. At the same
time the value of the critical current remained almost constant demonstrating only
a small reduction as shown in figure 4.7: the Ic value of the 1 um wide niobium
nitride bridges on 9 pum high silicon mesa (2/W = 9) decreased from 434 to 427 pA
(divergence is less than 2 %) while the Iy value decreased from 67 pA in liquid helium

to 41 pA in helium vapor (divergence is almost 40 %).

The values of the critical current density jc at 4.2 K in liquid helium of all studied nio-
bium nitride microbridges of the 15 nm film and the 5 nm film with different aspect ra-
tios are shown in figure 4.6. In fact, figure 4.6 presents results obtained on several deep
etched chips with silicon mesa of different heights between 8 and 24 um fabricated in
separate technological runs. The observed spread of jc(4.2K), which varies from 4
to 5.6 MA /cm?, is larger than the spread of T¢ of the micro-bridges discussed above.
The mechanism of the generation of the critical state in current carrying superconduct-
ing bridges is known to be very sensitive to variations in edge quality. Uncontrollable
imperfections of the micro-bridge edges made by photo-lithography with the multi-

step etching process may cause the experimentally observed spread of the jc(4.2K)
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Figure 4.8: Critical current density (black) and hysteresis current density (red) over aspect ratio
for a 5 nm (triangle) and 15 nm (square) thick sample respectively at a temperature
slightly above 4.2 K (the measurements of IV-curves were made in the helium vapor
atmosphere). The solid lines are calculated with (4.12). The dashed lines are to

guide the eye.

values. Nevertheless we did not observe any pronounced dependence of the critical
current density on aspect ratio as shown in figure 4.6 for both the 5 and the 15 nm film
thicknesses. Therefore we conclude that the deep etching process does not influence
both the T¢ and jc(4.2K) values and thus that the damage of the micro-bridges caused
by this process is minimal. Also the dependence of jc on the aspect ratio in helium
vapor is very similar to what is measured in liquid helium (see figure 4.7). Therefore,
the critical current density is insensitive to the presence of liquid helium on the surface
of the niobium nitride films in the whole studied range of /W values.

In contrast to the independence of 7¢ and jc from the aspect ratio AR (see figure 4.6)
the density of the hysteresis current jy(AR) (measured in the helium vapor phase at
temperatures only slightly above 4.2 K) shows a decrease from ji 15 nm(0) = 1.25%
t0 ju.15nm(12) = 0.42% for the 15 nm thick niobium nitride film and a decrease from
Jusmm(0) = 0.92% to ju.5nm(24) = 0. 192% for the 5 nm thick niobium nitride film

respectively. In Figure 4.8 the dependence of jy on the aspect ratio is shown together
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with jc values measured at the same bath temperature 73, = 4.25 K and cooling con-
ditions for all samples of the 5 and 15 nm thick niobium nitride films. The solid lines
in the plot are calculated using equation (4.12). The theoretical model fits perfectly to
the obtained experimental data.

Figure 4.9 shows the dependence of hysteresis current density on reduced temperature
T /Tc of two microbridges with different aspect ratio. The solid lines are the fit of the
temperature dependency of jy for two micro-bridges with the different aspect ratios
2.4 and 4 for the 15 nm thick film. For both micro-bridges the experimentally obtained
Ju(T) dependencies are described by equation (4.12) in the whole temperature range
from 4.2 K up to Tc = 12.2 K. Additionally, the dashed line in the same graph shows
the temperature dependency of the hysteresis current density obtained with an older

model developed by Skocpol et al. in [35]. Using

1/2
. o
Ju= <pd> (Tc — Ty)'? (4.13)

where « is the heat transfer coefficient per unit area the hysteresis current density
is calculated. We notice that for the micro-bridge with #/W = 2.4 both calculations
coincide at temperatures above 0.97¢, while at lower temperatures the curves deviate
from each other. At T = 0.47T¢ the difference is almost 50 %. The reason for this
difference is that in Skocpol et al. [35] it was assumed that the thermal conductivity is
independent of the temperature in the observed temperature range. This results in the
linear temperature dependency of jy predicted in equation (4.13). This assumption is
correct when the temperature gradient between micro-bridge in the resistive state and
bath is much smaller the bath temperature, i.e. considering our situation at 7y, slightly
lower Tc. For larger differences the temperature dependency of K has to be taken
into account which results in the 7* dependency in equation (4.12). All measured
structures show a similar dependency of the hysteresis current on temperature which
is independent of aspect ratio or film thickness.

In figure 4.10 the dependency of the temperature gradient (Té‘ — Tb4) per sheet dissi-
pated power (dp ](2:) on aspect ratio #/W is shown for all bridges measured at T =
4.28K. Independent of the niobium nitride film thickness all experimental points can
be described by linear fit as it is predicted by the part of equation (4.12) in parenthesis.

The dependency presented in figure 4.10 is temperature independent. This has been
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Figure 4.9: Dependence of hysteresis current density on reduced temperature 7' /7¢ of two mi-
crobridges with different aspect ratio (black squares (AR = 2.4) and red circles
(AR = 4)). The solid lines are the best fit of experimental results by (4.12). The
dashed line is the jy(7/T¢) dependence taken from (4.13).

proven by the analysis of experimental results on jy(h/W) performed on the bridges
kept at different bath temperatures. From the linear fits shown by the dashed (5 nm
thick films) and the solid lines (15 nm thick films) we obtained the values of A = 4590
and 4640 W/m?K* and B = 1530 and 1580 W/m?K* for 5 and 15 nm thick niobium
nitride films respectively. The A values show almost no difference (< 1%). This is
expected since A is in fact a material constant determined by the thermal conductivity
(see equation (4.6)) of the silicon which is the same for both film thicknesses. Slight
differences in B (about 3 %) could be attributed to slightly different growth conditions
of the niobium nitride films or the accuracy of the used measurement setup. The ob-
tained parameters A and B are temperature independent in the examined temperature
range and thus allow for calculation of the derived physical quantities Kmesa and Rip in
at arbitrary temperatures.

Using equation (4.10) we can calculate the thermal conductivity Kpes, for the silicon

mesa. This yields for a 1 um wide bridge a thermal conductivity between
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Figure 4.10: Dependency of temperature gradient per sheet dissipated power on the aspect ratio
from the data obtained at 4.28 K. The red dots correspond to the 5 nm thick film
and the black squares to the 15 nm films respectively. The dashed and solid lines

are linear fits for the 5 and 15 nm thick films respectively.

Kmesa(4.28 K) = 0.36 W/(m*K) and Kpesa (10K) = 4.6 W/(m*K). This is well above
the value of the thermal conductivity of the niobium nitride thin film estimated at the
beginning of this chapter. The thermal resistance Ry o = 1/(BT?) calculated for the
two different films gives Ry in(5nm,4.28K) = 8.3 - 107® (m’K)/W and
Riint(15nm, 4.28K) = 8.1 -10~° (m?>K)/W. Previous work of Johnson et al. [81]
reports values of about Ry jne = 8- 1076 (m?>K) /W at T = 4.2 K comparable to the re-
sults of our estimations. Using the results for A and B we can calculate the hysteresis
current density using equation (4.12) and results are shown by the solid lines in fig-
ure 4.8. The calculated data fits very well with the measured experimental data. This
model thus allows us also to predict the hysteresis current density for arbitrary values
of aspect ratio and at any bath temperature. The two experimental points in figure 4.10
corresponding to 15 nm thick bridges with AR = 9 and 12 deviate from linear fit sys-
tematically. Due to imperfect etching conditions a thinning of the silicon mesa in the
center of the socket is possible. This can lead to the in chapter 4.2 mentioned punch

through effect for the narrowest bridges. By thinning of the silicon socket, the width
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and thus the thermal escape path of the phonons get restricted stronger than expected
from the measured width of bridge which results in a higher thermal resistance. To
further increase the thermal resistance and thus reduce the cooling efficiency of thin
film superconducting micro bridges one could try to control this effect and construct

semi free standing bridges.

4.4 HEB detector for THz radiation with a reduced thermal coupling to
the bath

As shown in the previous sections fabricating single microbridges with a high aspect
ratio is a controllable process. The fabrication of the micro-bridges is only a single
layer process which can be completely done in one photo-lithography step. To fab-
ricate a detector structure multiple fabrication steps are required which are in more
detail discussed in chapter 3.4. When fabricating a detector on a silicon mesa one has
additionally to take into account the deep etching of the detector element. Therefore
the silicon in the surrounding of the detection element has to be removed. Since the
width of the detector element is only 1 um we have to be very careful when etching
to prevent the punch through effect mentioned earlier in this Chapter (see section 4.2).
Also when etching a micro-bridge structure more than the half of the chip is silicon
which is exposed to the reactive gas and the areas to be etched are accessible from
all sides. When etching only the center part of the detection element (see figure 4.11)
most of the film is covered by resist and the width of the etched area is only a few tens
of micrometers which leads to a substantial reduction in the etching rate.

Taking all these challenges into account detector chips with an aspect ratio of 6 (1 um
wide bridge with 6 um deep etch) were fabricated. In figure 4.11 a SEM image of a
detector embedded into a 350 GHz double-slot antenna is shown. In the closeup of the
deep etched detection element with the small gap (width w =200 nm x length / =1 um)
with niobium nitride thin film and the removed substrate in the close vicinity are well
visible. The niobium nitride thin film used for this detector has a thickness of d ~ Snm
and after fabrication of the detector element a superconducting transition temperature
Tc = 8.9K (see figure 4.12) which is a standard value for a detector fabricated from
such kind of film. The IV - characteristics of the deep etched detector (figure 4.12 (b))
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EHT = 7.00 kV Signal A = InLens
WD = 8.0mm Mag= 1200 KX

Figure 4.11: This SEM image shows a double-slot antenna detector designed for a frequency of
350 GHz (insert) with a deep etched detector element. The deep etched detector
element is rotated and slightly tilted. One can clearly see the sidewalls of the deep

etching. The size of the detection element is w x / 200 nmXx 1 pm

shows a critical current of Ic = 71 pA and a hysteresis current /iy = 37 puA. For charac-
terization the detector was cooled down in a liquid helium bath cryostat to a bath tem-
perature T, = 8.8K close to 7c. This measurement was conducted several weeks after
fabrication of the device and the first characterization of the detector. No degradation
of the critical temperature of the device occurred during this period. The operation
of the device was tested by pumping the bolometer with a backward wave oscillator
(BWO) with a center frequency of 350 GHz as a local oscillator. The output power of
the BWO was measured with a Golay cell. A maximum output power of 120 uW was
measured. By varying the output power of the local oscillator the detector could be
successfully pumped from the superconducting state to the normal conducting state.
The I — V-curves of the detector with different output power of the local oscillator can
be seen in figure 4.13. When increasing the local oscillator output power from zero an
increasing suppression of the superconducting transition is observed as expected un-
til the detector switches to a completely normal conducting mode when pumped with

very high LO power. The noise temperature of the HEB mixer was measured using a
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Figure 4.12: Resistance over temperature in the transition region of the deep etched detector
element (a). The transition temperature of the deep etched detector is 7c = 8.9 K.
The IV -curve of the detector immersed in liquid helium shows a critical current of

Ic =71 pA and a hysteresis current Iy = 37 pA.
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Figure 4.13: Current-voltage characteristics of a deep etched detector pumped at a frequency
of 350 GHz. The detector was pumped with a 350 GHz BWO and the lines in
the graph are the [-V curves for different output power of the BWO. At the point
marked with a red circle and named 7y the lowest noise temperature of the detector

has been measured.

black body at room temperature and one cooled down to liquid nitrogen temperatures
as hot and cold load respectively. The noise temperature of the detector could then be
calculated using the Y-Factor method described in chapter 2.5.2. At the point marked
with a red circle in figure 4.13 the lowest noise temperature of the detector with an
uncorrected value of Ty = 10000 K was measured. At this point the BWO used for
pumping had an output power of Pgwo = 31 uW. This corresponds to an absorbed
power in the bolometer of Pgolo = 22 nW.

To characterize the direct detection properties of the HEB the detector response to
the 350 GHz BWO radiation was measured. In this operation point detector showed
a voltage signal of Upolo = 204 mV. Using the output signal of the bolometer and
the BWO power absorbed in the bolometer the sensitivity was calculated to S =
% =9.3-10° V/W. The noise voltage Upoise Was also measured in this opera-
tion point and the measured noise equivalent power (NEP) of the bolometer was
NEP = Uypise/SBolo = 2.4+ 10~""W/Hz'/2. The time constant of the detector was eval-
uated by measuring the IF bandwidth of the superconducting bolometer at 350 GHz to

T = 300 ps. This is a strong increase of the time constant compared to typical values
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for detectors fabricated from 5 nm thick niobium nitride films on a flat substrate [82]
which are about 130 ps. By further increasing the aspect ratio of the detector element
the increase in time constant might be further increased. This should produce detectors
with a higher sensitivity and lower noise due to a larger integration time.

Though the goal of an increased time constant was reached using this method the
detector showed a very high noise temperature compared to similar detectors in this
frequency range. Standard HEB mixers on flat substrate in this frequency range can
show noise temperatures of 600-2000 K (see figure 3.18). An explanation for them
high noise temperature might be found in the high operation temperature of the HEB
when measuring the noise. According to [83] the minimum noise is reached for
Tholo << Tc. In our case the detector was operated very close to 7c. When oper-
ated as a direct detector the HEB showed high sensitivity and a NEP comparable to
values obtained for similar niobium nitride direct detectors [84] which showed values
between 0.45 - 10~""W/Hz'/? and 1.6- 10~ "'W/Hz!/2.

The effect of the deep etching on the sensitivity and the NEP of the HEB detector was
not as large as we expected. The experimental data though shows that a large increase
of the time constant of the HEB by deep etching to about 300 ps is possible. This is

the basis for further research in this direction.

4.5 Conclusion of Chapter 4

We have studied the superconducting and normal-state properties of niobium nitride
micro-bridges with different widths placed on silicon mesa with different heights. Us-
ing the Bosch process, structures with a maximum aspect ratio of h/W = 24 (h ~
24 um,W = 1um) have been fabricated. No significant degradation of superconduct-
ing properties Tc and jc of these structures has been observed. We have shown that
an increase in i1/W results in a decrease of the hysteresis current density by a factor of
3 for the 15 nm thick films with an aspect ratio of AR = 12 and a decrease of 4.7 for
the 5 nm thick films with an aspect ratio of AR = 24. Due to the very small electron
diffusivity in thin disordered niobium nitride films and the negligible heat flow from
the film to the helium vapor, we consider the heat flow through the silicon mesa as the

main cooling channel in our micro-bridges. Solving the one-dimensional heat balance
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equations we also accounted for the limitation of the phonon mean free path by their
scattering on the walls of the silicon mesa. The model obtained under these limiting
conditions describes the dependence of the hysteresis current density on aspect ratio
h/W well. A linear increase in the thermal resistance was predicted using this model
and observed. The experimentally achieved increase in the thermal resistance between
the film and the substrate due to deep etching is almost one order of magnitude with
respect to the flat silicon substrate.

Fabrication of detector with a deep etched detector element on a silicon mesa with
an aspect ratio of 6 succeeded. The characterized detectors showed an increased time
constant by a factor of two compared with detectors fabricated on flat silicon sub-
strates. By further increasing the aspect ratio of the structures the speed of the devices
might be further reduced which in turn would increase the sensitivity and the decrease
the NEP of the HEB. Though the achieved results did not increase the speed by a large
value the experimental data suggests that the approach of a deep etched detector el-
ement works for increasing time constants of HEB. The developed approach can be
used for the adjustment of the cooling efficiency of thin superconducting film micro-

bridges and therefore for tuning the speed and sensitivity of radiation detectors.
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5 Measurements of continuous wave and pulsed
THz radiation

In this chapter we will show that the detectors developed and fabricated in this work
can be readily applied different experimental setups with no change required from the
side of the detector. The first part of this chapter contains a brief description of the
already available measurement setup in house for characterization of our HEB detec-
tors. The second part of this chapter is focused on the application of the characterized
THz detectors. Therefore radiation measurements of two different experiments with
different requirements will be shown.

The first experiment was the measurement of fast picosecond THz pulse trains at the
ANKA synchrotron. The second experiment was the measurement of the time depen-
dent emission of short pulses and pulse trains by a quantum cascade laser (QCL) to
study the thermal properties inside the QCL. This experiment was conducted in collab-
oration with the university of Leeds. Finally a conclusion on the detector performance

and the further outlook for applications will be given.

5.1 Characterization of HEB detectors

The detectors fabricated during this work need to be tested and characterized. For
characterization of the HEB detectors at a frequency of 650 GHz an available in-
house measurement setup developed in another thesis [39] was used. This system is
schematically depicted in figure 5.1.

The system is equipped with a radiation source with a center frequency of 650 GHz
and an output power of Pr,q ~ 220 uW. The radiation is coupled out of the source using
a horn antenna which results in a linear polarized beam. The beam is focused into the
cryostat using metal mirrors.The output power of the THz source can be adjusted by

two rotatable wire-grids in the beam path. The focused beam is then radiated into
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Figure 5.1: Schematic of the measurement setup used to characterize THz detectors [39]. The
radiation is provided by a THz source with a frequency of 650 GHz. The radiation
from the source is then chopped and coupled via a feed element into the antenna and
detector. The detector is read out with either a Lock-In Amplifier or an Oscilloscope.

The device is DC biased with a Current source.

a cryostat. The radiation is fed into the cryostat through a THz window fabricated
from highly doped PE that is transparent in the THz region. Inside the cryostat the
radiation incoming on the sample block is focused on the detector using a silicon
lens which is mounted on the backside of the substrate with the detection element.
The cryostat used for these measurements is a continuous flow liquid helium cryostat
with a minimum reachable temperature of 4.2 K at the cold finger. The cryostat is
equipped with several DC lines for biasing of the temperature diodes and heater and a
coaxial cable for the readout and biasing of the detector. To measure the temperature
at the sample holder the system is equipped with a silicon diode with an accuracy of
T = £0.5 K. The cold finger is a 1 inch wide copper plate prepared for the mounting
of the sample block. To increase the thermal coupling between the sample holder and
the cold finger a thin layer of Apiezon N silicon gel is applied on the cold finger as
thermal conductor. The detector is biased using a low noise bias box capable of both
current and voltage bias operation. The bias box is connected over the RF line to the
detector by a room temperature bias tee. The read out of the detectors is done using
either a Lock-In amplifier for continuous wave measurements or a fast oscilloscope
with a bandwidth of several GHz. In the case that the detector signal needs to further
be amplified several different room temperature amplifiers are available in the DC and
the RF path.
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5.1 Characterization of HEB detectors

Figure 5.2: Photo of a sample block from the front side (left) with an already mounted silicon
lens. The right side shows a sample block without lens. The detector blocks are
made of copper to increase the thermal coupling to the cold finger. The detector
chip is embedded into a coplanar waveguide which is used for readout and biasing

of the device.

To mount the detector into a cryostat a custom made sample block is needed. It is
used as a housing for the detector element and contains a coplanar waveguide with
an impedance of 50 Q into which the detector is embedded. Two different sample
blocks used in this work are shown in figure 5.2. On the right side a sample block
without additional feed element is depicted. The radiation is directly incident on the
detector chip and coupled into the detector element with an planar antenna structure
(see chapter 2.4). To reach the low temperatures required for the operation of the HEB
detectors the thermal coupling between the cold finger and the detector has to be very
good. Therefore the detector block is made from copper which is a material that has
a high thermal conductivity even at low temperatures. When the radiation power of
the incoming signal is small and/or the beam is not well focused/a planar wave an
additional focusing element is required to increase the radiation coupling efficiency.
The radiation has to be focused on the antenna after entering the cryostat thus the
focusing element has to be on the detector block. On the left side of figure 5.2 the

front side of a sample block with a silicon lens as focusing element is shown.
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5 Measurements of continuous wave and pulsed THz radiation

Sensitivity and noise measurements at 650 GHz

Using the measurement setup described in the previous section the sensitivity and
noise equivalent power of HEB detectors were measured. Since we had only one
available radiation source the detector was characterized in direct detection mode.
The characterized detector consists of a 5 nm thick niobium nitride film deposited on
sapphire substrate (see chapter 3.1) with a transition temperature of 7c = 12.2 K. The
antenna is a log spiral antenna fabricated from a 20 nm niobium nitride 200 nm gold
bi-layer structure fabricated using the processes described in chapter 3.3. The detector
was characterized using continuous wave radiation of the 650 GHz radiation source.
For the measurement of the sensitivity the detector was kept at Ty, = 5.7 K during
the experiment which was far below the critical temperature of the detector element.
During the experiment the detector was biased with a low noise battery source which
was operated in current bias mode. To find the bias point with the highest sensitivity
the bias current of the detector Iy;,s Was increased from zero up to twice the critical
current Ic rad off = 100 pA and then reduced back to zero. The signal voltage of the
detector was measured over the whole range and the resulting data is shown in fig-
ure 5.3. While increasing the bias current /g from zero up to about half the critical
current Ic rad off NO significant detector response is visible. At about half the critical
current Ic 1,4 off the detector switches into the normal state and shows a small signal
response of Usie = 1.02 mV. We define this point where the detector switches into
the normal state under irradiation as Ic rad on = 50 MA. When comparing the critical
currents we can clearly see a suppression of the critical current Ic rad off through the
radiation signal. Further increasing the bias current reduces the signal up to zero at
a bias current of lyj,s = 200 pA when the detection element has switched fully into
the resistive state. When decreasing the bias current the signal rises exponentially
until the hysteresis current /jrad on = 0.3uA is reached where it shows a peak signal
Usigmax = 3.5 mV before it suddenly drops to zero when the detector switches back
into the superconducting state.

This is the expected behavior of a superconducting detector operated in direct detec-
tion mode. The sensitivity of the detector is the highest at the point where the differen-
tial resistance of the detector has the highest value (see equation (2.9)). The sensitivity

close to Ic rad on should also be very high but this is a very unstable point where the

90



5.1 Characterization of HEB detectors

4.0 T

I

H, rad on
35t .

INN

0 5 10 15 20 25
Usyg [mV]

) \.
S LS \ / IC rad on 7

0.5 / k /X. C, rad off .
\./l\

0.0 > e
0 50 100 150 200

I [uA]

Figure 5.3: Detector voltage over bias current for a typical HEB in direct detection mode. The
arrows indicate the critical current Ic_ raq on and the hysteresis current /g, raq on. For
comparison the arrow with Ic ,q ofrindicated the critical current without irradiation.
The insert shows the current voltage characteristic of the detector under irradiation.

The red arrows show the direction the current was changed.

detector cannot be operated due to instantly switching into the resistive state. Taking
the point of maximum detector signal and the absorbed power in the bolometer we
can calculate the sensitivity of the detector. The system coupling efficiency between
the radiation source and the bolometer was evaluated to 7)sys = 3.8% by comparing
the change of the operation point by absorbed microwave power through the RF line
with the change of the operation point induced by incoming radiation. This results in
an absorbed power in the bolometer of P, = 8.4 uW. Using these two values we can
calculate the sensitivity of the bolometer according to equation (2.9). This results in a

. . o e e Ul max
direct detection sensitivity of § = === =

=416 V/W. To calculate the noise equivalent
power of the detector the noise voltage density was measured with the lock-in ampli-
fier while the radiation incoming on the detector was blocked. The detector was biased

during the noise measurement at the same bias point where the highest sensitivity was

measured. It was measured to Upgise = 1402 . The NEP of the detector operated in

VHz
direct detection mode can be calculated to NEP = U“mse =3.3.10"10 \/%
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5.2 Measurement of single pulses in electron bunches at ANKA

To determine the escape time of our detector we need to use short THz pulses to excite
the detector. From the measured slopes of the pulses we can then calculate the escape
time. As a source of fast THz pulses the ANKA synchrotron in Karlsruhe was used.
In a synchrotron electrons are accelerated to relativistic speeds and kept on a trajectory
by bending magnets. Every time the electrons are accelerated normal to their trajec-
tory they emit synchrotron radiation [85]. The radiation frequency of the emitted syn-
chrotron radiation is proportional to the length of an electron bunch in the storage ring.
When the length of the bunch is chosen shorter than the wavelength of the radiation
there is an emission of coherent synchrotron radiation. This radiation in particular in
the form of coherent synchrotron radiation is a new kind of source for THz radiation
with a high brilliance and large output power. This radiation can be used for several
experimental setups like spectroscopy and beam diagnostics of synchrotrons.

When the synchrotron is operated in low-o¢ mode very fast pulses in the THz fre-
quency range are emitted [86]. State of the art THz detectors like silicon bolometers
or Schottky diodes have the sensitivity to detect these signals but they have a too long
integration time to resolve the single pulses [87]. To measure these fast pulses there is
a need for fast superconducting THz detectors.

One kind of superconducting detector suitable for detection of THz radiation in a syn-
chrotron is the niobium nitride hot-electron bolometer [88]. The response times of
a few hundreds of picoseconds is fast enough to resolve single pulses. The detector
described in chapter 5.1 was used to measure the radiation output of the ANKA syn-
chrotron in the low-o¢ mode. The system used for measuring the radiation is similar
to the one described in chapter 5.1 except that the signal was measured with a fast
oscilloscope with a bandwidth of 26 GHz. The detector was biased over a bias-tee and
the same continuous flow cryostat was used for the cooling of the detection element.
In figure 5.4 a pulse train emitted from the synchrotron is shown. The relaxation level
of the detector when there is no radiation incoming is at about -20 mV. When radia-
tion is incoming on the detector the level to witch the detector is relaxing lies at about
0 mV. This is probably due to a beginning of an over-saturation of the THz detectors.

This might happen since the output power of the synchrotron is large and the niobium
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Figure 5.4: Measurement of a pulse train emitted by the ANKA synchrotron. The pulses were

directly measured using the niobium nitride HEB described in this chapter.

nitride HEB has a limited dynamic range. When zooming in to the pulses of the pulse
train the single pulses can be clearly distinguished. Figure 5.5 shows in a) the repeti-
tion rate of the single pulses which is exactly T, = 2 ns. This corresponds perfectly
to the 500 MHz frequency of the RF system used to pump the synchrotron.

In figure 5.5 b) the time scale is further increased to show a single pulse at the begin-
ning of a pulse train. The exponential decay of the HEB signal on the falling edge is
nicely visible. The decay time of the HEB of T,use = 185 ps was obtained by expo-
nentially fitting the falling edge of the pulse. The obtained decay time is comparable
to the bolometric response time [82] of similar detectors. Using the decay time of the
detector in direct detection mode an estimate of the possible IF bandwidth in mixing
can be made. The estimated IF bandwidth for such a detector can be calculated to
fir = =22 ~ 3.4 GHz. This is comparable to results obtained by various different

Tpulse

groups where th IF bandwidth ranges from 2 to 4 GHz [89]. Higher IF bandwidth can

be realized when large noise temperatures are acceptable.
When measuring the time constants of pulses further inside the pulse train an increase

of the time constant up to Tpylse,max = 430 ps for pulses on the top of the plateau can
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5 Measurements of continuous wave and pulsed THz radiation

be measured. This is a further indicator for an overheating of the bolometer with the
incoming synchrotron radiation and a switch to a classical bolometric operation mode.
To prevent overheating of the detectors during the operation at the synchrotron the
output power of the synchrotron has to be attenuated. Then the decay time of the single
pulses might decrease slightly due to no longer being overheated. To further increase
the time resolution of the pulse measurements the bolometers need to be tuned to
operate as close at their intrinsic time constants as possible. The limiting time constant
of the bolometer is according to chapter 2.1.2 the escape time of the thermal energy
into the substrate. By further reducing the film thickness or the volume of the detector
element the speed could be improved. But fabricating detectors with film thicknesses
much lower than 5 nm while still retaining good superconducting properties is a great

challenge.

5.3 Analysis of quantum cascade laser radiation characteristics with
THz bolometers

Quantum cascade lasers (QCL) are a novel type of radiation source [90] which is
able to emit in the THz and infrared frequency range. In contrast to the classical
semiconductor lasers, where the emission frequency is defined by the band gap of the
semiconductor, the emission of a quantum cascade laser is defined by the semiconduc-
tor heterostructure. Being determined by the design of the QCL the output frequency
of such lasers can cover a very wide frequency range from the mid-infrared to the
submillimeter wave region. At the same time being solid state lasers they are very
compact and are thus suitable for integration in mixer experiments (see figure 3.16).
This makes them very interesting as local oscillators in the THz frequency range. An-
other advantage of the QCL is that they can be electrically tuned [91] which allows for
a larger spectrum to be covered only by a single laser.

Since quantum cascade lasers in the THz region are quite novel devices there is still
a lot of ongoing research about the internal processes inside the laser and its emis-
sion characteristics. Since the output power of the quantum cascade laser is limited
[92], the detectors to characterize the devices have to be very sensitive. The stan-

dard Golay-Cells or Germanium bolometers which are normally used to characterize
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Figure 5.5: Zoom in on the detector measurement of three pulses in the center of a pulse train

(a). The repetition rate of the pulses in a train is Trep = 2 ns. In (b) a closeup on a

single pulse is shown. The decay time of the pulse duration is Tpyjse = 135 ps.
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Figure 5.6: A schematic of the measurement setup used to characterize the QCL. The radiation

is provided by a the QCL which is supplied by a pulse generator. The current flowing
through the QCL is measured by a current probe. The radiation from the QCL is
coupled into the antenna and detector. The detector is read out with an Oscilloscope.

The device is DC biased with a Current source.[93]

the lasers have the required sensitivity but with time constants in the range of mi-
croseconds lack the speed to resolve fast QCL pulses with a duration of a few hundred
nanoseconds. Therefore only the average output power of the laser can be measured
using these detectors. In contrast using the fast and sensitive detectors fabricated in
this work we expect to measure the time dependent emission of the QCL and not a
time averaged value. Knowledge about this time dependent emission is of great in-
terest for QCL researchers to better understand and improve the performance of QCL
devices.

To measure the fast features of the QCL pulses a fast niobium nitride HEB developed
in this work was used. The measurement setup used for characterization of the QCL
is depicted in Figure 5.6. The measurements were conducted by Alexander Scheuring
in cooperation with the University of Leeds [93].

For the measurements the QCL was operated in a continuous flow liquid helium cryo-
stat and was kept at a temperature of Tocr, = 15 K. The laser was biased with a pulse
generator which delivered pulses with a set voltage level, and the current flowing
through the QCL was measured using a current probe. The output frequency of the
QCL was at about 3 THz. The bolometer was mounted in a different continuous flow
cryostat opposing the cryostat of the QCL and was kept at Tygg = 11 K during the ex-

periment. The output signal of the bolometer was measured with a 500 MHz real-time
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oscilloscope. The bolometer was biased using a low noise source operated in voltage
bias mode.

For the experiment the pulse generator applies a set voltage to the QCL for 500 ns
with a repetition rate of 10 kHz. The current flowing through the QCL during this
time stimulates the emission of THz radiation. To be able to monitor the current flow-
ing through the QCL it is measured using a current probe. The detector response to the
emitted THz radiation is measured using the oscilloscope. During the experiment the
QCL was biased with voltage pulses between 12.0 V and 16.6 V. Figure 5.7 a) shows
a sample of four different driving currents for different QCL voltage pulses between
Up =12.6 V and Uy, = 14.1 V. When increasing the Voltage at the pulse generator the
shape of the current flowing through the QCL stays the same. For higher voltages set
the absolute values of the current flowing through the QCL increase. It can be seen
that the current shows some strong fluctuations in the first 150 ns of the pulse and then
smoothly rises during the pulse duration. At the beginning and the end of the pulse
small peaks in the current can be seen probably originating from the switching of the
pulse generator. In Figure 5.7 b) the voltage response of the detector corresponding to
the power emitted during a pulse can be seen. Since the output power of the QCL is
not sufficient to overheat the HEB the detector is working in the linear regime. When
operating in the linear regime the emission of the QCL linearly corresponds to the volt-
age output of the detector. The emission of the laser seems to be strongly fluctuating
in the first 150 ns of the pulses. This corresponds to the before mentioned oscillations
of the laser current at the beginning of the driving pulse. In the second part of the pulse
where the current remains almost constant the emission is also very stable. From this
we can see that our detector is suitable to follow the time dependent emission of the
QCL. Measurements with e.g. niobium air-bridge bolometers [94] didn’t allow for this
exact point by point mapping of the driving current due to a too large time constant.
Using these result it is possible to predict the behavior of the QCL to a driving current
of any arbitrary form and the time dependent output power of the laser pulse can be
simulated. Those simulations show a very good agreement with the measured pulses.
The response of our detector was fast enough to resolve even small features of the
QCL emission. From the emission data it was possible to calculate the power transfer

function and exactly evaluate the threshold and cutoff currents of the QCL [93]. These
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Figure 5.7: Picture a) shows the driving current of the QCL for different voltage levels ranging
from Uy = 12.6 V to U, = 14.1 V. In b) the corresponding emission of the QCL as
measured by the niobium nitride HEB detector is shown. The fast features of the

QCL driving current are very well visible in the detector measurements.
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5.4 Conclusion of Chapter 5

measurements allow a simulation of the THz pulse forms emitted by the QCL when

driven by a certain current pulse.

5.4 Conclusion of Chapter 5

Hot-electron bolometer detectors for experimental applications were used as direct de-
tectors in several different experimental setups. From the obtained measurement data
the figures of merit for the direct detection mode were extracted. The sensitivity of the
bolometer was measured at 650 GHz. The maximum sensitivity of the detector in the
optimal operation point was § =416 V/W This is considerably smaller than the values
reported in the previous chapter but sufficient for all experimental applications. In the
same setup the noise of the bolometer was measured and the noise equivalent power
of the bolometer was evaluated to NEP = 3.3 - 10’10\/%. From the measurements
of fast THz pulses the time constant of the bolometer was evaluated to be as low as
Tdgec = 185 ps. This corresponds roughly to a maximum frequency of fir = 3.4 GHz
which should be the maximum achievable intermediate frequency for this detector
when operation as a HEB mixer.

The detectors fabricated in this work were applied in two distinct setups.

» Using these detectors the coherent synchrotron radiation emitted by the ANKA
synchrotron was measured. The sensitivity and speed of the bolometer was suf-
ficient to resolve single electron bunches in the synchrotron pulse trains. It was
also possible to determine the response time of the bolometer to 185 ps. This
corresponds to an estimated IF bandwidth of 3.4 GHz for a detector operated as
a HEB mixer.

» Using the detector to characterize the emission of a quantum cascade laser it
was for the first time possible to measure the time dependent output of these
QCL devices and resolve the fast features of the QCL output. From the time
dependent output the power transfer function could be calculated. From this the

threshold Lieshold and cut-off current Iy of of the QCL could be evaluated.

Detectors fabricated in this work have been shown to be robust and easily adaptable

to different kinds of experimental setups. They show high enough sensitivity and a
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low NEP to be applied in actual experimental setups outside of controlled laboratory
conditions. It was shown that the detectors are fast enough to resolve features in fast

radiation sources like synchrotron radiation or QCL pulses.
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6 Summary

The aim of this work was the optimization of hot-electron bolometers fabricated from
ultra-thin niobium nitride films. Therefore the interfaces between the different parts of
the hot-electron bolometer, namely the antenna structure the bolometer thin film and
the substrate were analyzed. Also the fabrication processes for these structures were
optimized in light of the application for HEB devices. Basis for the optimization was
the already existing design of hot-electron bolometers fabricated from niobium nitride
thin films on silicon. These detectors are embedded in a gold antenna designed for the
THz frequency range.

To improve upon the detector performance in a first step the deposition conditions
of the superconducting detector film were optimized. Therefor the superconducting
properties of the thin niobium nitride films deposited on different substrates at dif-
ferent deposition conditions were analyzed. The superconducting transition of these
thin films shows a strong dependence on the film thickness the substrate choice and
the deposition temperature. An improved superconducting transition temperature was
achieved when depositing the films at high temperatures which could be attributed to
better crystalline growth. The strong thickness dependence of the transition tempera-
ture could be explained using the intrinsic proximity effect theory. The fabrication of
ultra-thin superconducting niobium nitride films on silicon substrate with a thickness
of 5 nm and a transition temperature of 7c ~ 9 K was achieved in this work. These
films are well suited as the basic material for the fabrication of HEB detectors.

For improved adhesion and improved electrical and superconducting stability an in-
situ superconducting buffer layer was developed to be deposited between the gold and
the niobium nitride layer. Therefor the superconducting properties of niobium and
niobium nitride thin films deposited at ambient temperatures were analyzed in respect
to their application as superconducting buffer layers. It was found that pre-cleaning

the substrate surface by means of Ar-lon milling greatly improves upon the normal
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6 Summary

state and superconducting properties of the films. Both materials showed promising
results for application as buffer layer but due to the intrinsically higher 7¢ buffer layers
made from niobium nitride seem more promising.

In a second step the bi-layers of niobium/gold and niobium nitride/gold as used for the
antenna structure were analyzed. From the superconducting transition temperatures
the interface resistance between the gold and the superconducting film was analyzed
using the proximity effect theory. An interface resistance between gold and niobium
of pint = 29.8 and of as low as pj,c = 17.3 between gold and niobium nitride was ex-
tracted. From these results the niobium nitride/gold bi-layers were evaluated as the
optimal choice for antenna fabrication.

Detectors with an in-sifu niobium nitride buffer-layer between the antenna and the
bolometer film were fabricated. Prior to the antenna bi-layer deposition the bolometer
film was pre-cleaned . It was shown that such a detector shows a perfect superconduct-
ing transition at /¢ in its IV-characteristic at 4.2 K. Noise measurements of this detector
showed an uncorrected DSB noise temperature of 2000 K at a radiation frequency of
2.5 THz. After correction for losses the DSB noise temperature of the detector was
as low as 800 K. At time of publication in 2009 [60] this was a record noise value
obtained for HEB mixers at 2.5 THz. Also this value is an improvement of about 25%
compared to similar devices with a titanium buffer layer.

The thermal coupling between the thin film and the substrate was analyzed as means
to increase the sensitivity of the HEB detector. To thermally decouple the supercon-
ducting niobium nitride film from the substrate the complete superconducting bridge
was placed on a silicon mesa. These silicon mesas were structured into silicon sub-
strate using a deep reactive ion etching process. To analyze the influence of these mesa
structure on the thermal coupling the superconducting and normal state properties of
the niobium nitride bridges were measured and analyzed. The ratio of height to width
of the mesa, the aspect ratio 2/W was varied from O up to 24. No degradation of the
superconducting properties 7c and jc was observed due to the fabrication process.
The value of the hysteresis current density though was shown to increase by a factor
of 3 for 15 nm thick niobium nitride films with an aspect ratio of AR = 12 and 4.7 for
5 nm thick films with an aspect ratio of AR = 24. To explain this behavior a model was

developed that considered the heat flow through the mesa as the main cooling channel
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for the microbridge. Solving one-dimensional heat balance equations and accounting
for the limitation of the phonon mean free path by surface scattering on the walls of
the silicon mesa this model describes the obtained experimental results very well. A
linear increase in the thermal resistance was predicted using this model and also ex-
perimentally observed. The achieved increase of the thermal resistance is almost one
order of magnitude when compared with films deposited on flat silicon substrate.
Detectors with a deep etched detector element were fabricated and showed an in-
creased time constant by a factor of two at an aspect ratio of 6. The sensitivity and
noise equivalent power of these detectors were measured to S = 9.3-10® V/W and
NEP =2.4-10"""W/Hz!/?. By further increasing the aspect ratio of such detectors an
increase in sensitivity and a decrease of the NEP is expected. The developed approach
can be used for the adjustment of the cooling efficiency of thin superconducting film
micro-bridges and therefore for tuning the speed and sensitivity of radiation detectors.
The detectors fabricated and developed in this work were also deployed to different
experiments. The relaxation time of the detector was measured to be as low as Tgec =
185 ps using coherent synchrotron radiation. This corresponds roughly to a maximum
frequency of fir = 3.4 GHz. This frequency should also be the maximum achievable
intermediate frequency for this detector when operation as a HEB mixer.

The detectors were used to characterize the coherent synchrotron radiation emitted by
the ANKA synchrotron. The sensitivity and speed of the bolometer was sufficient to
resolve single electron bunches in the synchrotron pulse trains. The detectors were
also used to characterize the emission of a quantum cascade laser. It was for the
first time possible to measure the time dependent output power of these QCL devices.
From the time dependent output power the power transfer function of the QCL could
be measured.

Detectors, fabricated in this work, have been shown to be robust and easily adaptable to
different kinds of experimental requirements. They show high enough sensitivity and
alow NEP to be applied in actual experimental setups outside of controlled laboratory
conditions. It was shown that the detectors are fast enough to resolve features in fast

radiation sources like synchrotron radiation or QCL pulses.
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