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Abstract

The GREAT (German Receiver for Astronomy at Terahertz Frequen-
cies) aboard of SOFIA (Stratospheric Observatory for Infrared As-
tronomy) requires superconducting hot-electron bolometer (HEB)
as heterodyne mixers for 1.9 THz and 2.7 THz. Within this re-
search work, ultrathin (< 5 nm) niobium titanium nitride (NbTiN)
and niobium nitride (NbN) films have been developed and success-
fully implemented in the mixers for GREAT.

The main focus of this work is the development of ultrathin NbN
and NDbTIN films. A reproducible and reliable deposition process
for ultrathin NbN and NbTiN films for the use in phonon-cooled
HEB devices was established. The ultrathin films were deposited
on silicon (Si) substrates and on 2 um SisN; membranes by DC
reactive magnetron sputtering. A method for the precise control of
the nitrogen partial pressure by monitoring the target voltage has
been introduced to deposit high quality, ultrathin NbN (3-4 nm,
T.=8.5 K) and NbTiN (4-5 nm, T.=8 K) films. Substrate heating of
at least 600°C during the deposition is essential for the fabrica-
tion of ultrathin NbN and NbTiN films on Si substrates and SisN4
membranes.

The fabrication process required for HEB devices to be used in
a quasi-optical mixer was developed. The ultrathin film was pat-
terned by electron beam lithography (EBL), resulting in bolometer
devices that measure areas of about 0.4 um x 4 um.

The nature of the contact determines the interface transparency
between the bolometer and the contact structure. Different clean-
ing processes have been performed and the influence on the con-
tact resistance have been instigated. A better interface trans-
parency gives less RF losses and could improve the HEB sensitivity
and local oscillator (LO) requirement. A better control of the inter-
face transparency also leads to a better reproducibility in values of
the normal state resistance of the HEB devices.

Heterodyne measurements were performed at 0.8 THz and
1.6 THz. For the NbTiN HEB devices, the double sideband (DSB)
receiver noise temperature at 0.8 THz was found to be 2500 K for
at 1.2 GHz IF. The main problem with HEB mixers is the limitation
in the IF bandwidth. The measured noise bandwidth was about
1.5 GHz. The DSB receiver noise temperature at 1.6 THz LO fre-
quency measured at Chalmers University, Sweden, was found to
be 1600 K at 1.5 GHz IF. This result shows that the noise of these
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NbTiN HEB devices is comparable with the NbN HEB mixers fabri-
cated at the Chalmers University.

For the NbN HEB devices the DSB receiver noise temperature
Trec was 1344 K at 0.8 THz with an absorbed LO power of 55 nW,
estimated using the isothermal method. This receiver noise tem-
perature is higher than the state-of-the-art receiver noise temper-
ature at this frequency. This is possibly due to the losses in the
optics. It was not possible to determine the noise bandwidth of
this device, because the noise temperature did not increase by the
factor of two in the bandwidth of the isolator. But the noise band-
width is estimated to be about than 1.8 GHz.

Although the true bandwidth of the NbTiN and NbN HEB de-
vices could only be measured with an appropriate IF system, the
combination of these results show that NbTiN is possibly inferior
in bandwidth to NbN used for the HEB fabrication.
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Zusammenfassung

Fur die beiden Frequenzkanale (1.9 THz und 2.7 THz) des GREAT-
Empfangers (German Receiver for Astronomy at Terahertz Fre-
quencies) auf SOFIA (Stratospheric Observatory for Infrared As-
tronomy) werden supraleitende Hot-Electron-Bolometer (HEB) als
Heterodynmischer benétigt. Im Rahmen dieser Arbeit wurden
ultradiinne (< 5nm) Niob-Titan-Nitrid (NbTiN)- und Niob-Nitrid
(NbN)- Filme entwickelt. Diese Filme wurden erfolgreich fiir die
Fabrikation der GREAT-Mischer verwendet.

Der Schwerpunkt dieser Arbeit liegt auf der Entwicklung ultra-
dinner NbN- und NbTiN-Filme. Es wurde ein verldsslicher
und reproduzierbarer Fabrikationsprozess fur ultradiinne NbN-
und NbTiN-Filme zur Verwendung in phononengekuhlten HEB-
Bauteilen entwickelt. Die ultradiinnen Filme wurden durch
reaktives Kathodenzerstauben auf Silizium (Si)-Substraten und
2 ym dicken SisNs-Membranen hergestellt. Zur genauen Kon-
trolle des Stickstoff (Ny)-Partialdruckes wurde die Kathodenspan-
nung uberwacht, um hochqualitative, ultradiinne NbN- (3-4 nm,
T.=8.5 K) und NbTiN- (4-5 nm, T.=8.0 K) Filme abzuscheiden. Das
Aufheizen des Substrates auf 600°C wahrend des Zerstdubungs-
vorgangs ist notwendig, um ultradiinne NbN- und NbTiN-Filme auf
Si-Substraten und auf SisN, Membranen herzustellen.

Weiterhin wurde ein Fabrikationsprozess zur Herstellung von
HEB-Bauteilen, die fir den Einbau in quasi-optische Mischer be-
nutzt werden koénnen, entwickelt. Die ultradunnen Filme wur-
den mittels Elektronenstrahllithographie (EBL) strukturiert, da die
Bauteilgro3e ungefahr 0.4 pm x 4 pm betrug.

Die Beschaffenheit des Kontaktes beeinflusst die Grenz-
flachentransparenz zwischen dem Bolometer und der Kon-
taktstruktur. Unterschiedliche Reinigungsprozesse wurden
durchgefiihrt und deren Einfluss auf den Kontaktwiderstand un-
tersucht. Eine bessere Grenzflachentransparenz flihrt zu weniger
RF-Verlusten, koénnte moglicherweise die HEB-Empfindlichkeit
verbessern und den Lokaloszillator-(LO) Bedarf verringern. Eine
bessere Kontrolle der Grenzflachentransparenz sorgt ebenfalls fiir
eine bessere Reproduzierbarkeit in Bezug auf den normalleitenden
Widerstand des HEBs.

Es wurden heterodyne Messungen bei 0.8 und 1.6 THz
durchgefihrt. Dabei wurde bei einer Lokaloszillatorfrequenz von
0.8 THz und einer Zwischenfrequenz von 1,2 GHz eine mini-
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male Doppel-Seitenband (DSB)-Empfangerrauschtemperatur von
2500 K gemessen. Das Hauptproblem von HEB-Mischern ist
die stark limitierte Zwischenfrequenzbandbreite. Die gemessene
Rauschbandbreite betrug 1,5 GHz. Die Rauschtemperatur-
messungen wurden in der Chalmers Universitit in Schweden
durchgefihrt, die Rauschtemperatur betrug 1600 K bei einer Zwis-
chenfrequenz von 1,5 GHz. Dieses Ergebnis zeigt, dass die NbTiN-
HEB-Mischer eine vergleichbare Rauschtemperatur haben wie die
NbN-HEB-Mischer, welche an der Chalmers Universitat hergestellt
werden.

Die NbN-HEB-Mischer zeigten eine DSB-Empfangerrausch-
temperatur von 1344 K bei einer Lokaloszillatorfrequenz von
0.8 THz. Die absorbierte LO-Leistung wurde mit der isothermen
Methode bestimmt und betrug 55 nW. Die gemessene Rausch-
temperatur ist etwas hoher als die eines HEB-Mischers nach dem
heutigen Stand der Technik bei dieser Frequenz. Wahrschein-
lich resultiert diese Differenz aus Verlusten in der Optik. Es war
nicht moglich, die Rauschbandbreite dieses HEB-Mischers zu be-
stimmen, da die Rauschtemperatur nicht innerhalb der Isolator-
bandbreite um den Faktor zwei anstieg. Eine Abschitzung der
Rauschbandbreide ergibt etwa 1.8 GHz.

Obwohl die eigentliche Bandbreite der NbN- und NbTiN-HEB-
Mischer nur mit einem geeigneten Zwischenfrequenzmesssystem
bestimmt werden kann, kann man aus den Ergebnissen dieser Ar-
beit ableiten, dass NbTiN als HEB-Material, in Bezug auf die Band-
breite, weniger geeignet ist als NbN.
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Chapter 1

Introduction

1.1 THz Astronomy

Submillimeter wave astronomy provides information to study star
formation, the interstellar medium, active galaxies, the sun and the
planets and the spectrum of the microwave background radiation.
A part of the submillimeter wave range is called THz frequency
range. Strictly speaking the THz range covers the frequency range
from 1 to 3 THz (100-300 um wavelength), and in a broadest sense
the frequency range from 0.5 to 6 THz (50-600 pm wavelength).

The basic problem of the THz astronomy is the poor transmis-
sion of the earth’s atmosphere. The earth’s atmosphere is largely
not transparent for radiation between 30 and 300 pum wavelength.
This absorption is mostly due to water vapor in the troposphere and
other molecules in the atmosphere like Ozone and Oxygen. The for-
mation of water vapor takes place in the troposphere and decreases
abruptly in the stratosphere. This restricts ground based THz ob-
servations to some narrow atmospheric windows which can be ob-
served at some distinct high altitude places at very good weather
conditions (like Mauna Kea, Hawaii 4200 m or the Atacama desert,
Chile about 5000 m).

Examples for ground based THz astronomy facilities are:

e the NANTEN2 Observatory, located in the Atacama desert
(Chile), which is a collaboration between research institutes
in Japan (Nagoya and Osaka University), South Korea (Seoul
National University), and Germany (KOSMA, Radio Astro-
nomisches Institut Universitdt Bonn). The NANTEN2 Obser-
vatory is equipped with a 4 m telescope and a receiver for
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1.1. THZ ASTRONOMY

115, 230 and 345 GHz from the Nagoya University and the
Sub-Mm Array Receiver for Two frequencies (SMART) for the
frequency range of 460-880 GHz provided by KOSMA.

e the Atacama Pathfinder Experiment (APEX) which is a 12m
telescope currently established at Llano de Chajnantor in
Chile’s Atacama desert.

e the KOSMA 3m submillimeter telescope on the Gorner-
grat near Zermatt (Swiss) which is operated by the I.
Physikalisches Institut, Universitat zu Kéln and the Radioas-
tronomisches Institut, University of Bonn.

e SMTO (Submillimeter Telescope Observatory) on Mt. Graham
in Arizona equipped with a 10 m telescope.

e CSO (Caltech Submillimeter Observatory) on Mauna Kea,
Hawaii with a 10 m diameter telescope.

e AST/RO (Antarctic Submillimeter Telescope and Remote Ob-
servatory) at the South Pole equipped with a 1.7 m telescope

The height of the troposphere is about 10-17 km depending on
the season and the geographical position. The use of submilli-
meter telescopes on board of airplanes or balloons makes it pos-
sible to perform THz observations at a height of about 15 km. At
the height of 14 km almost 85 % of the THz frequency range can
be observed [1]. The rotational and vibrational transitions of gas
molecules in the stratosphere still block parts of the THz radiation
in a height of 15 km.

The first airborne observation was performed on board of a
Lear-Jet by using a 30 cm telescope dish in 1969. The KAO (Kuiper
Airborne Observatory) was a military airplane equipped with a
91 cm telescope operating from 1974-1996. Currently, SOFIA
(Stratospheric Observatory for Infrared Astronomy) is being devel-
oped. SOFIA is a Boing 747SP equipped with a 2.7 m telescope
and will be more sensitive than the KAO due to its larger telescope
and modern sensitive detectors. The first flight of SOFIA will be in
2006. The development of the detector, which is described in this
thesis, was done to provide a mixer for the instrument GREAT (Ger-
man Receiver for Astronomy at Terahertz Frequencies) onboard of
SOFIA.



1.2. DETECTOR TECHNOLOGY

GREAT is a modular dual-channel heterodyne instrument for
high-resolution spectroscopy a joint project with the Max-Planck-
Institut fiir Radioastronomie (MPifR) and the DLR-Institut fiir Wel-
traumsensorik & Planetenerkundung (DLR Berlin). KOSMA pro-
vided the superconducting mixer element for the low frequency
band 1.6-1.9 THz (158-187 um). The frequency range of 1.6-
1.9 THz covers, beside other molecular lines, the important atomic
transition line of ionized carbon (CII) which is an important cool-
ing line of the interstellar medium (ISM). GREAT has also a mid-
frequency band at 2.6 THz to observe the deuterated hydrogen
molecule (HD), for which KOSMA provides the mixer element as
well, and the high-frequency channel at 4.7 THz provided by DLR
Berlin.

It is only possible to perform THz observations without the neg-
ative impact of the earth’s atmosphere by using satellite based tele-
scopes. Examples for space telescopes are the 57 cm telescope on
IRAS (Infrared Astronomical Satellite) operated for almost one year
in 1983, the ISO (Infrared Space Observatory) which was opera-
tional between 1995 and 1998, and the SWAS (Submillimeter Wave
Astronomy Satellite) operating in 1999. Currently, the Herschel
Space Observatory is under development.

1.2 Detector Technology

Beside the poor transmission of the earth’s atmosphere for THz
radiation, the detector technology for THz is a great challenge. In
the THz frequency range, the detector technology of the Infrared
radiation (IR) and the standard radio frequency range can not be
used. The use of bolometers as heterodyne mixers is a possible
solution.

Detectors for the THz frequency range can be divided into di-
rect detectors and heterodyne detectors. The difference between
the two categories are discussed in section 2.4. The detector de-
veloped in this thesis is a hot-electron bolometer (HEB) which is
used as a mixing element in a heterodyne receiver. A heterodyne
detector provides both the phase and the intensity of the incoming
radiation. Using a direct detector, the spectral information has to
be obtained by using a filter in front of the detector and it does not
provide phase information. In a heterodyne receiver the signal is
mixed with a local oscillator (LO) and down-converted to an inter-
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1.2. DETECTOR TECHNOLOGY

mediate frequency (IF) at a few GHz. In the GHz frequency range
conventional low noise amplifiers and filters are available. From
the IF signal it is possible to characterize the signal radiation with
very high spectral resolution.

A non-linearity in the current voltage (I-V) characteristics of the
mixing element is used to down-convert the signal to the IF fre-
quency. Different devices can be used to serve as a mixer.

Schottky-diodes have been the only available technology for the
detection of THz radiation for a long time. They do not require cool-
ing to cryogenic temperatures and cover a wide frequency range up
to several THz. The main disadvantages are the poor sensitivity
and the high LO power requirement. The LO is still a critical el-
ement for heterodyne detection in the THz frequency range. Solid
state sources often do not provide enough power for the heterodyne
operation in the THz range but are under development right now.
The only strong THz sources are far infrared (FIR) lasers, which are
very bulky and are not tunable in frequency. Recently, a new kind
of THz source was developed based on a quantum cascade laser
(QCL). QCLs are very powerful and very compact.

Superconductor-insulator-superconductor (SIS) tunnel junc-
tions are extremely sensitive heterodyne mixers and have been
widely used for frequencies below 1 THz. The upper frequency
limit of these devices is determined by the gap frequency of the
superconductor defined by fg, = A/h with A the superconducting
gap energy and h the Planck’s constant. Drastic losses above the
gap frequency of the superconductor (about 700 GHz for niobium)
occur inside the superconducting tuning circuit which is used to
match the impedance of the SIS device to the antenna impedance.
Using superconductors (like NbN or NbTiN) having a higher gap
frequency than Nb has increased the upper frequency limit of SIS
mixers to about 1.2 THz. The main advantage of SIS mixers is the
wide IF bandwidth provided by this type of mixer.

HEB mixers do not have an upper frequency limit and provide a
very high sensitivity (T;.. < 2000 K) and require very low LO power
(< 1 uW). Although the IF bandwidth of HEB mixers is rather lim-
ited compared to Schottky and SIS mixers, HEB mixers are the
most competitive devices for heterodyne detection in the THz range.



1.3. THESIS OVERVIEW

1.3 Thesis Overview

The aim of the research presented in this thesis was to develop
phonon-cooled HEB mixers for THz frequencies. At the beginning
of this research the bolometer development at KOSMA was focused
on diffusion cooled HEBs. In diffusion cooled HEBs the energy
of the electron subsystem is removed by out-diffusion of hot elec-
trons into the normal conducting pads. This kind of HEB devices
was preferred due to predicted large IF bandwidth of up to 8 GHz.
But it turned out that the diffusion cooled HEBs are much more
sensitive to changes in the bias conditions compared to phonon-
cooled HEBs. This makes diffusion cooled HEBs unsuitable for the
operation at a telescope.

In the phonon-cooled HEB devices the hot electrons loose their
energy to the lattice and then to the substrate. For this type of
HEBs ultrathin films from a material with a short electron-phonon
interaction time are necessary. Candidates for the superconduc-
tor are ultrathin niobium nitride (NbN) and niobium titanium ni-
tride (NbTiN) films. State-of-the-art phonon-cooled HEBs were fab-
ricated from ultrathin NbN films within this work. At the beginning
of this work the use of NbTiN as superconductor for HEBs indicated
a substantial improvement of the noise and gain characteristics.

To achieve the maximum possible IF bandwidth, the supercon-
ducting films have to be as thin as possible while still having a high
critical temperature. This work started with the development of ul-
trathin (< 5 nm) NbTiN films. Based on these films, phonon-cooled
HEB devices have been fabricated and heterodyne measurements
were performed. One of the NbTiN HEBs is now integrated into the
GREAT receiver in flight configuration. Concerning the sensitivity
NbTiN HEBs are comparable to NbN HEBs, but the NbTiN HEB
devices showed a lower IF bandwidth.

Almost all groups working on phonon-cooled NbN HEBs are us-
ing NbN films fabricated by the Moscow Pedagogical State Univer-
sity. In this research work ultrathin (3-4 nm) NbN films have been
developed as an alternate source for NbN HEBs. Based on the NbN
films, phonon-cooled HEB devices have been fabricated and hetero-
dyne measurements have been performed. The main focus of this
work has been on developing a reproducible and reliable deposition
process for ultrathin NbN and NbTiN films for the HEB fabrication.
These films are the fundamental requirement for phonon-cooled
HEB devices fabricated for the GREAT receiver.
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1.3. THESIS OVERVIEW

Beside the ultrathin film development, the device fabrication
and the experimental studies of HEB devices for quasi-optical mix-
ers were performed and described for NbN and NbTiN in this the-
ses. The quality of the interface between the bolometer microbridge
and the contact pads are responsible for RF and IF losses inside the
device and improve the HEB sensitivity [2]. Therefore, special em-
phasis is placed on the process which determines the nature of the
contacts. A fabrication process is developed to produce a optimal
interface transparency.

This thesis closes with a summary and a conclusion of the ul-
trathin film deposition, the HEB fabrication and the measurement
results of the fabricated HEB devices.



Chapter 2

Principle of Hot-Electron
Bolometer Operation

2.1 Introduction

A bolometer (from Greek, bole: beam, radiation; metreo: mea-
sure) is a radiant-heat detector invented by Samuel P. Langley in
1881 [3]. This instrument measures small changes in temperature
based on the fact that the electrical resistance of a metal changes
with the amount of incident radiation. Langleys bolometer was a
fine platinum wire detector. Langleys main scientific interest was
the use of this detector to study the solar irradiance far into its
infrared region [3]. As the temperature of the bolometer changes
with the energy due to incident radiation this kind of detector is
called a thermal detector.

The first useful for application bolometer was a bolometer made
of carbon, which was invented 1959 by Boyle [4]. Modern bolome-
ters are made of semiconductors or superconductors to increase
the sensitivity of the detector.

Theoretically, bolometers can be used to detect radiation of any
wavelength, because they are sensitive to any form of energy. For
most frequency ranges they are not used in practice because there
are better, more sensitive methods of detection.

For the millimeter-wave and infrared, bolometers are sensitive
thermal detectors used for astronomical observations and labo-
ratory spectroscopy [5]. Bolometers are also used in high-energy
physics as particle detector.

For the use as an astronomical detector, the bolometer is used

7



2.2. BASICS OF BOLOMETERS

in a cryogenic environment to obtain the highest sensitivity.

2.2 Basics of Bolometers

The thermal model of a bolometer is shown in Figure 2.1. A bolome-
ter typically consists of an absorbing element having a heat capac-
ity C which converts the incident electromagnetic radiation to heat.
The absorbing element is attached to a reservoir at temperature Ty
through a small thermal conductance G.

If the absorber and the thermometer are separate, the bolometer
is called a composite design.

If the absorbing element is a heat dependent resistor, high sen-
sitivity can be achieved if a superconductor is used. The change
in the electrical resistance with temperature is very rapid near the
critical temperature of the superconductor. This property makes
superconducting films a good choice for a sensitive bolometer. The
superconducting film is thermally coupled to a cold reservoir. The
absorption of radiation causes a change of resistance. When bi-
ased with a constant current, a voltage change proportional to the
radiation input power can be measured.

P is the absorbed power which causes an increase of the de-
vice temperature until a balance is reached between the absorbed
power and the loss to the cold-reservoir. The ratio

is called the bolometer time constant. It is the time it takes for the
temperature to rise to the steady state value. It indicates the time
the bolometer needs to respond to a change in the absorbed power.
Later on we will see that the time constant 1 of the bolometer deter-
mines the maximum intermediate frequency (IF), if the bolometer
is used as a heterodyne mixer.

If the radiation is removed, the temperature of the device re-
laxes to the temperature of the cold-reservoir with the same time
constant.

A quality factor of a bolometer is the voltage responsivity S.
When the incident power P changes by an amount AP, the tem-
perature T changes by AT, which results in a rise in electrical re-
sistance AR. This rise corresponds to a change in voltage across
the bolometer resistance, if the bolometer is current biased (Ip;ss)-

8



2.2. BASICS OF BOLOMETERS

Incident
Power P

Absorber T,

Thermal capacity C

Thermal link
conductance G

Heat sink T,

Figure 2.1: Thermal model of the basic bolometer operation

The bolometer temperature as a function of time is the solution
of the classical heat transfer equation [5]:

dT
— =P(t) - G(T—T, 2.2
Co =P = G(T—To) 2.2)
Assuming the absorbed power is changing periodically in time,
P(T) = Po + APcos(wt), the amplitude AT of the corresponding tem-

perature modulation is
AP

AT=—— 2.3
GV 1 + w22 (2.3)

The voltage responsivity S is defined as the change in voltage
across the bolometer resistance per Watt of absorbed signal power.
It indicates how efficient a power change is converted into an elec-
trical signal.

AV
AP
using AV = [,;,sAR and AP given in Equation (2.3) gives

S (2.4)

9
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AR 1
S - I jas R — . —m—m—m—m—m—m— — — 2.5
PREAT GV + wet? 25

It is desired to operate a bolometer in a mode which provides a
high responsivity and a short thermal time constant. At frequen-
cies w which are small compared to the time constant (wt < 1), the
responsivity S will be determined by thermal conductance S é

At frequencies w which are higher, so that wt > 1, the respon-
sivity S will be proportional to S « =—.

From Equation (2.1) and Equation (2.5) it follows that increasing
G to get a small T automatically leads to a smaller responsivity S.

Superconductors demonstrate a very strong dependence of re-
sistivity with temperature in the transition region between the su-
perconducting and the normal conducting state. This makes su-
perconductors a good material for bolometers.

The resistance of a superconducting film as a function of tem-
perature is shown in figure 2.2. At temperatures higher than the
critical temperature T., the bolometer is normal conducting, this
is the normal state region of the bolometer. Over a narrow tem-
perature range AT, just around T, the resistance value decreases
rapidly, but not infinitely rapidly. This is the resistive state of the
bolometer. In this temperature region the bolometer shows normal
and superconducting zones simultaneously. For temperatures far
below T. the whole bolometer becomes superconducting and the
resistance value remains zero.

In order to achieve the highest sensitivity of the bolometer the
device is cooled to the superconducting state and is then electri-
cally biased into the transition region between the normal and su-
perconducting states, the resistive state, where the superconduc-
tor will gradually become normal (see Figure 2.2). By biasing a
bolometer around this steep transition, extremely sensitive, low-
noise heterodyne mixers and direct detectors can be achieved.

Figure 2.2 also shows the current voltage (I-V) characteristics of
a HEB at a bath temperature of 4.2 K. For low voltages the HEB
is superconducting. The current increases until it reaches a max-
imum value (I.). Then the current decreases for increasing voltage
values and a region with a negative differential resistance exists.
This is the resistive state. For higher voltages the HEB becomes
normal conducting. This is the normal state region.

Because the bolometer operates at the transition tempera-
ture of the superconducting material, these bolometers are called

10
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Super- ! . :
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lc

Current [pA]
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Figure 2.2: Ideal resistance versus temperature (R-T) and ideal
current versus voltage (I-V) diagram of a supercon-
ducting bolometer
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transition-edge detectors if they are used for direct detection.
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2.3 Hot-Electron Bolometers

The energy of submillimeter- and millimeter radiation is very small
(< 1 meV). An approach for a bolometer operating in this frequency
range is: The hot-electron bolometer (HEB).

The hot-electron phenomenon has become very helpful to un-
derstand many phenomena in modern semiconductors and super-
conductors.

The term hot-electron specifies a non-equilibrium ensemble of
high-energy electrons. Usually an external energy is applied to a
system of carriers (e.g. by external radiation) having a higher input
power than the rate of energy loss by the system to the lattice.
So the electrons heat-up and the velocity distribution differs from
the equilibrium Maxwell form [6]. In other words, the term hot-
electrons describes electrons which are not in thermal equilibrium
with the lattice.

In metals the heating of electrons does not change the electron
mobility and therefore it does not affect the resistance value [7].
The hot electron approach is very productive for semiconductors,
where the mobility of electrons depends on their effective tempera-
ture [8].

In superconductors the non-equilibrium electron heating
process can be described in the following way:

The process of the hot electron phenomenon is illustrated in fig-
ure 2.3. An incident photon is absorbed by a Cooper pair. Due to
the large coherence length! only one of the electrons of the Cooper
pair absorbs the photon. The Cooper pair breaks apart and one
highly excited electron with energy close to the incident photon en-
ergy and one low-energy quasiparticle are created. Next the quasi-
particle loses its energy via electron-electron scattering and creates
a secondary excited electron.

The above process continues until the electron-phonon interac-
tion process takes place. This happens when the electron subsys-
tem emits Debye phonons. This electron-phonon interaction ex-
cites additional electrons and breaks other Cooper pairs. The qua-
siparticles and the phonons can be described by thermal, normal-
state distribution functions, where the electron and phonon effec-
tive temperatures (T, and T,) are established instantly and uni-

lcoherence length: the physical size of a cooper pair - representing the short-
est distance over which superconductivity can be established in a material.
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Electrons
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Figure 2.3: Thermalization scheme showing the hot electron phe-
nomenon [9], where T, is the electron effective temper-
ature, T, is the phonon effective temperature, T, is the
electron energy relaxation time via electron-phonon in-
teraction, .. is the time of the phonons to escape into
the substrate, C. and C,, are the electron and phonon
specific heats and T, is the ambient substrate temper-
ature.

formly throughout the whole system.

2.4 Coherent and Incoherent Detectors

There are two different techniques to detect the power of submil-
limeter and far-infrared wavelengths. One way is to detect the ra-
diation directly or after shifting the incoming radiation to a lower
frequency band and then amplify and detect the power of the ra-
diation. The first method is a direct detection which is also called
an incoherent detection. It creates charged carriers or converts the
incoming energy to heat proportional to the flux of the incoming
photons.

The method of shifting the incoming radiation to a lower fre-
quency is called heterodyne principle or coherent detection. The

14
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detector determines the phase and the intensity of the incoming
radiation. The principle of a heterodyne receiver is described in
section 2.5.

Bolometers can be used as coherent or incoherent detectors,
but are more commonly used for direct detectors. Coherent detec-
tion is the best choice for high resolution spectroscopy. Heterodyne
receivers provide a very high resolution (R = 10* - 107), while di-
rect detection instruments provide a lower resolution (R < 10%).
The spectral information is very important for astronomical obser-
vations and the high spectral resolution is necessary for resolving
spectral lines of galactic objects [10].

In a coherent receiver the phase information is preserved, there-
fore the incoming wavefront detected by different heterodyne re-
ceivers can be reconstructed. This makes interferometry between
distant heterodyne receivers possible.

The disadvantage of a bolometer used as a coherent detector is
the narrow spectral bandwidth of a few GHz, which can be much
higher for incoherent detectors. The setup of heterodyne receivers
is much more complex, therefore large array detectors (a few 100
pixels) are almost not possible. Coherent detectors have a funda-
mental noise limit as shown below, while incoherent detectors do
not have a fundamental noise limit.

The preserved phase information of a coherent detector provides
a fundamental limit of its sensitivity. This can be explained by
using the Heisenberg uncertainty relation AEAt > h/27 in a semi-
classical way. For n photons with the phase ¢, the uncertainty
relation is

AnAP > (2.6)

N =

Ad < 1/2 is necessary for a phase coherence, therefore An must
be at least 1 to satisfy the uncertainty relation. This introduces a
limitation of the sensitivity in a coherent receiver which is known
as the quantum limit. The minimum output noise power of a co-
herent receiver is hv per unit bandwidth or as an equivalent noise
temperature Tguantum = hv/k [11].

Direct detectors do not have a fundamental limit of the sensi-
tivity. A direct detector does not produce any noise power unless
photons are absorbed [10].
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2.5 Heterodyne Receivers

In a heterodyne receiver a locally generated frequency is mixed with
a signal frequency to produce a signal at a much lower frequency.
This frequency conversion is done by a mixer element. The locally
generated frequency and the signal frequency are added together
to produce a beat frequency, the difference between the signal and
the locally generated frequency.

A block diagram of a heterodyne detection system is illustrated
in Figure 2.4. The local oscillator at a frequency w; o, and a weaker
signal at frequency ws are mixed to give an output of the interme-
diate frequency (IF) wr =l ws — wro |-

N

astronomical Mixer IF Amp. IF Amp.

RF signal @ | |
T L

4K
to correlator
or spectrometer

Local Oscillator

Figure 2.4: Blockdiagram of a heterodyne receiver

A non-linear element must be used to mix the two signals. To
illustrate how this conversion is generated the simple case of a
square law detector is considered. The square law detector is a
nonlinear device because the I-V dependence has an exponential
form which can approximated locally to a square law:

I(t) ~ V2(t) when V > 0 2.7)

where I(t) is the current, V(t) is the voltage.

Applying an input voltage, consisting of a weak signal voltage
V, cos(wst) and a strong local oscillator voltage Vo cos(wiot) to
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the square law detector leads to:

2
I(t) = |:V5 COS(wgt) + VLO COS(wLot)

1
= 3 {Vﬁo + V2 + V2 cos(2wst) + V25 cos(2wi ot)
+VioVscos(ws — wio)t+ VioVscos(ws + wio)t| (2.8)

The diode current I(t) consists of two frequency independent terms,
terms at higher frequencies 2ws, 2w1p ws + wp and one term at
ws — wr o Which is the intermediate frequency (IF).

Since the cosines-function is symmetrical, it is not possible to
determine if ws > wip or wip > ws. The IF wir can be produced
from a combination of inputs at w; o + wr or wio — wir. There
are two frequency bands, placed on each side of the LO frequency.
The frequency band higher than the LO frequency is called the
signal band, while the lower band is called the image band. This
connection is shown in figure 2.5

Image band Signal band

O o~ O

Amplitude

0 ot OF
O

Frequency ®

Figure 2.5: Illustration of the down-conversion and different side
bands in a heterodyne receiver

A receiver which is sensitive to both sidebands is called double
sideband (DSB) receiver, while a receiver which is sensitive to only
one sideband is called single sideband (SSB) receiver.

The DSB receiver can operate in two different observing modes.
For the observation of a broad band continuum source, the broad
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continuum source covers both sidebands, this is the DSB opera-
tion mode. The additional signal power in the image band improves
the sensitivity. For the observation of a narrow band spectral line
contained within one sideband, the noise from the unwanted im-
age band is added to the signal. This is the SSB operation mode
of a DSB receiver. The noise temperature used to determine the
sensitivity of the receiver usually is a DSB noise temperature. It is
also possible to derive a SSB noise temperature for a DSB receiver:

(2.9)

Gimage >

Trec,SSB = Trec,DSB ( 1+
Gsignal

with Gimage the gain of the image sideband and Ggigna the gain of
the signal sideband. For a DSB HEB receiver the Gimage ~ Gsignal.
therefore

Trec,SSB =2 Trec,DSB (2 10)

2.5.1 Heterodyne Mixing using HEBs

The HEB can be used as a heterodyne mixer. The incident radiation
and the local oscillator (LO) radiation excite a voltage across the
bolometer which can be written as:

V(t) = Viocos(wiot) + Vscos(wst) (2.11)

where Vi is the voltage induced by the local oscillator with the
frequency w;o and Vs is the voltage induced by the incident ra-
diation signal with the frequency ws. The dissipated power of the
bolometer is:

2 2
P(t) = VR(t) = % |:VLO COS((ULot) + Vg COS((,Ust):|

1+ cos(2 wiot)

1 1 + cos(wst)
= ﬁ[V%o 5 +V3

2
cos(wro + ws)t + cos(wr o — ws)t}
2
= Pro+Ps+Procos(2wiot) + Pscos(2wst)
+ 24/ProPscos(wip + ws)t
+ 24/P1oPscos(wip — wg)t (2.12)

+2VioVs
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using the average absorbed signal power Ps = § and the average
absorbed LO power P o = \%0.

Since the average values of 2ws, 2w o and w;p + ws are zero,
they are not detected. Using wr = |w o — ws| the dissipated power

of the bolometer can be written as:

P(t) =Pio+Ps+2v P]_oPgCOS(wIFt) (2.13)

The output power consists of a wr term similar to the difference
frequency of the electronic diode. Thus, a HEB can be used as a
heterodyne mixer, if it is fast enough to follow the IF.

2.5.2 Phonon- and Diffusion cooled HEBs

The basic device configuration of a HEB device is shown in Fig-
ure 2.6. The key point is that the bolometer region consists of
a superconducting thin-film microbridge (about 400-800 nm long)
attached to two thick normal conducting contact pads at the end of
the thin film strip. These contact pads lead to the antenna struc-
ture.

Au Contact Pads
superconducting
nanobridge

Si wafer

Figure 2.6: Schematic view of a hot-electron bolometer

There are two types of HEB mixers that have different cooling
mechanism for the hot electrons: diffusion-cooled [12] and lattice-
or phonon-cooled [13] devices.
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In the diffusion-cooled HEBs, the hot electrons lose the excess
energy through diffusing to the contact pads of the device. In addi-
tion to the diffusion of the hot electrons through the cooling pads,
the hot electrons can transfer energy to phonons, which than carry
the energy to the substrate. The film material and dimensions are
chosen that way, to dominate a certain cooling mechanism.

A diffusion-cooled HEB mixer was first demonstrated at high
frequencies with Niobium (Nb) as the material for the supercon-
ducting bridge [14]. To allow the diffusion cooling mechanism to
be the dominant part in the cooling system, many materials (Nb,
Ta, Al etc.) can be used as long as the device is short enough. The
suitable length of the bridge should be shorter than the thermal
diffusion length which is defined by

Lth = 4/ DTep (2. 14)

where 1., is the electron energy relaxation time via electron-
phonon interaction and D is the diffusion constant which is ma-
terial dependent [15]. The typical length of a diffusion cooled HEB
with a 10 nm thick Nb film is 0.1-0.3 um [16].

Compared to the diffusion-cooled HEBs the phonon or lattice-
cooled HEBs lose the energy of the hot electrons through phonon
coupling to the underlying lattice. Phonon-cooled HEB mixers are
typically fabricated from NbN films on either silicon or MgO sub-
strates. NbN has a lower diffusion constant than Nb. The MgO
substrate has the advantage that the phonon transmission proba-
bility is higher than for NbN on silicon [17].

Two parameters that are particular important for HEB mixers
are the IF gain bandwidth and the IF noise bandwidth, because
they determine the threshold for the minimum signal level that
can be reliably detected. The IF gain bandwidth is defined as the
IF frequency at which the conversion efficiency of the mixer drops
by 3 dB from its low IF value. The noise bandwidth is the fre-
quency at which the mixer input noise doubles compared to its
zero frequency. Usually phonon-cooled HEB mixers achieve an IF
gain bandwidth of a few GHz, whereas the noise bandwidth can be
higher.

The most important parameters for a high intermediate fre-
quency (IF) are the electron energy relaxation time via electron-
phonon interaction ., which becomes shorter if the superconduct-
ing film is thinner and the time of the phonon escape into the sub-
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strate t.s which depends on the acoustic coupling between the thin
film and the substrate.

The NbN film of a current state-of-the-art phonon-cooled HEB
is approximately 3.5 nm thick. Such HEBs have shown an IF
gain bandwidth of 3.5 GHz (NbN on silicon) [18]. It was found
that diffusion cooled Nb bolometers have a gain bandwidth to over
6 GHz [15].

One way to increase the IF bandwidth of a phonon-cooled HEB
mixer is the use of a substrate material which is better acoustically
coupled to the thin film. The use of a 3.5 nm ultrathin NbN film
on Magnesium (II) Oxide (MgO) showed an IF gain bandwidth of
4.8 GHz [19].

A further increase of the IF bandwidth can be achieved by de-
creasing the film thickness. NbN films thinner than about 3 nm
lose their superconductivity and become inhomogeneous.

It is difficult to compare the published bandwidth data, because
the measured bandwidth depends strongly on the bias regime.

The first NbN phonon-cooled bolometric mixer for 1.04 THz used
for radio astronomy was installed at the Submillimeter Telescope
Observatory on Mount Graham, Arizona. Near 1.037 THz, the re-
ceiver noise temperature was 1600 K [20]. This was the first ground
based observation at frequencies above 1 THz.

The main advantages of the phonon-cooled HEB mixers com-
pared to the diffusion cooled HEBs is their stability. Phonon-cooled
HEBs show a much weaker sensitivity to changes in the bias con-
ditions.

2.5.3 Performance of Phonon-Cooled HEBs

The gain of a receiver system is the ratio of the signal output power
to signal input power of the system. In heterodyne mixing the in-
put signal is converted to a lower frequency by the mixing action,
therefore the gain of a mixer is called conversion gain:

Prr
G = P (2.15)
with Py the IF power and P the signal power.
In heterodyne mixing, special emphasis goes to the IF band-
width. The IF frequency at which the conversion efficiency of the
mixer drops by 3 dB from its low IF value is called the IF gain band-

width. The other bandwidth which is important for a HEB mixer
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is the IF noise bandwidth, the frequency at which the mixer noise
doubles compared to its zero frequency value.

The maximum IF gain bandwidth which can be achieved by a
HEB mixer is defined by:

1

Srte (2.16)

fIFgain =

with To thermal time constant. The thermal time constant is a

function

Ce
To X Te‘p’ C_; Tes (2.17)
P

of 7., the electron relaxation time via electron-phonon interaction:

1
Tep = m (2 18)
%, the ratio of the quasiparticle and phonon specific heats and

T:s, the phonon escape time [19]. The phonon escape time 7. is
proportional to the film thickness d and inverse proportional to the
acoustic transparency «:

o oc & (2.19)
X

The film strip, the bolometer is made of, should be very thin and
should have a good acoustic transparency « and a high critical
temperature, and it is important that t.; << T,., so that the
phonons can escape to the substrate before they interact with elec-
trons again.

2.6 HEB Models

HEB mixers are used in high-sensitivity instruments but there
is still no satisfying theoretical model which describes the mi-
croscopic physical mechanisms that determines the behavior of
a HEB in heterodyne mixing operation. The most common mod-
els that describe the interaction between the phonon subsystem,
the Cooper pair subsystem and the quasiparticle (electrons from
broken Cooper pairs) subsystem are described in the following sec-
tions.
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2.6.1 Standard Model

This model was the first effort to develop a theoretical model which
explains the operation of a HEB.

The standard model is also called the lumped element model
because the bolometer is treated as a lumped element and assumes
that the electrical properties like the electron specific heat and the
thermal conductivity between the electrons and the substrate are
constant along the microbridge. Also the RF power and the DC
power applied to the bolometer create the same resistance change
in the microbridge.

The LO power and the DC power raises the electron temperature
close to the middle of the superconducting transition temperature.
The much weaker RF signal power causes a further change of the
temperature and therefore a further change in the resistance. If
the HEB is biased by a constant current, an output voltage at the
intermediate frequency is generated [12].

The heat balance equation can be written as [21]:

oTe
Cevﬁ + Pe_s(Te, To) = o Vo + P(t) (2.20)

where T, is the electron temperature, T, is the bath temperature,
V is the volume of the bolometer, U, and [, are the voltage and
the current across the bolometer and P(t) is the incident radiation
power.

If the out-diffusion of phonons into the substrate is very fast, the
power flow from electrons to the substrate can be written as [22]:

Pefs (Te’ Tb) = AV(TQ - TITJI) [22 ]-)

where A and n are material-dependent constants. Since the RF and
the DC power have the same effect on the electron temperature and
the resistance of the bolometer, one can say:

oR
=Cge=Crf= — 2.22
Co=Cgqc =Cys 5p ( )

Based on this assumption the absorbed power can be estimated by
using the isothermal technique which is described in section 7.5.6.

Using this model it is possible to determine characteristic prop-
erties of a HEB, like the electron specific heat. It is also possible
to determine mixing properties like the gain or the absorbed LO
power.
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The behavior of the HEB depends on the measured R-T curve.
To measure the R-T curve the temperature of the entire HEB is
changed and the change in resistance is a result of the heating
of the entire bridge. But in an heterodyne experiment the HEB is
operated at a temperature of 4.2 K, therefore the R-T curve does not
fully describe the behavior of the microbridge during a heterodyne
operation.

2.6.2 Hotspot Mixing in Hot-Electron Bolometers

The main disadvantage of the previous described model is that it
neglects diffusion of electrons and that the effective temperature
remains uniform within the whole device.

The hotspot mixing model is based on the fact that a DC current
creates a local hotspot in a superconducting microbridge which is
maintained by self-heating [23]. The electron and phonon temper-
ature inside this hotspot is higher than the critical temperature of
the superconductor, being the reason for the resistive state.

The basic concept of the hotspot mixing model depends on the
fact that the DC power and the RF power of the LO and the signal
generate a hotspot inside the microbridge of the HEB. The length of
the hotspot and therefore the resistance oscillates with the heating
power at the intermediate frequency [24].

The heat balance equation of a HEB with applied LO power can
be written as:

da2T e
—K— + ¢ (T—Ty) =j2p + PLo (inside the hotspot) (2.23)
dx? Te—ph
and
d2T Ce .
—K—= + (T—Ty) = PLo (outside the hotspot) (2.24)

dx2 Te—ph

where K is the thermal conductivity, T is the electron temperature,
ce is the electronic heat capacity, T._,n is the electron-phonon in-
teraction time, p is the normal state resistivity and p; o is the LO
power per unit volume [24].

2.7 Summary

Bolometers are very sensitive thermal detectors. Superconductors
are used to increase the sensitivity of the bolometer, since super-
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conductors show a very strong dependence of resistivity with tem-
perature.

Hot-electron bolometers (HEBs) are used for the detection of
millimeter- and submillimeter radiation. The term hot electrons
refers to electrons which are not in thermal equilibrium with the
lattice. Two different types of HEBs exist, phonon-cooled and dif-
fusion cooled HEBs. In diffusions-cooled HEBs the hot electrons
loose their energy by diffusion into the cooling pads, while dom-
inate cooling mechanism in phonon-cooled HEBs is the transfer
of energy to the substrate. Diffusion-cooled HEBs show a much
larger IF bandwidth, but they are too unstable to operate in a re-
ceiver. Phonon-cooled HEBs are very stable, but show a smaller IF
bandwidth.

The thermal time constant tg determines the IF bandwidth of a
HEB mixer. The thermal time constant is a function of the electron-
phonon relaxation time, the phonon escape time and material in-
trinsic parameters.

Thin superconducting films having a high critical temperature
T. and a good acoustic transparency « to the substrate are neces-
sary for the fabrication of HEB mixers.
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Chapter 3

Thin Film Development

3.1 Introduction

The thin films necessary for the hot-electron bolometer (HEB) fab-
rication are produced by depositing a thin layer onto a carrier ma-
terial. Processes usually used to deposit a thin layer are physi-
cal vapor deposition (PVD), chemical vapor deposition (CVD), elec-
trodeposition and plasma spraying.

The standard method for the deposition of high-quality super-
conducting films onto substrates is PVD. PVD produces thin films
by evaporation or sputtering.

In the evaporation process, the source material is heated to its
evaporation temperature. A wire or a sheet of metal is used in this
process. A current is applied to the wire or the sheet of metal which
generates enough heat to cause vaporization of the source material.
The evaporated material condenses on a substrate and forms the
thin film. Beside using a resistive heating it is also possible to use a
high power electron beam to evaporate the source material (e-beam
evaporation).

In the sputtering process, the atoms of the source material are
sputtered from the surface as a result of a bombardment with high-
energy particles. The high-energy particles, usually argon (Ar) ions,
are generated by a glow discharge.

Sputtering has many advantages compared to evaporation such
as:

e A greater number of materials such as alloys and compounds
can be sputtered.

e A higher packing density of the film can be achieved.
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e a better adhesion between film and substrate can be achieved,
if the film stress is low.

e Control of film composition and grain structure is more easily
accomplished by sputtering.

e Better step coverage, because the material beam is non-
directional.

The main disadvantage of the sputtering process should be
mentioned as well. Sputtering involves many more process pa-
rameters than evaporation. Also, some materials like SiO, have a
very low sputtering rate.

This chapter shows an overview of the PVD process of sput-
tering. A more detailed characterization of the reactive sputtering
process follows.

The sputtering parameters for a certain film are not known in
advance. To obtain a film with desired properties a large amount
of variables must be investigated and controlled even more so for
ultrathin films. The chapter closes with a detailed description of
the development of ultrathin niobium nitride (NbN) and ultrathin
niobium titanium nitride (NbTiN) films necessary for the fabrication
process of HEBs.

3.2 Magnetron Sputtering

The technology of sputtering deposition ranges over a wide variety
of applications from high-performance coatings applied to cutting
tools to high temperature superconducting film deposition.

Figure 3.1 shows a schematic view of a sputtering deposition
chamber. Sputter deposition is a vacuum coating process. In the
sputtering process an electrical potential U is applied to a target
consisting of the material to be sputtered, which is attached to
a cathode in the discharge environment inside a vacuum cham-
ber which is evacuated to a base pressure of typically 107 to
108 mbar. The substrate faces the target and a glow discharge
is initiated and sustained by gas introduced into the chamber.

The ions of the so called working gas (such as argon) are accel-
erated towards the target and sputter the target material. The dis-
charge is sustained by secondary electrons produced at the cath-
ode by the impact of the energetic ions, which leads to an additional
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Figure 3.1: Schematic view of a sputtering deposition chamber
used for the deposition of superconducting ultrathin
films.

ionization of the gas. The distance between cathode and target d
and the gas pressure p determine the break-through voltage U,.
The break-through voltage U, determines the point from which on
the self sustaining gas glow discharge starts.

To enhance the sputtering yield at the cathode, a magnetic field
is applied close to the target material, which causes the electrons
to circulate over the target surface evoked by its magnet field which
is in the order of a few 100 Gauss. This kind of sputtering is called
magnetron sputtering. The electrons generate a much higher ion-
ization probability and therefore the plasma ignition takes place at
lower gas pressures compared to conventional sputtering.

Another advantage of magnetron sputtering compared to con-
ventional sputtering is the higher density of ionized argon atoms
which result in a higher deposition rate at lower pressures. Also
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less secondary electrons reach the substrate and therefore the sub-
strate is less heated compared to conventional sputtering.

3.3 Reactive Sputtering

Reactive sputtering is a method to deposit films which have a dif-
ferent composition from the target by adding a reactive gas to the
conventional magnetron sputtering process to form, depending on
the reactive gas, oxides, nitrides, carbides and other compounds.

The reactions can take place at the target, in the gas phase and
on the substrate. Target reactions result in actually sputtering a
compound target. These usually have a lower sputter yield (which
is the number of sputtered particles of the target per primary ion)
than elements and result in a reduction in deposition rate [25].
Attempts to sputter from targets of stoichiometric superconducting
compounds produced degraded superconducting properties of the
thin film. This is due to the presence of oxides within the grain
boundaries inside the target material [26].

Reactive sputtering is the favorable method for the deposition of
thin NbN and NbTiN superconducting layers necessary for the fab-
rication of phonon-cooled HEBs. One basic problem of the reactive
sputtering process is to determine the essential process parame-
ters to control the superconducting film growth and quality.

The most important process parameter in the preparation of
thin films by reactive sputtering is controlling the partial pressure
of the reactive gas.

The partial pressure of the reactive gas is a function of the re-
active gas flow rate in a glow discharge process. A hysteresis loop
occurs, which is unwanted for the deposition of a superconducting
film with a desired crystal structure and the required stoichiome-
try [27]. The sputtering of the target surface and the deposition of
the reactive product on the target surface determine the hysteresis
loop. An idealized reactive sputtering hysteresis loop for the par-
tial pressure p and the flow rate p of the reactive gas is shown in
figure 3.2.

The graph clearly shows the dynamics taking place in a reac-
tive sputtering process. For a low flow rate of the reactive gas, its
partial pressure remains zero. This is caused by pumping the re-
active gas with the vacuum pump and the reaction of reactive gas
on surfaces within the deposition chamber. This phenomenon is
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Figure 3.2: Hysteresis loop of the flow rate p and the partial pres-
sure p of the reactive gas occurring in a reactive sput-
tering process (taken from [27])

called gettering. This part of the sputtering process is called the
metallic mode, because only the metallic target material is sput-
tered. The metallic mode is characterized by a high deposition rate
and metal sputtering occurs. The deposited film is a metal film
doped with atoms form the reactive gas - in the case of nitrides the
film is called "under-nitrogenized”. The discharge voltage and cur-
rent barely differ from the values for sputtering in a pure working
gas atmosphere [28].

Beyond point A, indicated in figure 3.2, the gettering process is
saturated and the limited pumping capacity leads to an increase of
the partial pressure of the reactive gas and a decrease in deposi-
tion rate. The target and the deposition chamber walls are coated
with a layer of the reactive compound. Because of the presence
of the compound layer on the target surface, the target is called
poisoned. When the target becomes poisoned, the sputtering rate
drops rapidly because the compound will have a lower sputter-
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ing yield than the purely metallic surface [29]. When the target is
poisoned, several instabilities can occur like arcing, because an in-
crease in secondary electron emission from the compound surface
takes place, especially when sputtering nitrides [30]. Due to the
lower sputtering rate, less reactive gas is consumed, and its par-
tial pressure jumps to a much higher level, which differs from the
partial pressure without discharge.

Increasing the flow rate p, further causes a higher partial pres-
sure, but the difference in pressure with and without discharge
will remain constant. This pressure difference corresponds to the
amount of reactive gas included into the deposited film, which is
now a stoichiometric compound. Therefore this mode is called re-
active or compound mode. In the reactive mode the sputtering rate
is very low because of the lower sputter yield of the compound and
the higher secondary electron emission of the compounds [28]. By
decreasing the flow rate below point B the system remains in the
reactive mode and returns into the metallic mode for flow rates
below a certain value (point C).

The optimal value of the reactive gas flow rate p, is located
within a narrow range around point A/B. Then it is possible to
deposit a compound film with good stoichiometry at a comparable
rate to that of the metallic film [31].

This scenario makes it difficult to control the sputtering rate and
the film composition by simply controlling the flow of the reactive
gas.

A solution to deal with this difficulty is described in section 3.6.

3.4 Thin Film Formation on the Substrate

The next step which takes place in the thin film deposition is the
film growth on the substrate.

This process involves the condensation of the vaporized atoms
or molecules onto the substrate, followed by the formation of the
film by nucleation. The next stage is the interface formation and
finally the continuous growth process of the thin film [32].

When using PVD, the sputtered material reaches the substrate
in an atomic or molecular form. The atoms reaching the surface of
the substrate can either condense on the surface, re-evaporate af-
ter a residence time or can be reflected immediately. If the atoms do
not condense on the surface immediately they are called adatoms
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and they have a surface mobility. The adatoms can diffuse above
the substrate surface with a motion determined by its binding en-
ergy to the substrate, the temperature of the substrate and the
energy of the adatom [33].

The adatoms condense on the substrate surface and after a cer-
tain time the atom will either evaporate from the surface or will
join with another diffusing single atom to form a doublet [25]. The
atomic motion occurs on length scales of the order of Angstroms,
and time scales that reflect the typical atomic vibration frequen-
cies (i.e. 10713s) [34]. The chance of re-evaporation of a doublet is
much smaller than the chance of re-evaporation of a single atom,
but the doublets will trap other single atoms to form triplets etc.
This phase of thin film formation is called nucleation stage of the
film growth. Surface contamination can influence the nucleation
density and the nuclei orientation [35].

The nucleation phase starts statistically with the formation of
three-dimensional islands of atoms. Preferred positions where the
nucleation starts are surface discontinuities (scratches or steps),
lattice defects, foreign atoms in the surface or surface areas with
different crystallographic orientation [36].

The islands start to grow in size rather than in number be-
cause the mean free path of diffusing atoms, doublets etc. is equal
to the mean island separation and atoms will attach themselves
with much higher probability to existing islands than to create new
ones. When these islands grow large enough to touch, this stage of
film-formation is called coalescence stage.

The deposited film can react with the substrate to form an in-
terfacial region. The structure, composition and thickness of the
interface region can be influenced by substrate surface preparation
or cleaning, substrate temperature and deposition time [36].

The coalescence stage leads to a macroscopic network, and at
the percolation thickness, optical and all other properties change
abruptly and further thickness growth leads to a polycrystalline
real structure.

The film grows by a further nucleation of the depositing atoms
on the previously deposited material. The deposited film gener-
ally grows in a columnar morphology. For ultrathin films (< 5 nm)
the substrate effects are dominant and they usually show a poor
crystal quality, columnar growth occurs for much thicker films
(> 80 nm), but this depends on the deposited material [37].

It is important to notice that the film growth could vary over the
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substrate surface due to surface inhomogeneities.

3.5 Superconducting Films for HEB De-
vices

HEB devices are based on ultrathin superconducting films. Two
different compounds of niobium (Nb) have been used as supercon-
ductor in this work: Niobium titanium nitride (NbTiN) and niobium
nitride (NbN).

Both are type-II superconductors and have similar supercon-
ducting properties. Bulk NbTiN has a critical temperature of 16-
17 K and a resistivity of around 90 pQcm (at 300 K) [38]. A critical
temperature of 16 K and a resistivity of 160 pQcm (at 300 K) can
be found for NbN [26].

3.6 Properties of Reactive Sputtering

In order to realize the process of reactive sputtering described
above some practical problems have to be solved.

Usually a voltage- or power stabilization is used for reactive
magnetron sputtering. Figure 3.3 shows the current-voltage (I-V)
characterization of the magnetron cathode, which was used for the
deposition of NbTiN. The cathode was operating under the condi-
tions of voltage stabilization.

At low discharge voltages, the deposition rate of the compound
on the target is higher than its sputtering rate, the target is poi-
soned. At a certain voltage, the deposition rate of the compound
becomes smaller than the sputtering rate of the target. At this
stage the target becomes more metallic. The sputtered metal ab-
sorbs more reactive gas and the reactive gas pressure decreases.
This causes a much greater depletion of the compound on the tar-
get surface. The current increases because the sputter yield of
the metal is larger than the sputter yield of the compound. This
causes a hysteresis in the I-V-characteristic of a voltage-stabilized
magnetron sputtering environment [39].

The I-V characteristic of the magnetron niobium titanium cath-
ode using a current stabilization looks completely different (see Fig-
ure 3.4). The curve shows almost no hysteresis compared to the
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Figure 3.3: Current-voltage (I-V) characterization of a NbTi mag-
netron sputtering cathode using voltage stabilization
in a Ar/Ny and in pure argon gas mixture. The curve
for the reactive sputtering (Ar+N,) shows a clear hys-
teresis loop.

I-V curve of the voltage stabilized cathode, because the current
stabilization compensates for the change in the sputtering rate oc-
curring at the transition from the metallic to the reactive mode.

When the current is kept constant, the sputtering process is
held in an equilibrium state. If the sputtering rate increases, the
area of the target covered with the compound material gets smaller
and the sputtering rate of metal increases. A higher amount of
metal-atoms absorbs more reactive gas, so the partial pressure of
the reactive gas decreases and the discharge voltage as well. The
sputtering rate than returns to its initial value.

This results in a correspondence between the discharge voltage
U, the partial pressure of the reactive gas p, in the discharge and
the fraction of the target coated by the compound [39]. As de-
scribed above the most important parameter in reactive sputtering
is the partial pressure of the reactive gas p,. Its control is essential
and can be observed by monitoring the discharge voltage U.

To ensure a precise control of the reactive partial gas pres-
sure, the technique of monitoring the discharge voltage is widely
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Figure 3.4: Current-voltage (IV) characterization of a NbTi mag-
netron sputtering cathode using current stabilization
in a Ar/Ny gas mixture. The curve shows almost no
hysteresis compared to the IV curve of the voltage sta-
bilized cathode.

used [39].

3.7 Deposition of Ultrathin NbN/NbTiN
Films

To fabricate thin films such as NbTiN or NbN with good crystalline
orientation and a proper stoichiometry, the determining factor is
the nitrogen (Ns) content in the film. A variation of the nitrogen
content in the film has the effect of changing the lattice constant
of the nitride which results in different values of the film critical
temperature T, [26].

The film properties also show a strong dependence on the other
magnetron sputtering conditions such as argon partial pressure,
substrate temperature during deposition and the sputtering rate.

Beside the strong dependence on the sputtering parameters the
critical temperature decreases with the thickness of the film espe-
cially when the mean free path | becomes much smaller than the
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zero-temperature coherence length &y in the superconductor. This
is called the "dirty limit” of a superconductor. In this thesis super-
conducting films in the "dirty limit” are called ultrathin films, while
superconducting films in the clean limit are called thin films.

NbN is a superconductor with a coherence length of
&o = 5 nm [40] and NbTiN also has a very short coherence length of
&o = 3.8 nm [41].

The following approach was used to find the optimum sputtering
parameters for the deposition of NbN and NbTiN ultrathin films.
This method is one way to find the optimal sputtering parameters
rather than the only or optimum method. The following description
of the development of ultrathin films is shown for NbN films in
detail. Finding the optimal sputtering parameters for ultrathin NbN
films is basically very similar to the optimization process for NbTiN
ultrathin films.

The NbN and NbTiN films are deposited in a custom-made load
locked cryopumped DC magnetron sputtering system. The sputter-
ing machine is equipped with a heated and a water cooled substrate
table and is working at a base pressure of 2 x 10 ~® mbar.

A 76.6 mm diameter Nb/NbTi alloy sputtering target
(99.7 purity), with argon (= 99.9999 % purity) and nitrogen
(= 99.9999 % purity) as sputtering gas is used. The target to sub-
strate separation is approximately 8 cm. The radio of Nb to Ti in
the NbTi target is found to be the best trade-off between the critical
temperature T, and the resistivity p by using 78 % Nb to 22 % Ti
by weight [42].

3.7.1 Measurement Methods for Electrical Proper-
ties of Thin Films

The aim of the ultrathin film development is to deposit ultrathin
films as thin as possible. For NbN it is known, that films thinner
than 3 nm do not become superconducting at all [43]. Thus, film
thicknesses of 3-4 nm are desired for the HEB fabrication. There
is a difference between depositing thin and ultrathin NbN films.
The layer roughness is determined by the NbN grain size. The
grain growth is typically in the order of 5-10 nm for NbN films and
results in larger grain sizes with increasing film thickness [26].
The surface roughness of the NbN layer does not increase for
thicker films, because the fine polycrystalline structure "averages
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out” the effects of roughness in successive layers. An atomic mis-
match at the grain boundaries appears in polycrystalline struc-
tures and these mismatches are important for the physical and
electrical properties of the material. Therefore ultrathin NbN lay-
ers (5-10 nm) may have different electrical properties than thicker
NDbN layers (> 20 nm). Five samples of about 5 nm ultrathin NbN
films are deposited on high-resistivity silicon (Si) substrates to de-
termine the optimal nitrogen flow, rather than thicker (> 20 nm)
NDbN films.

The measurable properties of the ultrathin NbN films are the
critical temperature T. and the resistivity p. The critical tempera-
ture T, (defined as the mid point temperature of the resistance ver-
sus temperature transition) and in addition, the resistivity p just
above the critical temperature (normally measured at 20 K) of the
films are good indicators of the film quality.

To measure the critical temperature a simple liquid helium
probe (dipstick) setup was used. The dipstick is essentially a metal
tube having a probe holder on the lower portion of the dipstick. At
the upper end there is a connector port to connect the dipstick to
the PC-controlled measurement setup.

The PC-controlled experimental setup for the resistance vs. tem-

perature (R-T) measurement uses a dual lock-in system, National
Instruments data acquisition cards and dedicated control soft-
ware [44]. The dipstick measure-
ments are performed in liquid he-
lium at 4.2 K. The temperature of
o the sample can be increased above
4.2 K by slowly extracting the dip-
stick from the helium container. A
temperature diode is integrated at
D the probe mount in direct vicinity
o of the sample.
The Van der Pauw [45] structure is
used to measure the sheet resis-
tance and the critical temperature.
Figure 3.5: Van der Pauw structure The structure used here is shown
with bonding contact pads (A, B, C, in figure 3.5. The structure con-
D) sists of an arbitrarily shaped piece
of thin film, with 4 small contacts placed on the periphery of sam-
ple.

By taking voltage measurements from adjacent leads when cur-
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rent is forced through the other 2 leads, then rotating the lead
positions by 90°, any asymmetry in the structure can be corrected
by using a mathematical function [45]. This structure is symmet-
rical by design, so the measured resistance values do not need to
be corrected.

Still, the average of the two measurements yields a better esti-
mate of the sheet resistance of the underlying material. The area
of the sample is about 2.3 mm?. The only process parameter that
is needed for the calculation of the resistivity of the sample is its
thickness.

The NbN films are patterned by etching (Ar and SFg), defin-
ing the van der Pauw structure using the negative photo resist AZ
5214.

The van der Pauw optical lithography mask used for the litho-
graphical patterning also contains some solid strips of different
width. These strips can also be used to measure the resistivity and
critical temperature.

3.7.2 Optimizing the Sputtering Parameters for
Ultrathin NbN Films

As mentioned above the most important parameter for the deposi-
tion of NbN films by reactive sputtering is the partial pressure of
the reactive gas. In order to find a reasonable starting range for
the nitrogen flow, the complete curve of nitrogen flow versus target
voltage for the Nb cathode has to be recorded first.

To determine this curve, a fixed argon flow rate is introduced
into the sputtering chamber and the cryopump is throttled to re-
sult in an argon partial pressure of 0.5 Pa. To remove any Nb
target contamination the target is pre-sputtered by pure argon as
sputtering gas for 15 min. Figure 3.6 shows the nitrogen flow rate
versus target voltage of the niobium cathode.

The sputtering power determines the deposition rate of the de-
posited compound. For ultrathin films a sputtering rate of 2-5 A/s
is desired. For this sputtering system a constant current of 0.3 A
results in a sputtering rate of roughly 3 A/s and therefore 0.3 A
is set as a starting point. Then nitrogen is introduced into the
sputtering chamber progressively in 0.25 sccm! increments. The

[scem], standard cubic centimeters per minute
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Figure 3.6: Target voltage for different nitrogen (N;) flow rates of
the Nb cathode, at a constant current of 0.3 A and 0.5
Pa argon partial pressure. The critical temperature T,
of 5 nm ultrathin NbN films for different N, flow rates
is indicated as well. This graph shows only the voltage
resulting from the increase of the N, flow, therefore it
does not show any hysteresis that would show up in a
similar curve with decreasing N, flow rate.

throttle valve is kept at a constant position so that the total pres-
sure can vary with the Ny flow rate. As nitrogen is introduced into
the system the target voltage increases stronger than linearly. The
target voltage curve for 0.5 Pa argon partial pressure is shown in
figure 3.6. This graph shows only the voltage resulting from the
increase of the Ny flow, therefore it does not show any hysteresis
that would show up in a similar curve with decreasing N, flow rate.

The critical temperature of 5 samples deposited at different op-
erating points in the curve are also shown in figure 3.6. The depo-
sition rates at 1.6 sccm and 2.0 sccm Ny flow rate were determined
in the first place. The deposition rates should be slightly different.
It was not possible to measure the difference in deposition rates
because this value was within the error range of the thickness mea-
surement which is described in section 3.7.5. All five sample were
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estimated to be about 5 nm thin.

The T. shows a maximum of 7.7 K for 1.6 sccm N,. The range
of the nitrogen flow rate, which results in the maximum critical
temperature is very narrow. A flow rate of 1.6 sccm Ny results in
the maximum critical temperature T. of 7.7 K. The nitrogen flow
rate can be related to the nitrogen partial pressure by using the
AU method described in section 3.6.

The resolution of a mass flow controller is determined 0.1 % of
the maximum flow rate. The flow controller used for the 5 NbN
samples had a maximum flow rate of 100 sccm and therefore a
resolution of 0.1 sccm. By using a mass flow controller with a max-
imum flow rate of 20 sccm which was built in later on, it was possi-
ble to adjust the nitrogen flow rate between 1.6 sccm and 1.7 sccm.
Using this mass flow controller and a flow rate of 1.66 sccm it was
possible to deposit a 5 nm ultrathin NbN film having a critical tem-
perature T, of 8.1 K. This value is also indicated in figure 3.6.

Not only the partial pressure of the Ny reactive gas, but also the
partial pressure of the argon working gas has an effect on the film
quality. Westra et al. found that the maximum T, increases with
decreasing argon partial pressure [46].

Ultrathin films with successively decreased argon partial pres-
sure have been fabricated.

Figure 3.7 shows the R — T curves for NbN ultrathin films de-
posited for fixed nitrogen partial pressure at five different argon
partial pressures. Decreasing the argon partial pressure from
0.75 Pa below 0.52 Pa results in a dramatic increase in critical
temperature T, of + 1.5 K, from T, = 6.2 K for 0.75 Pa argon partial
pressure to T, = 7.7 K for an argon partial pressure below 0.5 Pa.

The transition width AT, (defined as the temperature range from
90% to 10% of the resistance value of the R-T transition) becomes
slightly smaller, from AT, = 2.7 K for 0.75 Pa argon partial pressure
to AT, = 1.8 K below 0.5 Pa argon partial pressure.

For argon partial pressures below 0.52 Pa no change in the crit-
ical temperature is observed compared to the the films sputtered at
0.52 Pa argon partial pressure. A lower argon partial pressure re-
sults in a higher film stress, at a thickness of 5 nm, the film stress
is irrelevant.
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Figure 3.7: R—T curves using the optimal nitrogen partial pressure
for different argon partial pressures.

3.7.3 Influence of Substrate Heating

The substrate temperature during reactive sputtering is found to
be an important parameter for the film quality [47].

In the used sputtering system, substrate heating is achieved
by a radiative Boralectric® heater [48], based on a PBN/Pyrolytic
Graphite resistance heating element with an operating tempera-
ture up to 1800°C, which is located 8 mm below the titanium (T4)
substrate holder. Figure 3.8 shows a schematic view of the heating
system designed for the sputtering system.

In a high vacuum (HV) system, the thermal heat transfer be-
tween the heating element and the substrate is dominated by ther-
mal radiation. The heating element and the substrate holder do
not have the same temperature. It was not possible to minimize
the distance between the heating element and the substrate holder
any further or even put them in a mechanical contact.
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Figure 3.8: Schematic view of the heating system designed for the
sputtering system

To estimate the temperature of the substrate fixed to the sub-
strate carrier, a PT-100 temperature sensor was mounted on the
surface of the substrate carrier, giving a calibration of the PG heat-
ing element versus substrate temperature. The temperature of the
heating element was measured by a thermocouple which was as-
sembled into a hole in the lateral heater plane.

Figure 3.9 shows the temperature of the heating element and of
the substrate holder surface versus time by progressive tempera-
ture stages of 100°C. The difference between the heater tempera-
ture and the substrate surface at 650°C is about 180-200°C. After
20 min. the heating element and the substrate holder are in a ther-
mal equilibrium, within the limits of this experiment. From this
measurement it can be roughly estimated that the surface sub-
strate holder temperature is about 600°C if the heating element
has a temperature of 800°C. Only the surface temperature of the
substrate holder was measured, the actual surface temperature of
the substrate can only be estimated.

The background pressure of the vacuum chamber is also shown
in figure 3.9. The background pressure remains constant for
substrate surface temperature values lower than 450°C. The in-
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Figure 3.9: Temperature measured at the heating element and at
the substrate surface for different heating steps (right
axis). Also shown is the background pressure of the
vacuum chamber (right axis).

creased background pressure for substrate temperatures higher
than 450°C is due to outgassing of components inside the vacuum
chamber, especially close to the heater station. Outgassing means
that trapped or frozen gas inside a material is released. Outgassing
is a great problem for the deposition of thin film, since the gas re-
leased from components inside the vacuum chamber is build into
the deposited thin film.

Heating the substrate during the deposition process improves
the crystalline order in the films and increases the grain size [49].
This is due to an increased surface mobility of the adatoms of the
deposited material as described in section 3.4.

The influence of heating the substrate during deposition on the
superconducting properties of 5 nm ultrathin NbN films is shown
by the R-T curves in Figure 3.10. Heating the substrate up to
600°C significantly increases the critical temperature T, from 8.1 K
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Figure 3.10: R-T curves of 5 nm ultrathin NbN films on Si-
substrates for different temperatures during deposi-
tion.

at ambient temperature to 9.4 K. The transition width AT, becomes
slightly smaller.

Increasing the substrate temperature up to 800°C causes a mi-
nor increase of the critical temperature compared to 600°C. An
increase of +0.9 K for the critical temperature compared to ambi-
ent temperature can be observed. A higher substrate temperature
results in a higher quality of the deposited ultrathin film. But the
outgassing of components inside the sputtering system increases
with temperature. This is observed by the dramatic increase of the
background pressure at a heating element temperature of 1000°C
(about 2-10% mbar). Therefore a heating element temperature of
800°C which results in a substrate holder surface temperature of
600°C was chosen as a tradeoff between background pressure and
heater temperature.

Presently, most of the NbN films used for the fabrication of HEB
devices are fabricated at the Moscow State Pedagogical University
(MSPU) [39]. The process uses a temperature of 900°C. From the
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literature it is not quite clear if the Moscow group means the heater
temperature or the substrate temperature. In the majority of cases
just a deposition temperature is reported.

3.7.4 Role of the Interface Layer

The surface of silicon (Si) wafers reacts with oxygen (Os) or steam
(H2O) to form a silicon dioxide (SiO,) layer when exposed to air.
This is called the native oxide layer of the Si substrate.

The thickness of this SiO, layer is between 0.6 and 2.0 nm and
depends on the oxidation conditions [50]. The native SiO; on the
Si wafer seems to play an important role for the film quality.

This SiO, layer can be removed either by a physical plasma etch
or by chemical etching. Removing the SiO, layer by a argon (Ar)
plasma etch damages the surface of the silicon substrate and re-
sults in a rough surface. This is unwanted for thin film deposition.

Hydrofluoric acid (HF) can be used to remove native SiO, from
silicon wafers chemically. HF (30%) diluted with deionised water to
25 % by volume has been used. The Si wafer was etched by expos-
ing the wafer to the HF for a short time ("dip”), in this case 120 s.
Using this diluted HF dip, the SiO, layer should be substantially
removed.

Exposing a Si wafer to a HF dip which removes the SiO, layer
by etching, causes poor quality NbN films as shown in figure 3.11
which shows the R-T curve of a 4 nm ultrathin NbN film deposited
on a Si substrate which is exposed to a dip in diluted HF for 120 s.
The other curve is the R-T curve of a 4 nm ultrathin NbN film
deposited on an untreated Si substrate which shows a critical tem-
perature T, of only 6.1 K.

Within the limits of this experiment, the native oxide layer seems
to be important to get high quality NbN films. The SiO, layer may
be responsible for the reduction of the lattice mismatch between
the Si and the NbN.

However, no measurements to analyze the crystal structure of
the sputtered NbN films, for example x-ray diffraction, have been
done within this work. Therefore it is not possible to finally draw
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Figure 3.11: R-T curves of 4 nm ultrathin NbN films on Si-
substrates exposed to a hydrofluoric acid dip which
removes the SiO, layer by etching and on untreated
Si-substrates.

a conclusion on the exact film structure. In our case, heating the
substrate during deposition is essential for ultrathin NbN films.

Other important film parameters are sheet resistance Ryq and
resistivity p. The sheet resistance of the film is determined using
the van der Pauw method, which is a special four-point resistance
measurement described in section 3.7.1. The NbN samples are
etched with SFs and Ar, defining the van der Pauw structure using
the reversal photo resist AZ 5214. The current used for the van der
Pauw measurement is 10 pA.

The electrical properties: sheet resistance, resistivity, and resis-
tance ratio (Rspo/R90) have been measured for 5 nm ultrathin NbN
films sputtered at ambient temperature, at 600°C, and at 800°C.
The properties of the NbN films sputtered at these temperatures
are summarized in table 3.1.

The observed resistivity values range from 430 pQcm for films
sputtered at ambient substrate temperature to 260 pQcm at
600°C. This is within the range of the resistivity found by other
groups [18].
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deposition crit. temp. sheet resist. resistivity Rsp0/Rgo

temperature T, [K] Rqq [Q] p[uQem]
ambient 8.1 861 430 0.78
600 °C 9.4 520 260 0.88
800 °C 9.2 589 294 0.86

Table 3.1: Properties of 5 nm ultrathin NbN films sputtered at dif-
ferent substrate temperatures. This table indicates that
heating the substrate during deposition is essential.

HEB devices are based on strips of NbN ultrathin films, thus the
resistivity determines the length to width ratio of the HEB device
for a desired resistance. The sheet resistance of a film with the
resistivity p and a thickness t is defined:

The unit is Ohms, but it is referred to as Ohms per square. The re-
sistivity of 260 pQcm results in a sheet resistance Rs of 580 Q for a
5 nm ultrathin film. The normal state resistance of the HEB device
should stay within the range of 100-200 Q, because the planar an-
tennas are designed to have an impedance of 100 Q. A HEB device
of 400 nm length and 2800 nm width has a resistance of 100 Q,
which is exactly the antenna impedance, seen at the bolometer at
the resonance frequency for the used double slot antenna. There-
fore it is generally possible to fabricate HEB devices based on these
NDbN films.

As shown in table 3.1 all of the films had a resistance ratio
(Rs00/Ryo) less than unity, indicating a nonmetallic conduction. Ta-
ble 3.1 indicates that there is a correlation between resistance ratio
and the critical temperature, which could also be found in previous
samples.

3.7.5 Estimation of Film Thickness

The sputtering rate is the rate at which the material is removed
from the target. The sputtering rate is proportional to the power
density of the plasma at a constant total sputtering pressure. The
deposition rate in reactive sputtering is a function of the sputtering
rate, the distance from the target to the substrate and the total
sputtering pressure.
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Film thickness was measured by a mechanical stylus surface
profiler (Tencor Alpha-Step 100). The resolution of the Tencor
Alpha-Step 100 is 50 A. So it is not possible to measure the thick-
ness of a 4 nm thin film with a high accuracy directly. The relation
between the sputtering time and the film thickness is assumed to
be linear. Films of different thickness (> 20 nm) have been de-
posited and the measured thickness values were used to interpo-
late the sputtering time for a 4 nm thin film.
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Figure 3.12: NbN film thickness versus sputtering time for 0.5 Pa
argon partial pressure. The dotted line is a linear fit
to the measured values.

The sputtering time is controlled by a shutter between the cath-
ode and the substrate. The shutter is computer-controlled to
achieve a high accuracy.

Figure 3.12 shows the film thickness versus sputtering time for
the different NbN film samples ranging from 15 nm to 50 nm thick-
ness. The NbN film thickness versus sputtering time is in good
agreement with a linear behavior, so that it is indeed possible to
derive a deposition rate for these particular sputtering parameters.
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The slope of linear fit in figure 3.12 represents the deposition
rate. The deposition rate for NbN using an argon partial pressure
of 0.5 Pa, 1.6 sccm nitrogen flow rate, 81 W sputtering power and
a substrate temperature of 650°C was found to be 2.1 A/s.

The thickness at zero sputtering time is extrapolated to
-0.23 nm which can be neglected within the accuracy of this ex-
periment. For 5 nm ultrathin films, this results in a sputtering
time of 25 s. This is a well controllable sputtering time.

3.7.6 Uniformity of the Film

In order to give a rough estimation of the large-scale uniformity of
the critical temperature of the NbN ultrathin film across the wafer,
a 30x30 mm? wafer was cut into three 10x30 mm? pieces after the
deposition.
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Figure 3.13: Resistance versus temperature of a 4 nm thin NbN
film measured across a 10x30 mm large wafer. The
identifiers A2-A6 and B6-B7 are contact positions on
the wafer in 5 mm distance respectively.
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The critical temperature was measured at positions separated
by 5 mm each across the wafer slice to get an indication of the
large-scale critical temperature distribution across the wafer.

Figure 3.13 shows the resistance versus temperature diagram
of the 5 different position on the center part of a split wafer. The
NbN film is about 4 nm thick. The identifiers A2-A6 and B6-B7
indicate contact positions on the wafer.

Although the critical temperature T. of the wafer is slightly
lower than the expected T. of a 4 nm thin NbN film, figure 3.13
clearly shows that the critical temperature and the resistance ra-
tio R300/Roo remains constant, indicating that the film thickness
is very uniform across the 10x30 mm wafer. There were no align-
ment marks on the NbN wafer and the bond wires were connected
to the NbN film by visual judgment. Therefore the resistance in this
diagram varies because the four-point probe distance was different
for each measurement point.

3.7.7 NDN films for HEB Fabrication

Based on the optimization described in the previous sections, 3-
4 nm ultrathin NbN films have been fabricated. The optimized de-
position conditions are listed in table 3.2

Parameters Value
Base pressure 2 - 108 mbar
(ambient temp.)
Gas flow rates 60 sccm Ar
1.65 sccm Ny
Current 300 mA
Power 84 W
Heater temperature 800 °C
Deposition rate 2A/s
Deposition time 20 s.

Table 3.2: Optimized sputtering parameters for 3-4 nm ultrathin
NbN films.

The NDbN film is deposited on a 350 um thick and 30x30 mm
large high-resistivity Si wafer using the sputtering parameters
shown in table 3.2.
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Figure 3.14: Resistance versus temperature curve of the NbN film
used for the HEB batch [NbN-LSK FR 3 LARGE]

A roughly 2x2 mm piece is separated from the 30x30 mm Si
wafer to determine the critical temperature T, and the resistance
ratio Rspo/Rgo of the NbN film before the HEB fabrication starts.
Figure 3.14 shows the R-T curve of the NbN film before the actual
fabrication process of the HEB batch [NbN-LSK FR 3 Large]. The
NbN film has a critical temperature T, = 9.1 K, a transition width
AT. = 1.9 K and a resistance ratio Rsg9/Rgo = 0.85.
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3.8 Sputtering Parameters for Thin NbTiN
Films

In this work HEB devices based on NbN and on niobium titanium
nitride (NbTiN) have been fabricated. Now, the optimization of ul-
trathin NbTiN films is presented.

The ultrathin NbTiN films were prepared on silicon substrates
by reactive DC-magnetron sputtering with a NbTi alloy target. The
sputtering environment is the same one used for the ultrathin NbN
films described in section 3.2.

The sputtering parameters for ultrathin NbTiN films can be de-
termined in the same way as described in the previous section
for ultrathin NbN films. The approach used for optimizing the
sputtering parameters of ultrathin NbTiN films was different be-
cause the optimal sputtering parameters for thin (> 100 nm) NbTiN
films existed already. The thin NbTiN films were used for the
superconductor-insulator-superconductor (SIS) device fabrication
for the Herschel Space Observatory [51].

The parameters taken from the NbTiN film development for SIS
fabrication were the argon partial pressure (0.60 Pa) and the sput-
tering power (about 300 W). The thin NbTiN films used for SIS
fabrication were deposited in a different sputtering system. At this
time the new sputtering system which was used for the NbN ul-
trathin film deposition did not exist. Therefore the nitrogen partial
pressure had to be optimized. The films used for the SIS device
fabrication were deposited on substrates at ambient temperature.

Parameters Value
Base pressure 2 - 10 8 mbar
Gas flow rates 150 sccm Ar

8 sccm Ny
Current 1.2 A
Power 305 W
Sputtering pressure 0.63 A
Deposition rate 5A/s

Table 3.3: Sputtering parameters used for thin (300 nm) NbTiN
films.

To optimize the nitrogen partial pressure 9 NbTiN films were de-
posited on glass substrates using different nitrogen flow rates. The
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critical temperature and the resistivity of these NbTiN films were
determined by the van der Pauw measurement setup described in
section 3.7.1.
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Figure 3.15: Critical temperature T, and resistivity of thin (about
300 nm) NDbTiN films for different nitrogen flow rates

Figure 3.15 shows the critical temperature T, and the resistivity
p of the NbTiN films for different nitrogen flow rates. The thickness
of these NbTiN films was about 300 nm. Glass substrates were
used because for such thick NbTiN film the substrate does not
influence the NbTiN film quality.

The critical temperature of the NbTiN films increases for nitro-
gen flow rates lower than 18 sccm (T, = 11.6 K for 18 sccm Ny)
and reaches a maximum value of T. = 14.1 K for a nitrogen flow
rate of 8 sccm as shown in figure 3.15. The values of the criti-
cal temperature for flow rates of 6 and 7 sccm indicate that the
film quality gets worse for flow rates lower than 8 sccm, since the
critical temperature T, decreases.

The resistivity p of the NbTiN films deposited on glass substrates
for different nitrogen flow rates is also shown in figure 3.15. The
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resistivity p decreases continuously from 158 pQcm for a nitrogen
flow rate of 18 sccm to 106 uQcm for a nitrogen flow rate of 6 sccm.

A nitrogen flow rate of 8 sccm was chosen for further optimiza-
tion because the maximum critical temperature T. was reached for
this nitrogen flow rate. Table 3.3 summaries the sputtering para-
meters used for the deposition of 300 nm thin NbTiN films.

NbTiN films with a critical temperature T. of 14.1 K and a re-
sistivity p of 106 uQcm have been obtained for the sputtering pa-
rameters shown in table 3.3. This critical temperature T, and this
resistivity p is approximately the same as reported by other groups
[52] [53] [54].

The deposition rate of 5 A per second was one major disad-
vantage of these sputtering parameters. Reducing the sputtering
power to decrease the sputtering rate resulted in a deteriorated film
quality of the thin NbTiN films. Using a sputtering power lower
than 280 W resulted in NbTiN films with a critical temperature T,
lower than 4.2 K.

Similar to the case of NbN, the nitrogen partial pressure also
determines the quality of the NbTiN films, but the flow rate range
which results in high-quality NbTiN is much larger than the flow
rate range for ultrathin NbN films.

3.9 Sputtering Parameters for Ultrathin
NbTiN Films

To find the optimal sputtering parameters for ultrathin NbTiN
films, the sputtering parameters for thin NbTiN films were used.
Starting with a 100 nm thin NbTiN film deposited on a silicon sub-
strate, the sputtering time was reduced to deposit thinner films
down to a thickness of 5 nm. Seven NbTiN films of different thick-
nesses were deposited on silicon substrates at ambient tempera-
ture.

The critical temperature T, was measured by using the van der
Pauw method described in section 3.7.1. The red curve in fig-
ure 3.16 shows the critical temperature T, of NbTiN films deposited
on Si substrates for different film thicknesses.

The critical temperature T. of NbTiN films having a thickness
larger than 20 nm remains almost constant at about 13-14 K and
starts to decrease for NbTiN films thinner than 20 nm. A dramatic
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Figure 3.16: Critical temperature T. of NbTiN films on Silicon sub-
strates as function of film thickness

decrease in the critical temperature T. is found for NbTiN films
thinner than 10 nm. The thinnest NbTiN film on a Si substrate
having a critical temperature T. higher than liquid helium (4.2 K)
was found to be 6 nm. A 5 nm ultrathin NbTiN film was deposited
on a Si substrate at ambient temperature, but it did not show a
critical temperature above 4.2 K, therefore it is not indicated in
figure 3.16.

It was not possible to deposit a 5 nm ultrathin NbTiN on a Si
substrate having a critical temperature T. higher than 4.2 K at
ambient substrate temperature.

3.9.1 Role of the Interface Layer

It has been found that an intermediate layer between the substrate
and an ultrathin superconducting film can improve the quality of
the superconducting film. Several materials have been already
studied with respect to their properties as a buffer layer. It is well
known that ultrathin NbN films show a large improvement in film
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properties when deposited on either crystalline magnesium oxide
(MgO) or on a MgO buffer layer on a Si substrate [55].

On the one hand, a buffer layer reduces the lattice mismatch be-
tween the substrate and the superconducting film which improves
the superconducting film quality, but the buffer layer also affects
the acoustic matching between the superconducting film and the
substrate which may have an influence on the phonon escape time
of the HEB device. For NbTiN there seems to be an acoustic mis-
match to MgO [56].

Here, NbTiN ultrathin films on Si substrates were deposited us-
ing Aluminium Nitride (AIN) as a buffer layer. It was already shown
that AIN was successfully used as buffer layer for the deposition
of NbTiN for HEB devices [57]. AIN has a hexagonal close packed
(hcp) structure and exhibits a lattice match with the NbTiN crystal
structure.

The black curve in figure 3.16 shows the critical temperature T.
of a NbTiN film deposited on an AIN buffer layer on a Si substrate.
For a NbTiN film thickness larger than 20 nm, the influence of the
AIN buffer layer on the critical temperature T. of the NbTiN films
is not noticeable. The critical temperature T, is the same as the
critical temperature T, of NbTiN films deposited on Si substrates
without the buffer layer.

For ultrathin NbTiN films (< 20 nm) the critical temperature T,
improves compared to the NbTiN films deposited on Si substrates
without an AIN buffer layer. The lattice match is assumed to be
the reason that the buffer layer of polycrystalline AIN increases
the quality of ultrathin (< 20 nm) NbTiN films, since the growth of
the first nanometers are promoted, after which the layer quality is
nearly independent of the preceding layer.

Figure 3.17 shows the resistance versus temperature (R-T)
curves of a 10 nm thin NbTiN film deposited on an AIN buffer layer
and deposited on a Si substrate without an AIN buffer layer. The
critical temperature T, improves by 1 K from 10.5 K for NbTiN on
an Si substrate to 11.5 K for NbTiN on an AIN buffer layer.

3.9.2 Influence of Substrate Heating

The substrate heating at the time of the NbTiN film development
was rather limited, compared to the heating system used for NbN
films because an old heating system was used. Substrate heating
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Figure 3.17: R-T curve for 10 nm thin NbTiN films deposited on
a Si substrate and on AIN buffer layer on a Si sub-
strate.

was achieved by a radiative quartz lamp heater below the substrate
holder. The temperature of the heater could be adjusted from 0°C
to 500°C. The temperature of the heater was measured by a PT-
100 temperature sensor mounted a few mm above the quartz lamp.

To estimate the temperature directly on the substrate surface,
a bimetal thermometer was fixed on the substrate holder and the
temperature was monitored through the window of the vacuum
chamber. For 500°C heater temperature the substrate surface tem-
perature was measured to be 280°C.

Although the heating system was rather limited, a substrate
temperature of roughly 280°C improved the critical temperature
of a 5 nm ultrathin NbTiN film deposited on an AIN buffer layer.

Figure 3.18 shows the R-T curves of two 5 nm ultrathin NbTiN
films, one deposited on an AIN buffer layer at ambient substrate
temperature and one deposited on a Si substrate at 280°C sub-
strate temperature. Compared to sputtering at ambient temper-
ature, the critical temperature of a 5 nm ultrathin film increases
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Figure 3.18: R-T curves for 5 nm ultrathin NbTiN films deposited
on an AlN buffer layer for ambient substrate temper-
ature and for 280°C substrate temperature.

by + 0.6 K from T, = 8.2 K at ambient temperature to T, = 8.8 K
at 280°C substrate temperature. The transition width becomes
slightly smaller. The resistivity is also affected by heating the sub-
strate. The resistivity drops by about 20% from p = 220 uQcm for
films deposited at ambient substrate temperature to p = 180 uQcm
for a substrate temperature of 280°C.

The first generation of HEB devices was fabricated using NbTiN
films with an AIN buffer layer. By using the new heating system
described in section 3.7.3 it was possible to deposit 4 nm ultrathin
NDbTIN films on Si substrates without using an AIN buffer layer.
The sputtering parameters were the same as the one used for old
heating system. Thus the increased critical temperature T, is due
to the elevated substrate temperature of 600°C.

Figure 3.19 shows the R-T curve of the 4 nm ultrathin NbTiN
films deposited on a Si substrate at 600°C.
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Figure 3.19: R-T curve of 4 nm a ultrathin NbTiN film deposited
on a Si substrate at 600°C

3.10 Summary

Ultrathin NbN and NDbTiN films have been deposited by reactive
DC-magnetron sputtering.

Controlling the partial pressure of the reactive gas (nitrogen)
is crucial for ultrathin NbN films with a critical temperature T, of
about 8 K. The optimum value of the nitrogen flow rate can be
obtained by depositing a few films at different points of the target
voltage versus nitrogen flow rate curve. A method for a precise
control of the nitrogen partial pressure by monitoring the target
voltage has been introduced.

Substrate heating of 600°C is essential for the deposition of ul-
trathin NbN films on Si substrates. The elevated substrate tem-
perature increases the surface mobility of the adatoms of the de-
posited material. Not only the heating is essential, but also the
native oxide (SiOs) layer on the Si substrates seems to be neces-
sary for high-quality ultrathin NbN films.

The estimation of the thickness of the ultrathin films is an im-
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portant concern. It is not possible to measure the thickness of a
5 nm ultrathin NbN film by using a profiler. Almost all groups fab-
ricating ultrathin NbN films interpolate the thickness by measur-
ing the deposition rate of much thicker layers (> 20 nm). Raman
scattering and wavelength-dependent ellipsometric measurements
are currently investigated for the use of the characterization and
thickness measurement of ultrathin NbN films [58].

The approach of determining the optimal sputtering parameters
for ultrathin NbTiN films was slightly different because the sput-
tering parameters for thin (~ 300 nm) NbTiN films already existed.
Like for NbN ultrathin films, substrate heating is essential for the
deposition of ultrathin NbTiN films. Using the limited old heating
system (max. operating temperature ~ 400°C) it was not possible
to deposit 5 nm ultrathin NbTiN films on Si substrates having a
critical temperature > 4.2 K. The use of AIN as buffer layer im-
proved the NbTiN film quality and made it possible to deposit 5 nm
ultrathin films on Si substrates with a 20 nm thick AIN buffer layer.

The replacement of the old limited heating system with a heating
system based on a radiative Boralectric® heater made it possible to
deposit a 4 nm ultrathin NbTiN film on a Si substrate without the
use of an AIN buffer layer.

The nitrogen partial pressure is much lower (1.6 sccm) for the
deposition of ultrathin NbN films compared to ultrathin NbTiN
films (6 sccm). The very low nitrogen flow rate necessary for ultra-
thin NbN films required a mass flow controller having a maximum
flow rate of 20 sccm since the accuracy depends on the maximum
flow rate. The superconducting properties of ultrathin NbN films
are more sensitive to changes in the nitrogen partial pressure com-
pared to NbTiN deposition.

Basically a long term reproducibility in terms of the film qual-
ity is given by monitoring the target voltage and using a constant
current regulation. The reproducibility of the NbTiN and NbN ultra-
thin film quality is influenced by a lot of other conditions inside the
sputtering system, like impurities inside the target and the sput-
tering system or the target erosion.
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Chapter 4

Device Fabrication

4.1 Introduction

Quasi-optical mixers at THz frequencies use dielectric lenses and
planar antennas to couple the radiation from the telescope into the
device, whereas in waveguide mixers, a waveguide horn followed by
a waveguide and a waveguide probe is used to couple the radiation
into the device.

The HEB device fabrication is different for waveguide and quasi-
optical HEB devices. The planar antenna, defined by optical litho-
graphy, is directly integrated onto a dielectric substrate. This sub-
strate is glued to the flat side of an extended hemispherical sili-
con lens. The substrate used here is 350 um thick, compared to
waveguide substrates which can only be a few um thick at THz fre-
quencies. It is not possible to handle substrates which are that
thin, therefore SisN4 on Si substrates or Si membranes are used.
The unnecessary Si is removed with an etching step.

Because the chip with the HEB, integrated into a planar an-
tenna, is relatively large (2 x 4 mm), one batch (30 x 30 mm silicon
substrate) carries only 50 HEB devices, compared to some hundred
HEB devices for a waveguide batch.

The actual HEB microbridge definition is the same for both
waveguide and quasi-optical HEB devices. The HEB device dimen-
sions are about 2-4 um in width and about 0.3-0.8 um in length.
Thus, electron beam lithography (EBL) has to be used for the con-
tact pads and the bolometer microbridge.

The actual process steps for the device fabrication are more or
less standard technology for the preparation of HEB devices in con-
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trast to preparing the ultrathin NbN and NbTiN films which are the
most critical part in the device fabrication.

This chapter describes the sequences necessary for the HEB
fabrication process, which consists of lift-off processes using pat-
terning by optical and EBL lithography. The HEB device fabri-
cation finishes with an etching step which removes the unneces-
sary parts of the sputtered superconducting ultrathin NbTiN or
NbN film. A schematic outline of the different fabrication steps, as
cross-section and side view, for the area of one device is shown in
figure 4.6.

In the following sections, the term wafer or substrate refers to
the 30 x 30 mm? Si substrate which is diced into 51 separate chips
(2.5 x 4 mm), each holding one HEB device integrated into a planar
antenna. Only one wafer is processed at the time. This is called
a single-wafer process. But it has become common to call this
wafer process one batch, although a batch process usually refers
to several wafers that are processed simultaneously. Here, several
chips are processed simultaneously on one wafer.

4.2 Lithography Patterning

Lithography is a process to pattern a layer of resist on the surface
of a wafer. Optical lithography uses ultraviolet (UV) radiation to
expose the resist, while electron beam lithography (EBL) uses a
focused electron beam to expose the resist. For optical lithography,
a lithography mask containing the pattern is needed, while EBL
uses the electron beam to pattern the resist directly.

In UV lithography, the object size to be patterned is limited by
the diffraction limit of the used wavelength. A Karl Stiss MJB3
Mask Aligner with UV 300 and UV 400 optics is used for the op-
tical lithography process. Using this lithography system and an
AZ5214E photoresist, the lithography is capable of a resolution of
about 0.8 um.

Electron beam lithography offers a much higher patterning res-
olution compared to optical lithography. The resolution of an EBL
system is not limited by diffraction, but electron scattering and the
so-called proximity effect are limiting the resolution. The resolu-
tion of the EBL system used here, which is a modified standard
scanning electron microscope, is below 100 nm depending on the
resist used.
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4.2. LITHOGRAPHY PATTERNING

Patterning the structure of the HEB microbridge and the planar
antenna structure requires three different lithography steps, one
optical lithography and two EBL lithography steps. The large an-
tenna structures are patterned using optical lithography, while the
very small HEB microbridge is patterned by EBL.

4.2.1 Antenna Patterning

In the first fabrication step, the planar antenna structure and the
wiring pads are defined on the wafer which already carries the
blanket deposited ultrathin NbTiN/NbN film on it.

UV radiation

|

/Lithography Mask

1.) Exposing the resist

2.) Developing the resist

3.) Depositing the film

4.) Removing the resist

Substrate mmm Photoresist Thin film

Figure 4.1: Schematic outline of the lift-off process

One wafer holds 51 HEB devices located in the centers of
planar antennas. Two different types of antennas have been
used: logarithmic-spiral antennas and double-slot antennas. The
logarithmic-spiral antennas are non-resonant and are designed for
a large RF bandwidth, covering a range of 0.8 THz to about 5 THz.
The resonant double-slot antennas have a much better beam cou-
pling, but are optimized for a specific frequency: 0.8 THz, 1.6 THz,
1.9 THz, 2.5 THz and 2.7 THz. The RF bandwidth of the double-slot
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4.2. LITHOGRAPHY PATTERNING

antennas is roughly 100-200 GHz but strongly depends on the de-
sign frequency. The relative bandwidth gets wider for higher design
frequencies.

The lithography mask used for the first fabrication step, consists
of 8 logarithmic-spiral antennas and 43 double-slot antennas. The
antenna structure consists of a 200 nm thick gold (Au) layer. A so-
called lift-off process is used to define the antenna structure and
the wiring pads on the wafer.

Figure 4.1 shows the schematic outline of the lift-off process.
The lift-off process is performed by using an AZ5214 image rever-
sal photoresist. Details on working with photoresist can be found
in [59]. The 200 nm Au layer is deposited by DC magnetron sput-
tering. During the deposition, the substrate is cooled to avoid
burning the photoresist. After the deposition, the lift-off is per-
formed in boiling acetone.

Figure 4.2 shows a microscope picture of a spiral antenna struc-
ture and a double slot antenna structure right after the lift-off
process.
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Spiral Antenna
for 0.8 Thz to
approx. 3 Thz

Double slot antenna
for 0.8 THz

Figure 4.2: Microscope picture of a spiral antenna structure (top)
and a double slot antenna structure (bottom) after the
lift-off process. The bright features are 200 nm of gold.
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4.2.2 Definition of the Microbridge

In the next fabrication step, the HEB microbridge between the con-
tact pads of the Au antenna is defined. Since the length of the
microbridge is below 1 um, EBL lithography is used.

The main process parameters needed for this fabrication step
are: e-beam exposure dose, the beam current, the exposure time
and the development time. One major challenge which occurs in
this e-beam fabrication step is the different exposure time of the
double layer resist depending on layer underneath the resist. The
exposure time of the double layer on 4 nm thin NbTiN/NbN on
Silicon (Si) and Au layers are different, because the backscattering
of the electrons is different for the different layers.

Test structures, 10 um long strips which are half on Si and
half on a Au layer, were exposed and developed to determine the
process parameters for the EBL.

1.) Spin coating of Copolymer

—— 150 nm PMMA
600 nm Copolymer

2.) E-Beam exposure and development

3.) Deposition of metallization

'~ Deposited thin film

4.) Lift-off process

Figure 4.3: Schematic side view of the e-beam lift-off process us-
ing a double layer (PMMA and copolymer) resist

The definition of the microbridge starts with patterning the con-
tact pads in the center of each chip. The distance between the
pads defines the length of the HEB device, which is typically 0.3 to
0.8 um.
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Like the antenna structure, the contact pads are defined using
a lift-off process. A multi-layer resist approach is used to enhance
the undercut edge profile of the resist layer. As described before,
the undercut profile is an advantage for the lift-off process. Also,
the multi-layer resist provides resolutions greater than achievable
with a thick single layer resist [60].

Figure 4.3 shows a schematic side view of the lift-off process
using a double layer resist. The double layer structure consists of
a polymethyl methacrylate (PMMA) layer on top of a high sensitivity
copolymer resist. PMMA is commonly used as a high resolution
resist for e-beam lithography. Details about the fabrication process
can be found in the appendix.

A 20 nm thick aluminium (Al) layer is deposited on top of the
double layer resist to provide a conducting layer. The electrons
used to exposure the resist pass through the thin Al layer with
little scattering.

After electron beam exposure, the Al conducting layer is chemi-
cally removed by an Al dissolver solution. The exposed parts were
removed with a PMMA developer.

The 80 nm thick Au layer is deposited onto the substrate. The
area of the contact pads determines the contact resistance and in-
fluences the mixing properties of the HEB device. This is described
in detail in chapter 6.3.

The lift-off process is performed in boiling acetone.

pEe———

8 um

e

8 um

Figure 4.4: Optical microscope picture of a spiral antenna struc-
ture with the contact pads definition. The left picture
shows the antenna structure before the contact Au
is deposited onto the substrate and the right picture
shows the spiral antenna after the lift-off process.
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Figure 4.4 shows the optical microscope picture of a spiral an-
tenna structure with the contact pads definition. The left picture
shows the antenna structure before the contact Au is deposited
onto the substrate and the right picture shows the spiral antenna
after the lift-off process.

4.2.3 Definition of the Etching Mask

In the last lithography step the HEB microbridge width is defined.
The ultrathin NbTiN/NDbN still covers the whole wafer. The film has
to be removed except for the area of the HEB microbridge between
the Au contact pads.

Removing the ultrathin NbTiN/NbN is performed by reactive ion
etching (RIE). An etching mask which covers the area of the HEB
microbridge and parts of the Au contact pads is defined using e-
beam lithography with a ma-N2403 negative photoresist.

4.3 Separation of the HEB Chips

The wafer is covered by an optical lithography photoresist to protect
the HEB devices and is then diced using a wafer dicing saw. After
the separation the resist is removed from the chip with acetone.

Figure 4.6 summarizes the HEB fabrication process in cross-
sections and side views.

4.4 Summary

Phonon-cooled HEB devices for quasi-optical mixers have been
successfully fabricated. The HEB devices were fabricated on high-
resistivity Silicon. In order to realize the small device dimensions
(about 4 x 0.4 pum) electron beam lithography (EBL) was used. To
realize the much larger antenna structure, a conventional optical
lithography fabrication step was used.

The most critical step, beside the deposition of the ultrathin
superconducting film, in the fabrication of phonon-cooled HEBs
is the length definition of the microbridge. A successful lift-off is
the requirement for a further fabrication of the wafer. A Copoly-
mer/PMMA double resist layer was used to ensure a good lift-off.
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18.6K2% 28KV HD:38HMH
EER <SEP>
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Figure 4.5: SEM picture of the HEB microbrigde
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Cross section: Top view:

1. Substrate with NbN/NDbTIN layer:

Sl substrate

2. Definition of antenna by optical lithography :
200 nm Au

E—— 2T m
structure

3. Definition of Au contact pads by EBL (PMMA):

75 nm Au
B cONact pad

4. Definition of etching mask by EBL (PMMA):

5. Creation of the actual HEB bridge by RIE:
RIE Etching
to remove
-_ NbN/NbTiN

Figure 4.6: Schematic outline of the HEB fabrication process as
cross-section and side view
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Chapter 5

Mixer Design

5.1 Introduction

At millimeter (mm) and submillimeter (submm) frequencies, two
distinct methods of coupling the radiation from the telescope into
the mixer are commonly applied: waveguide techniques and quasi-
optical methods. The quasi-optical mixers are sometimes called
open structure mixers.

In waveguide mixers, a waveguide horn antenna is used to
transform the free space wave mode coming from the telescope
into a waveguide mode. The waveguide horn is attached to a mixer
block where the HEB device is suspended across the waveguide
and a waveguide probe is used to couple to waveguide mode into
the detector.

The quasi-optical mixer uses a planar antenna on the flat side
of a silicon hemispherical lens to couple the radiation coming from
the telescope into the HEB device.

The mixer developed in this thesis for test measurements and
for the GREAT 2.7 THz channel is a quasi-optical mixer. Its design
is presented in this chapter.

5.2 Quasi-Optical Coupling

The two different approaches of how the radiation is coupled into
the HEB device are shown in figure 5.1.

Waveguide coupling is widely used for mixers in the frequency
range up to 1 THz and is currently being developed for the fre-
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5.2. QUASI-OPTICAL COUPLING

quency range up to 2 THz due to recent developments in micro-
machining [61].

Quasi-optic waveqguide
RF radiation
RF radiation IF

_ Waveguide mount
Waveguide for HEB device
horn antenna

/ HEB device

extended hemispherical
silicon lens

Figure 5.1: Schematic view of quasi-optical and waveguide sys-
tem. Waveguide coupling uses a waveguide horn an-
tenna. Quasi-optical coupling uses a planar antenna
on the flat side of a silicon lens to couple the radiation
from the telescope into the detector.

A waveguide consists of a hollow metallic tube that guides a
propagating electromagnetic wave. The metallic tube can be rec-
tangular, circular or elliptical in cross section. The dimension
of the waveguide scales with the used wavelength band. Each
waveguide has a cut-off frequency. The lowest frequency of a wave
which can propagate through the waveguide is the cut-off wave-
length. The cut-off frequency of a rectangular waveguide is:

fout-ofr = 5= 5.1)
where c is the speed of light and a is the longest dimension of the
waveguide cavity. Thus, small dimensions (around 100 pm) are
necessary for the THz frequency range.

Since the skin depth gets smaller for shorter wavelengths, the
surface roughness of the waveguide walls becomes important. The
tolerances of the waveguide together with the small dimensions
make waveguide structures for THz frequencies very difficult to
manufacture.

A waveguide horn antenna is used to collect the RF radiation.
The directivity of an antenna is the ratio of the radiation intensity in
one direction to the radiation intensity averaged over all directions.
The Gaussian beam coupling efficiency or the Gaussicity is defined
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as the coupling efficiency of a far-field pattern of an antenna to the
far-field pattern of a Gaussian beam. A corrugated waveguide horn
antenna provides an excellent Gaussian beam coupling efficiency
of up to 0.98 and a well defined beam pattern.

The quasi-optical coupling is more often used at frequencies
above 1 THz. A dielectric lens and a planar antenna are used to
couple the radiation from the telescope into the HEB device. The
HEB device is integrated into the planar antenna on a mixer chip,
which is located at the back focus of lens. The dielectric lens is
fabricated from the same material as the HEB substrate in order to
prevent reflections at the substrate-lens interface.

One critical factor of the quasi-optical coupling is the inferior
antenna efficiency compared to the waveguide method. Only a rea-
sonable antenna efficiency of 0.92-0.94 is expected for the lens-
antenna system.

5.2.1 Focusing Lens

A basic property of planar antennas on dielectric substrates is that
the radiation is transmitted into the dielectric side and directly into
the air side. For an elementary slot antenna it was found that the
ratio of powers between the dielectric and air is ei’/ 2, where €, is
the relative dielectric constant of the substrate [62]. This means
that 97 % of the radiated power is transmitted into the substrate
for Silicon (e, = 11.8), which is used as substrate material.

This involves the other problem of a planar antenna on a di-
electric substrate: Planar antennas on dielectric substrate suffer
from power losses due to substrate modes. Substrate modes oc-
cur, if radiation from the planar antenna at angles larger than the
critical angle 0. are totaly reflected at the substrate surface. Fig-
ure 5.2 shows a schematic view of a planar antenna on a dielectric
substrate.

The unwanted substrate modes can be minimized by reducing
the thickness of the dielectric substrate. For a low loss operation,
the substrate thickness should be thinner than 0.04 A for a double
slot antenna [63]. For THz frequencies the substrates have to be
extremely thin (about 10 ym) and are very fragile.

An infinite thin dielectric substrate can by synthesized by a lens,
made of the same material like the substrate carrying the planar
antenna, which is attached to the antenna substrate [64]. Thus,
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Planar antenna
Air

Substrate

Air

Figure 5.2: Planar antenna on a dielectric substrate. All the power
radiated above the critical angle is trapped in the sub-
strate and coupled to substrate modes.

this technique eliminates substrate mode losses.

Another effect of the dielectric lens is that the effective aperture
of a planar antenna for THz frequencies of several mm? is increased
to several cm? by placing the antenna in the focus of the dielectric
lens.

The substrate lenses can be obtained commercially. The device
integrated into the planar antenna can be glued to the flat side of
the lens. This makes the quasi-optical approach easy to install and
a low cost manufacture compared to waveguide.

1 R

n

hemispherical hyperhemispherical elliptical lens
lens lens

Figure 5.3: Different shape of dielectric lenses

The aim of a quasi-optical lens antenna system is the coupling of
the radiation from the telescope to the detector with high efficiency.
Different type lenses can be used to achieve this goal.
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The shape of the lens can be either elliptical, hemispherical or
hyper-hemispherical. Figure 5.3 shows the different types of the
dielectric lenses.

A hemispherical or extended hemispherical lens is one half of
a symmetrical sphere, divided by a plane through its center. The
hemispherical lens has a converging input beam. By using a ex-
tended hemispherical lens, which is a hemispherical lens with an
extension length 1, the directivity can be increased. The ratio of the
extension length | and the radius R determines the Gaussicity and
the directivity of the lens-antenna system.

A hyperhemispherical lens is a hemispherical lens with an at-
tached cylindrical extension with a length of R/n, where n is the
refractive index of the lens material and R is the radius of the
lens. The hyperhemispherical lens is a approximation to an el-
liptical lens.

The elliptical lens is an ellipsoid divided by the plane perpen-
dicular to the principal axis through the second geometrical focus
of the ellipse. It focuses a plane wave to a point and produces a
paraxial beam. The reflection loss at the lens surface of this type
of lens is much higher compared to the other type of lenses [65].

For the mixer presented in this thesis, two different extended
hemispherical lenses were designed: one lens with a radius of
2.5 mm and one with a radius of 5 mm. The 5 mm lens will be
used for 0.8 THz, while the 2.5 mm radius lens is used for LO
frequencies higher than 1.6 THz.

The extension length determines the directivity and the Gaus-
sicity of the lens antenna system. The values of the extension
length were taken from [62]. A tradeoff between directivity and
Gaussicity has to be found for a selectable extension length. By
choosing a extension length to radius ratio of 0.34, a Gaussicity of
93% is reached for 0.8 THz up to 88% Gaussicity for 2.7 THz. This
means that the lens-antenna system is usable up to 2.7 THz. The
directivity of about 32 dB is quite good.

To avoid dielectric losses at THz frequencies, the lenses have
been fabricated from high resistivity Silicon material. The lenses
have been produced by Sumipro Submicron Lathing BV, Almelo,
Netherlands.

Figure 5.4 shows the technical drawing of the two different
lenses used for the quasi-optical mixer.
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Silicon Lens Type 1: Silicon Lens Type 2:
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Figure 5.4: Technical drawing of the two different lenses. Type 1
is used for 0.8 THz and Type 2 is used for frequencies
higher than 1-6 THz

5.2.2 Anti-Reflection Coating

Silicon shows very low absorption for radiation in the frequency
range of 1-5 THz [66], but one of the major disadvantages of the
silicon lens-antenna coupling is the reflection loss at the lens-air
interface. An anti-reflection coating reduces the reflection loss.

The radiation propagates from vacuum (ny=1.0) into silicon
(n;=3.42) which results in a reflection coefficient of R ~ 0.30 or
~ 30%. This reflection loss results in a 20-30% increase of the
noise temperature of the receiver [67].

For a transition from vacuum to silicon the ideal index of refrac-
tion is 1.85. A material used for anti-reflection coating of Silicon
lenses is Parylene, a polymer which is providing a useful combina-
tion of properties such as thermal stability, good adhesion proper-
ties and a very low permeability to moisture, chemicals, and other
corrosive gases. It is possible to apply Parylene to a curved sur-
face. Parylene has a refractive index of nparyiene = 1.639 [68] which
is close to the optimum value of ny, = 1.85 and is therefore a good
choice for the reduction of the reflection loss.

The refractive index nparyiene is independent for frequencies be-
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tween 450 GHz and 2.8 THz for both Parylene C and D. For a single

anti-reflection Parylene layer such as for silicon hemispherical lens

for HEBs, the absorption loss due to the parylene layer is 2-3% [69].
Three different Parylene anti-reflection coatings are necessary:

Frequency Parylene layer thickness

0.8 THz 57.8 um
1.6 THz 29.9 um
2.5 THz 18.5 um

Table 5.1: Parylene layer thickness as anti-reflection coating for
different frequencies

The Parylene anti-reflection coating was deposited with an accu-
racy of + 0.1 pym by an external company (DiMer Beschichtungen
GmbH [70]).

5.2.3 Planar Antennas

The HEB is integrated into the planar antenna. Two different types
of planar antennas have been used: spiral antennas [71] and dou-
ble slot antennas [65]. Figure 5.5 shows a layout of a spiral an-
tenna and double slot antenna, also indicated is the position of the
HEB device and the IF ports, which are used to couple the IF out
of the device.

The antenna design for the planar antennas (spiral and double-
slot), used for the HEB fabrication, was provided by Chalmers In-
stitute of Technology, Goteborg, Sweden [72] within the scope of
ESA ESTEC CCNS8 contract on the development of novel supercon-
ducting HEB mixers and SIS mixers.

The logarithmic spiral antenna belongs to the class of frequency
independent antennas [71], that means that the impedance, the ra-
diation pattern and the polarization do not change with frequency.
In practice, the spiral antenna is frequency independent only in a
limited frequency range between an upper and a lower limit. This
frequency limit is determined by the inner and outer radius of the
spiral antenna.

The logarithmic spiral antennas, used for the HEB fabrication,
were designed to cover the frequency range from 0.5 THz to 3 THz
and the polarization is circular. It is a simple form of antenna
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Position of
the HEB

IF ports

Figure 5.5: Schematic layout of a spiral (left) and a double slot
(right) antenna. The HEB device is indicated in the
picture.

because it does not need a RF filter for coupling the IF out the
antenna.

The antenna impedance is purely real and can be estimated
by [73]:

Zo
Zantenna 2( 1+ €) (52)
where Z, is the characteristic impedance of free space and e is
the dielectric constant of the substrate material. For the Silicon
substrate used for the HEB device fabrication, the impedance of
the spiral antenna is found to be about 75 Q.

The spiral antenna is useful for laboratory measurement, but
less suitable for the operation at a telescope, due to an inferior
beam pattern compared to a double slot antenna [74].

The linear polarized double-slot antenna is not a broad-band
antenna because it is a resonant antenna. Different antenna
dimensions are needed for different operating frequencies of the
mixer. The double-slot antennas have been designed for 0.8 THz,
1.6 THz, 1.9 THz, 2.5 THz and 2.7 THz RF frequency. Figure 5.6
shows a schematic layout of a double slot antenna and the different
dimension for the different designed frequencies.

The impedance of double slot antenna for the different frequen-
cies, seen at the bolometer is 100 Q. The RF bandwidth of the dif-
ferent double-slot antennas is several hundred GHz and the band-
width increases with increasing the designed frequency.

The HEB is connected to a coplanar waveguide (CPW) transmis-
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A
\4

RF Filter

Frequency S L w a
(THz) (um) (um) (um) (um)
0.8 THz 64 112 8
1.6 THz 32 56 4
1.9 THz 27 47 3
2.5 THz 20 36 2.5
2.7THz 19.8 34 2

NNNNN

Figure 5.6: Dimensions of double slot antennas for different fre-
quencies

sion line in the center of the double slot antenna, which is used to
couple the IF out of the bolometer and also bias the HEB. The CPW
transmission line is connected to a short circuit on one side and
on the other side to a RF filter. This RF filter consisting of low and
high impedance quarter-wavelength CPW lines, act as a low pass
filter with short circuit for the designed RF at the slot antenna. The
IF lies within the pass band of the filter.

5.3 Mixer Unit

The combination of the planar antenna and the Silicon lens have
to be mounted in a setup that can be integrated into a cryostat to
cool the bolometer to 4.2 K.
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Figure 5.7: Schematic side view of the mixer mount.

The schematic view of the mixer unit is shown in figure 5.7. The
extended hemispherical lens is mounted in the circular opening of
the mixer unit. The lens is centered by using a Teflon ring and is
fixed by four Teflon screws. A 350 um thick, both side polished
wafer is used as an extension layer of the lens. The chip with the
HEB integrated into the planar antenna is placed on the backside
of the extension wafer and is clamped by a copper clamp. The
copper clamp is bolted to the mixer unit.

An SMA cable is integrated into the copper clamp to couple the
IF frequency out of the HEB device. The electrical connection to
the bias circuit is also made through the IF connector. The center
wire of the SMA cable provides the contact to the chip, when the
copper clamp is adjusted on the mixer unit. Figure 5.8 shows a
optical microscope picture of the HEB chip clamped by the copper
clamp. The copper clamp is connected to the ground pads of the
HEB chip and is also connected to the copper screen of the SMA
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cable. This provides a good ground for the IF and DC connection.

Indium foil is used to improve the electrical contact. The Indium
foil is very important below the center wire of IF connection, but is
also used to improve the contact between the ground plane of the
HEB chip and the mixer clamp.

A very thin layer of cryogenic high vacuum grease (Apiezon N) is
used at all interfaces of the silicon parts and also between the ex-
tension wafer and the mixer mount. The cryogenic vacuum grease
improves the thermal contact. The grease also fills the micropores
of the adjoining surfaces. With an refractive index of about 1.5 it
is in any case better than the refractive index of the vacuum.

Figure 5.8: Microscope picture showing back side of the mixer
unit. The HEB chip is clamped under the mixer clamp.

The major problem of the lens-antenna system is the exact po-
sition of the planar antenna on the flat side of the lens. An off-axis
displacement of the planar antenna influences the scan angle, the
directivity, the Gaussicity and the reflection loss [75].

The effects of an antenna misalignments were studied especially
for cryogenic space instruments like the HIFI instrument onboard
of the Herschel satellite. The alignment of the HEB chip to the lens
needs to be less than 5-10 um to avoid significant beam misalign-
ment [76].

In this version of the mixer unit, the adjustment of the HEB
chip is done by visual judgement by using the boundary of the
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mixer clamp as alignment assistance. This leads to an accuracy of
about 30 um. Figure 5.8 shows a microscope picture showing the
back side of the mixer unit.

This mixer unit is very useful for laboratory tests, but for the use
in a telescope some improvements have to be made. An improve-
ment planed for the next version of this mixer is the use of an IF
circuit board. So, the connection between the IF circuit board and
the HEB chip can be done by using wire bonding. The chip align-
ment can be improved by placing the HEB chip into an opening in
the IF circuit board.

Figure 5.9 shows a photography of the fabricated mixer unit, as
front view, side view and back view.

The mixer unit including the copper clamp, Teflon ring and
Teflon screws have been fabricated in the mechanical workshop
of the institute.

5.4 Summary

In this chapter the mixer unit including the lens-antenna system
was described. The major challenge is the coupling of the radiation
coming from the telescope into the mixing device. A quasi-optical
lens-antenna design was used for this mixer.

Two different lenses have been designed. The extension length
of the hemispherical lens was chosen to be the best trade-off be-
tween Gaussicity and directivity.

The largest coupling loss occurs on the surface of the lens.
Therefore a Parylene anti-reflection coating is used to reduce the
reflection loss. High resistivity Silicon is used as lens material to
minimize the absorption loss inside the lens.

The mixer mount was fabricated in the workshop of the insti-
tute. The major challenge of this mixer unit is the alignment of the
mixer chip. The beam pattern and the focus are very sensitive to
the position of the planar antenna on the backside of the extended
hemispherical lens.
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Front view

Side view

Back view

Figure 5.9: Photography of the mixer unit.
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Chapter 6

DC Measurements

6.1 Introduction

In order the verify the fabrication process of the HEB device fab-
rication, direct current (DC) measurements were performed before
the more complex heterodyne measurement is performed. The se-
lection of HEB devices which will be used for the RF measurements
is based on the results of the DC measurements. The HEB device
chips are measured by using the dipstick measurement setup de-
scribed in chapter 3.

Two different measurements were performed. First the resis-
tance versus temperature (R-T) curve and then the current versus
voltage (I-V) curve of the HEB device is measured.

The contact resistance between the contact pads and the super-
conducting NbTiN/NbN film have been studied. A cleaning process
which improves the transparency of the interface is established.
The improved interface transparency results in lower RF and IF
losses and should improve the HEB sensitivity and LO require-
ment.

6.2 R-T Characteristics

The resistance versus temperature (R-T) curve of an HEB is used
to determine the successful fabrication process and some charac-
teristics of the HEB device.

The normal state resistance of the HEB device is determined
by the geometry of the NbN/NbTiN microbridge. The normal state
resistance equals the RF impedance of the HEB device [77]. So,
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the HEB device dimensions are chosen to fit the impedance of the
planar antennas. The spiral antenna has an impedance of 75 Q
and the double-slot antennas have an impedance of 100 Q.

1,0
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< 0,6 :'
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g i
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0,2 / ' ------- 4 nm NbN film on Si
/ i —— NbN HEB device (4 um * 0.6 pm)
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6 8 10 12 14 16 18 20

Temperature [K]

Figure 6.1: Resistance versus temperature (R-T) curve of a 4 nm
ultrathin NbN-film before the HEB fabrication process,
and the R-T curve of the fabricated NbN HEB device
(NbN-LSK3-d6).

Figure 6.1 shows the R-T curve of a 4 nm ultrathin NbN-film
before the HEB fabrication process and the R-T curve of the fab-
ricated NbN HEB device (NbN-LSK3-d6). This device was used for
the RF measurement in chapter 7.

The R-T curve of the NbN ultrathin film shows one resistive tran-
sition at 8.9 K, whereas two different transitions are observed for
the R-T curve of the HEB device, one at 8.3 K and one at 7.3 K. The
transition at the higher temperature is due to the NbN microbridge
itself and the lower transition is due to the interface between the
contact pads and the NbN microbridge [2] which is discussed in
detail below.

The critical temperature of the HEB microbridge is lower than
the critical temperature of the NbN film before the fabrication.
The decrease of the critical temperature is due to the fabrication
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6.2. R-T CHARACTERISTICS

process. The different lithography steps including the exposure
baking steps (130°C) and the reactive ion etching (RIE) may change
the film properties.

The R-T curve of the HEB device is an important method to ver-
ify a successful fabrication. From the experience of several HEB
batches, one can say that the critical temperature of the HEB mi-
crobridge should not be more the 1 K lower than the critical tem-
perature of the NbN film before fabrication. The R-T curve is also
important for the calculation of the noise or the gain of the HEB
based on models.

The transition width AT, is also important to observe. Some
R-T curves of different HEB fabrication batches showed an abrupt
transition in contrast to the gradual decrease of the resistance to-
wards the critical temperature observed in figure 6.1. This is an
indication of an unsuccessful Gold (Au) lift-off process.

Figure 6.2 show the R-T curve of successfully fabricated HEB
device and the R-T curve of an HEB device with an unsuccessful
lift-off of the contact pads. For the unsuccessful lift-off of the con-
tact pads there is still an Au layer on top of the NbN superconduct-
ing microbridge. This Au layer decreases the critical temperature
of the NbN layer due to the proximity effect.
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Figure 6.2: Example for an unsuccessful lift-off of the contact
pads in the HEB fabrication. The left side shows an
R-T curve of successfully fabricated HEB device, on
the right side the R-T curve of an HEB device with an
unsuccessful lift-off of the contact pads is shown.

For the dc current, the Au/NbN double layer behaves as a shunt
circuit.
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6.3. CONTACT RESISTANCE

6.3 Contact Resistance

Figure 6.3 shows a schematic cross-sectional drawing of an HEB
device. The HEB device consists of a 4-5 nm ultrathin NbTiN/NbN
film, which is below the Au antenna structure due to fabrication
reason. The ultrathin NbN/NDbTiN film is covered with 80 nm thick
contact pads and a 200 nm thick Au antenna structure.

The RF current distribution through the HEB device is also
shown in figure 6.3. The RF current flows through the thick Au
antenna structure and than flows from the Au contact pads into
the NbN/NbTiN film within a certain distance from the bridge edge.
This is because the surface impedance of the Au layer is lower than
the surface impedance of the superconducting NbN/NbTiN.

Au Contact
Pads

NbN/NbTIN
Si Substrate

DC current RF current —

Figure 6.3: Schematic side view of the HEB device. The distribu-
tion of the RF and the DC currents are indicated.

The quality of interface between the contact pads and the su-
perconducting NbN/NbTiN film is quite important for the mixer
performance of the HEB device [2]. In the conventional fabrica-
tion process, there is no additional cleaning of this interface area.
Native oxide and other surface contaminants of the superconduct-
ing NbN/NDbTiN film result in a contact resistance between the Au
contact pads and the superconducting NbN/NbTiN film.

Determining and optimizing the cleaning process before deposit-
ing the contact pads leads to a better control over the interface. The
cleaning process consist of an oxygen plasma etching step, followed
by an argon physical plasma etching step. The oxygen plasma etch-
ing step removes organic contaminations (like residues of PMMA
resist), but causes the formation of an oxide layer on the surface
of the NbN/NbTiN film. The following Argon etching step removes
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6.3. CONTACT RESISTANCE

the oxide layer. To restore the superconducting NbN/NbTiN film
properties that might be affected by the cleaning process, a NbTiN
layer (10 nm) is deposited on top of the contact area. The result is
shown in R-T curve in figure 6.4
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Figure 6.4: Resistance versus temperature curves of two devices
with and without additional cleaning of the interface.

Two different superconducting transitions are observed, one
due to the NbN/NDbTiIN microbridge itself and the lower transi-
tion due to the interface between the Au contact pads and the
NbTiN/NbN bridge [78]. The parts of the bridge close to the con-
tact pads show a reduction of the critical temperature T, associated
with the superconducting proximity effect.

The superconducting proximity effect occurs at the interface of
a normal- and a superconducting material. Cooper pairs from the
superconductor diffuse into the normal conducting material [79].
This causes an inducement of the superconductivity into the nor-
mal conductor and also a suppression of the superconductivity in
the superconductor. The strength of the proximity effect depends
on the interface transparency [80].

Devices with additional cleaning show a larger resistance value
at the lower transition. A higher value of resistance at the lower
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transition is caused by a larger proximity effect and therefore indi-
cates an improved interface transparency. The improved interface
transparency with it the lower contact resistance results in lower
RF and IF losses and should improve the HEB sensitivity and the
LO power requirement. This is observed in NbN HEB devices [2].

6.3.1 Contact Resistance in NbTiN HEBs

Up to now this chapter described the R-T characteristics of NbN
HEB devices. NbTiN was also used to fabricate HEB devices. The
investigation of the contact resistance was performed on ultrathin
NbTiN films since these ultrathin films were developed before the
ultrathin NbN films. The influence of the contact interface on the
dc characteristics of NbN HEB devices was performed by Hajenius
et al. [78]. Performing the investigation of the contact resistance
on NbTiN HEB device made it possible to compare the results of
the contact resistance investigation of NbN and NbTiN.

To investigate more precisely the influence of cleaning the inter-
face of NbTiN HEBs, different cleaning processes have been applied
to NbTiN HEB devices.

Different cleaning processes have been applied to one NbTiN
HEB batch by using a faceplate with a square opening, which cov-
ers about 85% of the wafer to protect the remaining HEB devices
from the applied cleaning process. After the cleaning process, the
faceplate is rotated and the next cleaning process is applied to the
wafer.

Figure 6.5 shows the R-T curves of the NbTiN HEB devices with
different cleaning process applied to the interface area: a "soft-
clean”, a "strong clean” and no additional cleaning process. The
soft-clean consists of a oxygen O, plasma clean (3 W) for 6 sec,
followed by an argon Ar clean (6 W) for 5 sec, the strong-clean
consists of an oxygen O, plasma clean (3 W) for 6 sec, followed by
an Ar clean (6 W) for 30 s. After the plasma cleaning process, a
15 nm NDbTIN film is deposited into the contact area in-situ. The
oxygen plasma cleaning step is primary used to remove residual
e-beam resist. If the duration of the oxygen cleaning step is too
long, the oxygen plasma starts to oxidize the surface of the NbTiN
ultrathin film.

The critical temperature T. of the microbridge slightly differs
(+ 0.5 K) for the different HEB devices across the wafer. This is
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Figure 6.5: Resistance versus temperature curves for HEB devices
with different cleaning processes applied to the inter-
face area.

probably due to the large-scale uniformity of critical temperature
of the NbTiN ultrathin film across the wafer. To compare the R-
T curves for the different cleaning processes, the R-T curves were
shifted in the temperature axis to the critical temperature of 9 K,
which was the maximum critical temperature found for HEB de-
vices across the wafer. The critical temperature of the microbridge
should not be influenced by the cleaning process, because it is
covered by a PMMA resist layer.

About 10 HEB devices were measured for each cleaning process.
Figure 6.5 shows one average sample for a soft clean, a strong clean
and without an additional cleaning process.

The uncleaned device shows only one superconducting transi-
tion temperature T, of 9 K, with a small "extension” from 8.8 K
to 8.5 K. This extension is an indication of a proximity effect into
the microbridge. The proximity effect is reduced due to the bad
transparency of the interface.

The soft-cleaned device shows two superconducting transition
temperatures, one at 9 K and one at 8.5 K. This indicates that
the critical temperature of the contact pads and the microbridge is
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different. The lower transition temperature of 8.5 K is attributed
to the proximity effect of the contact pads. Since the resistance
value for the lower transition temperature is much higher than
for the uncleaned device, a part of the microbridge is still normal
conducting due to the proximity effect. Thus, a higher resistance
at the lower transition indicates a stronger proximity effect caused
by an improved interface transparency .

The strong-cleaned device shows also two superconducting
transition temperatures. The second transition temperature is al-
most the same as the one for the soft-cleaned device, but the R-T
curve has a long extension with a step at 7 K. This indicates that
the superconducting NbTiN film of the contact pads is substantially
deteriorated by the Ar plasma etch.

These results are in good agreement with the results of Hajenius
et al. [78].
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Figure 6.6: Resistance versus nominal bridge length (in number of
squares) for devices with and without additional clean-
ing of the interface area.

Another result of the contact resistance analysis is the reduction
in scattering of the standardized resistance of the HEB devices.
Figure 6.6 shows the resistance versus bridge length in number of
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6.4. R-T CHARACTERISTICS OF NBN AND NBTIN HEB DEVICES.

squares for different HEB devices with an additional soft-clean and
without an additional cleaning process. The dashed line is a linear
fit to the resistance values of the cleaned devices.

Devices with additional cleaning show very little deviation from
the linear behavior, while devices without contact cleaning show a
significant scatter in resistance which is attributed to an uncon-
trolled contact resistance.

The cleaning parameters of the soft-clean were used for the fab-
rication of the NbTiN and NbN HEB devices.

6.4 R-T Characteristics of NbN and NbTiN
HEB Devices.

The cleaning process was optimized and tested for the fabrication
of NbTiN HEB devices. For the fabrication process of NbN HEB
devices the same cleaning process was applied as for the NbTiN
HEB devices fabrication.

Figure 6.7 shows the R-T curves of a NbTiN and a NbN HEB
device. Both devices have similar dimension of 4.0 um x 0.6 um.
The temperature values of the NbTiN device were shifted +0.5 K on
the temperature axis in the graph to make the comparison between
both devices easier.

Both HEB devices show two different transition temperatures
indicating a good interface transparency. The drop-off of the resis-
tance value for temperatures below 11 K is stronger for the NbN
HEB device. This is probably due to the different superconducting
materials which are used. The stronger declension was also ob-
served for NbN ultrathin films compared to ultrathin NbTiN films.

The resistance value of the lower transition is slightly higher
for the NbN HEB device. Within the limits of the resistance mea-
surement one can say that the resistance values are equal. The
extension of the lower transition is equal for both HEB devices.

If the R-T curve is used as an indicator for a successful cleaning
process, one can say that the optimized cleaning process for the
NbTiN HEB devices can also be used for the NbN HEB devices.
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Figure 6.7: R-T curve of a NbTiN (NbTiN-Earth21-d6) and a NbN
(NbN-LSK3-e0) HEB device. Both devices have similar
dimensions (about 4 ym x 0.6 um). The temperature
values of the NbTiN device were shifted by +0.5 K on
the temperature axis in the graph to make the com-
parison between both devices easier

6.5 I-V Characteristics

The I-V characteristics of the HEB device were measured using the
same dipstick like the one for the R-T measurement. The I-V char-
acteristics were measured at liquid Helium temperature (4.2 K).
The HEB device is connected to a bias supply. The measurement
setup is controlled by a PC.

The I-V curve of the NbN (NbN-LSK3-e0) HEB device measured
at 4.2 K is show in figure 6.8.

A hysteresis occurs in the I-V curve of all HEB devices. First
current increases from O pA to a current value of the critical cur-
rent I., where the microbridge remains superconducting. Thus, no
resistance occurs in the I-V curve. A further increase of the current
above the critical current causes the HEB device to become normal
conducting. This is indicated by the dashed line in figure 6.8. By
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Figure 6.8: I-V curve of the NbN (NbN-LSK3-e0) HEB device mea-
sured at 4.2 K. The critical current I, is 232 pA.

decreasing the current, the HEB device reaches the non-linear re-
sistive region with a significant hysteresis.
The critical current of the device is I, = 232 pA.

6.6 Summary

The R-T and the I-V characteristics of NbN and NbTiN HEB de-
vices have been described. The nature of the contact determines
the interface transparency between the bolometer and the contact
structure. Different cleaning processes have been performed and
the influence on the contact resistance have been instigated. The
transparency of the interface area can be studied by investigat-
ing the R-T characteristics of the HEB devices applied to different
cleaning processes.
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Chapter 7

RF Measurements

7.1 Introduction

The mixer characterization described in this chapter was per-
formed to determine the sensitivity and the bandwidth of the hot-
electron bolometer (HEB) heterodyne mixer.

The standard Y-factor method was used to determine the re-
ceiver noise temperature T,.. of the heterodyne HEB mixers based
on NbTiN and NbN. By determining the intermediate frequency (IF)
noise temperature and IF gain it is possible to derive the mixer
noise temperature Ty, from the measured receiver noise tempera-
ture Trec.

The absorbed local oscillator (LO) power can be determined by
using the isothermal method within the limits of this method. The
results are presented and discussed in this chapter.

First, basic considerations of how to calculate the noise temper-
ature from the Y-factor method are discussed.

The heterodyne measurements were performed at 0.8 THz LO
frequency for NbTiN and NbN HEB devices at KOSMA. The NbTiN
HEB devices were also measured at 1.6 THz LO at Chalmers Uni-
versity, Goteborg, Sweden.

7.2 Receiver Noise Temperature

Any receiver produces noise, even if the input port is connected to
a black body load having a temperature of O K. In this case, the
power that is measured at the output port of the receiver is entirely
due to the noise generated by the receiver itself.
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If a resistor at the physical temperature T, is connected to the
input port of a noise-less receiver, it would produce the same noise
power at the output port: P = ki TesB. The temperature T, of the
resistor is the equivalent input noise temperature of the non-noise
free receiver.

The input noise power P, and the input noise temperature
Thoise Of @ heterodyne system can be determined by using cali-
brated noise sources. These noise sources are black bodies with
known physical temperatures. The method is the so-called Y-factor
method. Since the input noise temperature Ty is proportional to
the input noise power Pj;se

Pnoise = kB’I‘noise (7 1)

we derive the Y-factor against noise powers. k is the Boltzmann
constant and B the bandwidth in equation 7.1

The output power P, of a receiver is linearly proportional to the
incident power on the receiver:

Pout = (Prec + Pin) -G (72)

where Py, is the incident power on the receiver in the bandwidth B,
P is the receiver input noise power and G is the receiver gain.

The Y-factor is the ratio of two different noise power levels, one
cold temperature source and one hot temperature source. If a cold
and a hot noise source (P.jq and Py) are applied to the system,
the corresponding output powers are:

1Dout,hot - (Prec + Pin,hot) -G (73)
Pout,cold - (Prec + Pin,cold) -G (74)

From the measured power ratio

Y — POut,hOt (7.5)
Pout,cold

it is possible to determine the equivalent receiver input noise power

I:)in,hot -Y Pin,cold

Prec =
Y—-1

(7.6)

The hot and cold loads are a room temperature (295 K) and a liquid
nitrogen temperature (77 K) black body used as a signal source.
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The thermal noise power radiated in a bandwidth B by a black body
at physical temperature T can be calculated from the Planck’s law
of black body radiation:

hf
Prlanck = kTB ( MkT > (7.7)
exrT —

where h is the Planck constant, k the Boltzmann constant and f
is the frequency. In the limit of small hf/kT, the term in the expo-
nential becomes small. This gives the Rayleigh-Jeans law, which
assumes that the noise temperature of a load is proportional to its
physical temperature:

PRayleigh—Jeans =kTB (78]

However, for high frequencies and low temperature the equivalent
noise temperature of the calibrated black body loads is not equal
to its physical temperature. There is another noise term which is
not included by the Planck’s law and the Rayleigh-Jeans law. The
zero-point vacuum fluctuation noise which must be added to the
Planck formula, is given by the Callen & Welton radiation law [81]:

hf
T hfB
PCallen&Welton = kTB < MkT >+ ) (79)
exT —

The Callen & Welton law is simply the Planck law with an additional
half photon per unit of bandwidth.

The noise temperature T of a receiver is defined by equation 7.1
and can be derived form the noise power P in a bandwidth B as:

hf
TPlanck =T ( th ) (7 10)
ekT —1
hf
TCallen&Welton =T ( e%?—l ) +2_]£ (7 1 1]

Figure 7.1 shows the noise power versus physical temperature
calculated at a frequency of 1 THz according to the Planck, Callen
and Welton and Rayleigh-Jeans law. The Rayleigh-Jeans converges
to the Callen and Welton law for large temperatures. The Planck
law remains one half photon below the Callen and Welton law. At
1 THz the difference between the physical temperature and the
Callen and Welton noise temperature of a black body at 77 K is
2.48 K and for 293 K the difference is 0.68 K.
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Figure 7.1: Noise power versus physical temperature calculated at

1 THz according to the Planck, Callen and Welton and
Rayleigh-Jeans Law

So in the THz region it becomes important to use the Callen and
Welton law to calculate the receiver noise temperature:

o _ Tew(293K) — Y Tew(77K)
rec — Y— 1

(7.12)

Equation 7.12 is valid for receivers operating single side band
(SSB) and double side band (DSB) mode. The different operating
modes of mixer receivers are discussed in chapter (X).

Not only the receiver noise temperature T, is important in order
to characterize the HEB mixer, but also the system noise temper-
ature Ty, the mixer noise temperature Ty,;x and the IF amplifier
noise Tir. Figure 7.2 demonstrates the difference between the dif-
ferent noise temperatures.

The receiver noise temperature T, includes the intermediate
frequency (IF) amplifier noise, the mixer noise and the noise which
is generated by the optics. In the system noise temperature Ty
the noise power of the the source (Rsource) is also included. In other
words, the receiver noise temperature is assumed to be defined at
the receiver input, and the system noise temperature is assumed
to be defined at the antenna terminals.
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The mixer noise temperature Ty, is generated inside the HEB
at radio frequency (RF) and IF part. The IF amplifier noise tem-
perature Tir includes the noise generated inside the IF amplifier
chain.
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Figure 7.2: Definition of System, Receiver and Mixer.

7.3 Experimental Setup

In this heterodyne system which is used to characterize the HEB
mixer, the LO radiation and the signal radiation are superimposed
by a beam splitter. The superimposition of the LO and the signal
takes place a ambient temperature. The heterodyne HEB mixer
is placed inside a cryostat. The actual mixing process, the down
conversion of the RF signal to the lower IF signal, takes place at
temperature of 4 K, because the device requires to be in the super-
conducting state. The experimental setup for the noise tempera-
ture measurement at 0.8 THz is presented in figure 7.3.

The Local Oscillator (LO) is a Gunn-Oscillator, followed by a fre-
quency doubler, followed by a frequency tripler, resulting in an LO-
frequency of 804 GHz and an maximum output power of 112 uW.

In order to adjust the output power of the LO a polarizing wire
grid was placed in the beam path of the LO to attenuate the LO
power.
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The LO radiation and the signal radiation are combined by a
12 pm thick Mylar beam splitter. The 12 pm Mylar beam splitter
has a signal transmission of 92 % at 804 GHz. That means that
only 8 % of the available LO power is used to pump the HEB device,
because only that amount of the LO radiation is reflected by the
beam splitter. It is only possible to use a beam splitter if sufficient
LO power is available. Otherwise it would be necessary to use a
different way to combine the LO and the signal. A Martin-Puplett
interferometer can be used which has a transmission of up to 99 %
for both LO and signal radiation.

The combined signal is transmitted by the window of the cryo-
stat and focused on the beam waist produced by the lens antenna
combination. Teflon windows are used for the 300 K vacuum cryo-
stat window and the 77 K heat shield. The Teflon vacuum window
is 0.52 mm thick and the Teflon at the 77 K shield is 0.3 mm thick.

A window with two layers of Zitex G [82] is embedded into the
4 K heat shield. Zitex G is a sintered Teflon material with acts as a
effective blocking filter for infrared (IR) radiation, with less the 1 %
transmission for radiation of 1-50 um wavelength Teflon is also an
IR blocking filter, but transmits power in the 5-10 ym wavelength
range [83]. Also Teflon is more robust than the Zitex material,
wherefore it is used for the cryostat window.

Attenuation

wire grid LO Mirror chjpo;E/s Computer
LO ::;E::::::::::_:\I,I Zitex Window
Mylar
Beam Splitter e P,
LOADF= ::::::::'.L:\:::: o Power Meter
! - ’ IF Amplifier

Absorber Teflon Window

Figure 7.3: Schematic view of the experimental setup for the noise
temperature measurement at 0.8 THz.

The HEB mixer is bolted to the 4.2 K cold plate of an Infrared
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Laboratories liquid Helium (LHe) cryostat. The mixer output is con-
nected to a low noise cryogenic 1 - 2 GHz high-electron mobility
transistor (HEMT) amplifier (LNA) through a bias-T and an 1.2 -
1.8 GHz isolator by a semi-rigid coaxial cable. The LNA, the bias-T
and the isolator are all mounted on the same cold plate.

The isolator is used because the HEB IF output impedance and
the input impedance of the LNA do not perfectly match. The power
reflected by the LNA is detected by the HEB since the HEB is a
power detector and further more the reflected power influences the
bias regime of the HEB. The isolator is used to suppress the re-
flections at the LNA caused by the impedance mismatch. The HEB
device dimension determines the HEB impedance. The nominal
length and width of the active HEB area are not perfectly reached
during the fabrication. Also the chosen bias point influences the
impedance of the HEB.

After a second amplifier at room temperature, the IF signal is
connected to a 80 MHz wide tunable bandpass filter. The output
power is measured by a calibrated power meter.

Figure 7.4 shows a picture taken of the experimental setup of
the noise temperature measurement. Figure 7.5 shows the 4 K cold
plate of the cryostat.

7.4 NDLN and NbTiN HEB Devices

For the operation of a heterodyne HEB mixer the HEB device has
to be DC-biased. The optimal bias point and the optimal LO power
required for a HEB mixer are chosen to maximize the sensitivity,
that means to minimize the noise temperature. For HEB mixers it
has been established that the optimal LO power condition is found
when the hysteresis in I-V curve just disappears, if LO power is
applied to the mixer [84].

The HEB mixers used for the heterodyne measurement were
NbN and NbTiN HEB mixers. Both HEB devices are integrated
into a spiral antenna. Table 7.1 summarizes the properties of the
two HEB devices used for the receiver noise temperature measure-
ments.

The critical temperature T, of both devices is similar. The device
size quoted in table 7.1 is the nominal device size, defined by elec-
tron beam lithography process. The real size of the device may have
a difference of 10-15% in length and width compared to the nom-
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Figure 7.4: Picture of the experimental setup of the noise temper-
ature measurement at 0.8 THz.

inal values. The sheet resistance of the NbTiN film is lower than
that of the NbN film. In order to ensure a good antenna impedance
(70 Q for the spiral antennas and 100 Q for the double slot anten-
nas) matching, the length to width ratio has to be different for NbN
and NbTiN HEB devices.

The volume of the NbTiN HEB is much smaller than the vol-
ume of the NbN HEB. Due to the lack of sufficient LO power at the
time of the NbTiN HEB device fabrication, the size of the device was
adjusted to the available LO power. Using the following noise tem-
perature measurements it is not possible to compare the properties

Device Name Material HEB size Crit. Temp. Resistance

[um x um] [K] at 300K [Q]
Earth26-d6  NbTiN 2.8 x 0.5 8.3 38
LSK-FR3-d6 NbN 4.0 x 0.6 8.5 145

Table 7.1: Properties of both HEB devices used for the receiver
noise temperature
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Figure 7.5: View inside the cryostat. The experimental setup of
the noise temperature measurement at 0.8 THz.

of the NbN HEBs and NbTiN HEBs directly because of the different
device geometry.

Figure 7.6 shows the current-voltage characteristic (I-V) for both
the NbN and the NbTiN HEB devices each with LO power applied to
the input of the mixer (pumped) and without LO power applied to
the input of the mixer (unpumped) at a temperature of 4.2 K. The
unpumped [-V curves are not continuous because of the hysteresis
below voltage values of 1 mV for NbN and below 1.5 mV for NbTiN.
To find the optimal operating bias point, the LO power is increased
until the I-V curve is non-hysteretic. Only if the I-V curve is non-
hysteretic the mixer output is stable.

The general shape of the I-V curve is very similar for both HEB
devices. The normal state resistance at the operation temperature
was almost the same as at room temperature.

The major difference is the critical current of the two devices.
The critical current of the NbN device is I, = 141 pA and the critical
current of the NbTiN device is I. = 498 pA. Furthermore the NbN
HEB device is slightly less pumped than the NbTiN HEB device at
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Figure 7.6: I-V characteristics of NbN and NbTiN HEB mixers
without LO power and pumped with optimum LO
power.

the optimal operation condition.

7.5 Performance of the NbN HEB

7.5.1 Receiver Noise Temperature

The receiver noise temperature T of the NbN HEB mixer was
measured using the standard Y-factor method described above. It
was possible to perform a continuous measurement of the receiver
noise temperature across the IF band (1-2 GHz).

Figure 7.7 shows the uncorrected receiver noise temperature
Trec as a function of the IF frequency. Uncorrected means that the
receiver noise temperature T, is not corrected for any losses. It
has become common for some groups to correct the receiver noise
temperature T;.. of quasi-optical mixers for the major optical losses
in the signal path. The major optical loss occurs by reflection on
the lens surface. It is possible to use an antireflection coating on
the surface of the silicon lens to reduce the reflection. Sometimes
measurements are performed without this antireflection coating
and afterwards the receiver noise temperature is corrected for the
1.5 dB reflection loss. Therefore these noise temperature mea-
surements should be carefully compared with measurements from
other groups.

All the measurements at KOSMA were performed without an
antireflection coating on the silicon lens, which contributes about
30% to the receiver noise temperature [74], but the receiver noise
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Figure 7.7: Uncorrected receiver noise temperature T,.. as func-
tion of the IF for the NbN HEB mixer (4.0 x 0.6 um) at
0.8 THz LO-frequency.

temperature is not corrected for the lens reflection loss.

The lowest receiver noise temperature Ty is 1344 K at 1.2 GHz
IF. The bias range yielding the lowest noise temperature was very
wide (see below). A bias point of 1.5 mV was chosen to determine
the receiver noise temperature from the measured Y-factor. The
increase of the receiver noise temperature T... at the lower end of
the IF band (< 1.05 GHz) and at the upper end of the IF band
(> 1.8 GHz) is due to the limited bandwidth of the isolator.

A network analysis was performed to determine the ratio of the
transmitted signal to the incident signal. A network analyzer con-
tains a source and a receiver and can measure reflections in am-
plitude and phase of components, circuits and devices. Figure 7.8
show the forward transmission coefficient (S21) as a function of the
frequency of the 1-2 GHz isolator used for the RF measurement.
From 1 GHz to 1.8 GHz the isolator obtains a good transmission
for the IF signal, while for frequencies higher than 1.8 GHz the
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Figure 7.8: Forward transmission coefficient (S21) as function of
frequency of the 1-2 GHz isolator used for the RF mea-
surement. Measurements performed by P. Munoz

transmission drops below -5 dB. That measurement shows that the
IF signal is transmitted almost without loss for frequencies from
1.0 GHz to 1.8 GHz.

An IF dependence of the receiver noise temperature is not ob-
served within the bandwidth of the isolator. The noise temperature
varies within 10% in the frequency range of the isolator. The noise
temperature bandwidth of a NbN HEB mixer is expected to about
3-4 GHz [43]. Since this NbN HEB mixer does not show an increase
of the noise temperature within the bandwidth of the isolator this
characteristic indicates that noise temperature bandwidth should
be more than 2 GHz. Measurements using a more broad band IF
amplifier chain have to be used to confirm this assumption.

Figure 7.9 shows the IF output power for hot (300 K) and cold
(77 K) load applied to the signal port of the receiver as a function
of the bias voltage. The measurement was a sweep measurement.
The bias voltage was swept from -6 to +6 mV using a scan time
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Figure 7.9: IF output power for a hot (300K) and cold (77) load ap-
plied to the signal port of the receiver as function of the
bias voltage. The corresponding receiver noise temper -
ature as function of the bias voltage is also plotted in
this graph.

of 2 ms for each current measurement point. The corresponding
receiver noise temperature T, as function of the bias voltage is
also plotted in figure 7.9. This mixer has wide bias voltage range
from 0.5 to 2.2 mV where the receiver noise temperature is almost
constant below 1500 K.

7.5.2 Loss Contributions in the Receiver

Losses in the signal path at RF and IF influence the receiver noise
temperature of the mixer.

Before the various components are considered, a general con-
cept for the a linear chain of lossy components is derived. The
optical components such as beam splitter, cryostat window and
infrared (IR) filter act as attenuator so the signal. Beside the atten-
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uation, these components also have an intrinsic noise. Both the
attenuation and the intrinsic noise of the components degenerate
the signal to noise ratio (SNR), which is the signal strength rela-
tive to background noise. The gain G of an attenuator is G < 1
and is therefore associated with the loss factor L = é The noise
temperature Ty of an optical component at the temperature Tppys

is:

Tx = (L — 1)Tphys (7.13)

That means that an optical component with a loss factor of L = 2
(3 dB) contributes Ty = Tpnys to the noise temperature of the whole
system. Beside this additive noise component, another effect on
the receiver noise temperature T;.. occurs for a linear chain of lossy
components as shown in figure 7.10.

_|
-
_|
N
_|
w
_|

] n
._ G, G, G, G, [ *

Figure 7.10: Linear chain of lossy components.

Each component has a noise temperature T,53. , and a gain
G123..n. The power output of the whole chain is:

Pout = G1G2Gs...GrkTpB+ G1G2Gs...GLkT1B+ ...
+ G1G2G3 ... GLKkT,,B (7.14)

and the equivalent input noise temperature is:

T, T Tn
Tin=To+ T+ 2> +

7.15
G, G1G2+ +Gle...Gn,l ( )

The signal chain of the real system is shown in figure 7.11. The
first optical attenuation element at ambient temperature (293 K)
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is the 12 um Mylar beam splitter, used for coupling the LO radia-
tion and the black-body load radiation into the cryostat. Mylar is a
polyethylene polyester film with a high transparency for radiation
in the millimeter and submillimeter frequency range. In principle
the beam splitter is a Mylar foil mounted on a circular metal frame.
The Mylar foil is used in a 45° angle so that the black-body load
radiation is transmitted through the beam splitter and the LO ra-
diation is reflected by the beam splitter. The transmission of the
Mylar beam splitter at horizontal polarization at 804 GHz is cal-
culated to be 92 %. The calculated values have been confirmed
by fourier-transform-spectrometer (FTS) measurements [85]. The
beam splitter attenuation of -0.41 dB contributes to the receiver
noise temperature Tiec.

The next optical component at ambient temperature is the
Teflon Cryostat window. The FTS was also used to determine the
transmission and the reflection of the 0.52 mm thick Teflon win-
dow. The loss due to transmission and reflection was found to be
5 % for 800 GHz [85]. The transmission and the reflection loss of
the 0.7 mm thick Teflon window embedded into the 77 K shield is
8 % [83]. The Teflon windows in the signal path contribute a loss
due to attenuation and reflection of -0.62 dB.

Two layers of Zitex G 108 [82] (0.2 mm thick) were used as an
IR filter inside the cryostat. The optical properties of Zitex have
been investigated in [83]. Zitex G 108 should have a transmission
of more than 96 % at 800 GHz. In our measurement setup 2 lay-
ers of Zitex were used. Therefore a FT'S measurement of 2 Zitex
layers was performed to verify the transmission. A transmission of
88,18 % was measured by the FTS [85] in contrast to the predicted
96 %. An attenuation loss of -0.5 dB is estimated.

The signal radiation is coupled into the HEB device by a sili-
con lens and a planar antenna which is clamped on the backside
of the lens. Due to the high refractive index of silicon, a high re-
flection loss of -1.5 dB occurs on the surface of the lens [67]. By
using a Parylene antireflection coating the reflection can be signif-
icantly reduced. For these measurements a silicon lens without
an antireflection coating was used. Assuming an absorption loss
in high-resistivity (> 5 kQcm) Silicon of -0.1 dB, the silicon lens
contributes -1.6 dB attenuation to the whole signal chain of the
receiver.

The loss of all the optical components at 804 GHz sums up to
Gopt = —3 dB. This is comparable to the loss reported by other
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Figure 7.11: Signal chain of the receiver. The performance
is calculated for a receiver noise temperature
Tree = 1250 K.

groups [2].

Another main loss occurs by coupling the propagating beam into
active HEB device. This is achieved by quasi-optical coupling us-
ing a planar antenna, which is discussed in chapter 5 in more
detail. Buttgenbach found that the aperture efficiency of a planar
logarithmic spiral antenna is 76 % [86]. The impedance mismatch
between the HEB device and the planar antenna causes a loss in
the signal path as well. The coupling loss due to the HEB device in-
tegrated into a planar antenna is assumed to add another -0.4 dB
attenuation loss to the system chain.

Table 7.2 summarizes the losses described above. According
to the table 7.2 the silicon lens contributes the major loss. The
total loss of the signal chain of the receiver is -3.44 dB. This means
that only 45 % of the total power provided to the receiver system is
actually dissipated on the HEB device.

The estimation of an attenuation of -3.44 dB is very optimistic.
According to simulations of Focardi et.al., the total power loss in
this kind of receiver operating at 2.5 THz was shown to be -6 dB.
Although the model is applied to a twin slot antenna at 2.5 THz it
is reliable at 800 GHz [87].

There is not a straightforward way to measure the loss in the
RF coupling and the mixer conversion loss separately. Therefore
the RF losses and the mixer conversion loss can not be separated.
The antenna coupling loss is not included in the calculation of the
mixer noise temperature Ty,;x which follows below.
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Component Material Gain [dB] Phys. Temp. [K]
Beam splitter Mylar -0.41 293
Cryostat window Teflon -0.23 293

77K window Teflon -0.39 77

IR filter Zitex -0.41 4

Si lens (reflection) Silicon -1.50 4

Si lens (absorption) Silicon -0.10 4
antenna coupling - -0.40 4

Table 7.2: Losses from components in the measurement system

7.5.3 Calibration of the IF System

The losses described above are all losses within the RF part of the
receiver. The down-converted IF signal is further amplified by a
low noise amplifier (LNA) at 4 K and by several amplifier stages
at ambient temperature. Each amplifier adds noise to amplified
signal. The LNA is the most important part in the IF chain, since
the gain and the noise temperature of the LNA determines the gain
and the noise temperature of the whole IF chain. The first amplifier
in the IF chain influences the rest the IF chain as described in
equation 7.14 and 7.15.

The first-stage intermediate frequency (IF) amplifier is a 1-
2 GHz low-noise HEMT amplifier operating at 4.2 K. (25 dB gain
at 1.5 GHz). The IF signal is further amplified by room tempera-
ture amplifiers.

The following approach was used to calibrate if IF amplifier
chain. The HEB mixer is heated above its critical temperature T, so
that the HEB acts like a normal conducting resistor. Heating the
HEB is achieved by a resistor which is bolted to the mixer block.
The temperature T of the mixer block is measured by a calibrated
temperature diode.

The input noise power of the IF amplifier chain is:

Ppin = kB(T+Tr)
= P(T) + kBT (7.16)
where Tir is the noise temperature of the IF amplifier chain, B

the bandwidth and k the Boltzmann constant. P(T) is the noise
power of the HEB at the temperature T, which acts as a resistor
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at the physical temperature T. The output noise power of the IF
amplifier chain is:

PIF,out — PIF,in : GIF
P(T) - Gy + kBTyr - Gip (7.17)

where Gy is the gain of the IF amplifier chain. The output noise
power Prou¢ is measured at five different temperatures ranging
form 8 K to 20 K.

If the noise power of the HEB in the resistive state is plotted
versus the measured output noise power Py, the slope of the
graph represents the gain of the IF amplifier chain Gy and the
intercept represents the noise temperature of the IF amplifier chain
Tir. The output noise power P o, Wwas measured with a calibrated
power meter for different IF.

Figure 7.13 shows the gain of the IF amplifier chain as a func-
tion of the IF. From 1.05 GHz IF up to 1.95 GHz IF the IF amplifier
chain has a gain of about 97 dB. The gain values for frequencies
higher than 1.8 GHz should decrease since the transmission of the
isolator drops by 5 dB for frequencies higher than 1.8 GHz. It is
not clear why the gain of the IF chain increases to values higher
than 100 dB for frequencies higher than 1.8 GHz.

Figure 7.12 shows the noise temperature of the IF amplifier
chain as a function of the IF. The noise temperature remains con-
stant between 6 K and 9 K in the range from 1.2 GHz to 1.8 GHz
IF.

7.5.4 Mixer Noise Temperature

The mixer noise temperature Ty is an intrinsic property of the
HEB mixer. A noise theory for a HEB mixer can just predict a
mixer noise temperature Ty, the receiver noise temperature Tiec
can always be different since it depends on the optics and the IF
chain. Therefore, the mixer noise temperature Ty,;x does not ac-
count for the influence of the optics and the IF amplifier chain, as
described in section 7.2

The mixer noise temperature T,z can be derived from the re-
ceiver noise temperature T;.. considering the losses in the optical
elements as given in table 7.2 and the loss in the IF amplifier chains
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Figure 7.12: Gain of the IF amplifier chain as function of the IF
frequency.

described in 7.5.3. In figure 7.14 the mixer noise temperature Tp,x
is shown as a function of the IF for 1-2 GHz.

The minimum mixer noise temperature Ty, is 420 Kat 1.1 GHz
IF. The rise in the mixer noise temperature at 1.8 GHz IF is due to
the isolator cut-off frequency of 1.8 GHz. So it is not possible to de-
rive the noise bandwidth of the HEB mixer by that measurement.
There is a continuous increase of the mixer noise temperature from
440 K to almost 600 K, but like for the receiver noise temperature
measurement the bandwidth of the IF chain is too narrow to esti-
mate a bandwidth of the mixer.

The receiver noise temperature T, is 1450 K at 1.1 GHz IF.
That shows that the receiver noise temperature is dominated by
noise from the optics and the noise from the IF amplifier.

7.5.5 IF Bandwidth

The efficiency to convert the high-frequency RF signal into an IF
signal is characterized by the conversion gain G of the mixer.

For an IF bandwidth measurement the black body load is re-
placed by a coherent source and a wide-band IF amplifier chain is
used. In order to determine the IF bandwidth of the HEB the IF

117



7.5. PERFORMANCE OF THE NBN HEB

40

IF

30

20

10

.o ° ¢
o 0 o & o
..- ..Q [ )

Noise temperature IF amplifier chain T _ [K]

1000 1200 1400 1600 1800 2000
IF [MHz]

Figure 7.13: Noise temperature of the IF amplifier chain as func-
tion of the IF.

amplifier chain should span at leat a few times the IF bandwidth of
the device. Than the LO and the signal frequency can be tuned to
span the entire IF bandwidth of the device.

The experimental setup lacked of a wide band IF amplifier chain
and of a second coherent source. However, there is a possibility to
deduce the gain from the receiver noise temperature T;.. measure-
ments.

Knowing the loss of the optics and the gain of the IF amplifier
chain G, the mixer gain G;x can be determined from the receiver
gain Gr... The receiver gain G, can be derived from the noise
temperature measurement together with the known noise and gain
of the IF chain.

The IF output power in response to a hot (293 K) and a cold
(77 K) load are:

PIF,hot,out - Grec ' PIF,hot,in
PIF‘,cold,out - Grec : PIF,Cold,in (7 18)
where G is the receiver gain and Pir;, is the noise power ap-
plied to the input of the receiver. The noise power of a hot (293 K)
and a cold (77 K) load are:
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Figure 7.14: Mixer noise temperature Ty,;x as function of the IF.

PIF,hot,in = k BThot
PIF,cold,in - kBT(:old (719)

with k the Boltzmann constant and B the bandwidth. After sub-
tracting, rewriting and using equation 7.19 the receiver gain is:

G . PIF,hot,out - PIF ,hot,out
rec —

(7.20)
k B (Thot - Tcold)

The mixer gain G can be derived by subtracting the gain from
the optics and the gain from the IF.

Gmix = Grec — Goptics — Gir [72 ]-)

An alternative way to evaluate the mixer gain Gnix is the so
called U-factor method [88]. The U-factor is the ratio between the
receiver output power P With a hot (293 K) load applied to the
receiver input and the receiver output power at zero bias current
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Pirsc. At zero bias current the IF impedance of the mixer is zero,
therefore the mixer reflects back the isolator noise (T,am) to the am-
plifier.

Pirhot is the combination of the receiver noise and the noise sig-
nal from the load:

PIF,hot = 2kB GIFGmix+opt(Trec + Thot) (722)

where k is the Boltzmann constant, B is the bandwidth, G is
the gain of the IF amplifier chain and Gpuixiopt is the gain of the
mixer and the optics. The factor of two is because the two port
model for a DSB mixer is used, where the mixer conversion gain is
treated separately for the signal and the image part.

Prsc can be written as:

PIF,sc = kB GIF(Tbath + TIF) (723)

with Tpam is the bath temperature (4.2 K) and T is the noise
temperature of the IF amplifier chain.
Using the U-factor:

PIF,SC

the gain of the mixer and the optics can be calculated by:

G 1 UW(Tpatn + Tir)
micropt = 5 Trec + Thot

The main advantage of the U-factor method is that the gain of the
IF chain G is not needed.

Assuming an optical attenuation of -3.44 dB (see section 7.5.2)
the mixer gain can be calculated.

Figure 7.15 shows the mixer gain G calculated using the stan-
dard and the U-factor method, as function of the intermediate fre-
quency. The mixer gain of about -13 dB (at 1.4 GHz IF) can be
expected from a good mixer at 0.8 THz. The mixer gain decreases
for higher intermediate frequencies. The mixer gain values for an
intermediate frequency higher than 1.8 GHz are not reliable be-
cause the used isolator has a narrow bandwidth of 1.1 - 1.8 GHz.

The expected IF frequency dependence is [15]:

(7.25)

= (7.26)
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Figure 7.15: Mixer gain, derived by the standard method and the
U-factor method as function of the intermediate fre-
quency.

where fsgp is the IF frequency at which the IF output power drops
by 3 dB. One can see that the mixer gain at 1.8 GHz dropped by
3 dB, but there are not enough data points to perform a fit based on
equation 7.26. But figure 7.15 indicates that the IF gain bandwidth
is not much higher than 1.8 GHz.

Either the IF amplifier chain including the isolator need to have
a larger bandwidth (for example 1-5 GHz) or a separate IF band-
width measurement equipment is needed.

It is remarkable that both methods used to extract the mixer
gain result in similar results for the mixer gain for frequencies
smaller than 1.8 GHz. It is also remarkable that the U-factor
method seems to produce reasonable Mixer gain value for frequen-
cies higher than 1.8 GHz, while the other method produces strange
mixer gain values for frequencies higher than 1.8 GHz.

7.5.6 LO Power absorbed in the HEB

The LO power requirement for heterodyne mixers at THz frequen-
cies is an important factor, since LO power sources are difficult to
implement and do not have much more than about 1 yW at 1.4 THz
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right now.

The isothermal technique can be used to deduce the LO power
dissipated in the HEB device [89]. The basic assumption of the
isothermal technique is that the absorption of DC or RF power has
the same influence of the HEB device resistance. The absorbed LO
power is derived from two I-V curves with different LO powers.

At each point of a constant resistance line the total power ab-
sorbed by the HEB device is:

PLO + Va . Ia = OCPLO + Vb . Ib (727)

where o is the attenuation factor for the two different LO levels.
Using equation 7.27 the absorbed LO power is:

Vo I — Vo Ia
Pio=——— (7.28)

The attenuation factor is « = 0, if the I-V curves corresponds
to an unpumped and an any pumped HEB device. In this case
equation 7.28 is simply:

PLO - Vb : Ib - Va . Ia (729)

The absorption of the DC and RF power is more uniform close
to the normal state region, therefore this region should be used for
the isothermal technique [90].

Figure 7.16 shows two I-V curves, one without LO power applied
to the HEB device and one with the optimal LO power applied to
the HEB device. The dotted line is the constant resistance line.

Using the isothermal technique equation (7.29) the estimated
absorbed LO power is 55 nW. It should be mentioned that the
isothermal technique is only a rough estimation of the absorbed
LO power.

The estimated incident LO power on the HEB device derived
from the losses shown in table 7.2 is about 4 uW for an initial
LO power of about 100 uW. The absorbed LO power calculated by
the isothermal technique is lower than the estimated incident LO
power by 18 dB. It is known that the isothermal technique gives
much lower values for the absorbed LO power than the actual
power available at the mixer [91]. But usually a factor 4 (or 6 dB)
between the real LO power need and the isothermal technique is
found.
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Figure 7.16: Two different I-V curves, one without LO power ap-
plied to the HEB device and one with the optimal LO
power applied to the HEB device. The dotted line is
the constant resistance line.

The initial LO power was taken from the data sheet of the solid
state LO. This value might be right within a factor of 2.

7.5.7 Conclusions of the NbN HEB Performance

A detailed characterization of the NbN phonon-cooled HEB mixer
was performed. It was possible to pump the device at a LO fre-
quency of 0.8 THz. The LO power absorbed by the HEB device
is 55 nW. This is lower than expected for a NbN device with this
volume.

The receiver noise temperature T, is 1344 K at 1.2 GHz IF.
This receiver noise temperature is higher than the state-of-the-art
receiver noise temperature at this frequency. This is due to the
losses in the optics. After the correction for the optics and the IF
amplifier loss, the estimated mixer noise temperature Ty is 420 K.

It was not possible to determine the noise bandwidth of this
device. The noise temperature did not increase by the factor of two
in the bandwidth of the isolator. So the noise bandwidth is believed
to be larger than 1.8 GHz.
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The mixer gain G, is -13 dB at 1.4 GHz IF. This value is similar

to that reported by other groups.

It was not possible to determine the gain bandwidth of the NbN
HEB device by fitting the data to the expected IF frequency depen-
dence. More data points are needed for this. But the mixer gain at
1.8 GHz dropped by 3 dB which indicates that the IF gain band-
width is not much higher than 1.8 GHz.

124



7.6. PERFORMANCE OF THE NBTIN HEB

7.6 Performance of the NbTiN HEB

In this section the mixer performance of the NbTiN HEBs is pre-
sented. These NbTiN HEBs have been fabricated on bare Silicon
(Si) substrates and on Si substrates with Aluminium Nitride (AIN)
buffer layers. The critical temperature T, and the normal state re-
sistivity are observed to improve in the case of using a buffer layer
like MgO for NbN [92] and NDbTiN [56] ultrathin films.

An increase in critical temperature T, of 1-2 K can be quite im-
portant, since the critical temperature influences the electron re-
laxation time of the HEB. The buffer layer is also important for
the acoustic matching of the NbTiN film to the substrate mater-
ial and therefore for the phonon escape time. For NbTiN films on
a MgO bulffer layer using a Si substrate, it has been shown that
the phonon escape time is the bottleneck of the electron relaxation
time for temperatures above 10 K [56].

At the very beginning of this work, substrate heating was lim-
ited (400°C) and an AIN buffer layer was the only way to obtain
5 nm thin NbTiN films with a critical temperature T. above 4 K.
By introducing a new PBN/Pyrolytic Graphite (PG) resistance heat-
ing element, it was possible to deposit 5 nm thin NbTiN films on Si
substrates without an AIN buffer layer, at a deposition temperature
of 600-800°C.

Therefore this section covers the mixer performance of two dif-
ferent HEB devices based on NbTiN: One HEB batch was fabricated
on a 5 nm NbTiN film using a 20 nm AIN intermediate layer on a
Si substrate, and the other HEB batch was fabricated on a 5 nm
NDbTiN film on a Si substrate.

7.6.1 Receiver Noise Temperature

The experimental setup for the noise temperature measurement
of the NbTiN HEBs is the same one used for the NbN HEB noise
measurement and is described in section 7.3. The standard Y-
factor method is used to determine the sensitivity of the HEB mixer
at 0.8 THz LO-frequency. The Callen and Welton definition is used
to calculate the noise temperature from the Y-factor.

Table 7.3 summarizes the dimensions, the critical temperature
T. and the room temperature resistance of the NbTiN HEB devices
used for the noise temperature measurement. The critical temper-
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ature T, is quite similar for both HEB devices. The device dimen-
sions are very different. This is due to electron beam lithography
problems during the fabrication process of the HEB batch Earth
11.

Device Name Material HEB size Crit. Temp. Resistance

[um x puml] K] at 300K [Q]
Earth26-d6 NbTiN 2.8 x 0.4 8.3 38
Earth11-c7 NbTiN 1.5 x 0.7 8.0 80

on AIN

Table 7.3: Properties of NbTiN HEB devices used for the receiver
noise temperature measurement

Figure 7.17 shows the measured receiver noise temperature as
function of the intermediate frequency. The blue curve shows the
receiver noise temperature of the NbTiN HEB on the AIN buffer
layer. The noise temperature of the NbTiN HEB without an AIN
buffer layer is slightly lower and is indicated by the red line.

The best receiver noise temperature Ty is 2500 K for HEBs
without AIN buffer layer and 3000 K for HEBs with AIN buffer layer.
This measured noise temperature is unsatisfactory for a HEB mixer
at this LO frequency. The high receiver noise temperature of these
HEB mixers compared to HEB mixers of other groups is due to an
unknown RF coupling loss in the quasi-optical setup.

The IF frequency at which the noise temperature is twice as high
as the minimum value is about 1.5 - 1.6 GHz for both kinds of HEB
devices. This is called the noise bandwidth of the device.

Since there is no difference in the noise bandwidth observed
for the NbTiN HEBs with and without AIN buffer layer, the buffer
layer does not seem to be the limiting factor for noise bandwidth.
Referring to table 7.3, there is no direct dependence of the noise
temperature or the noise bandwidth on the device dimensions, es-
pecially on the device length. Therefore the cooling mechanism
for these NbTiN HEB mixers is predominantly via phonon-cooling
rather than diffusion cooling. Clearly the range of the HEB dimen-
sions does not include a large variation, so it would be necessary
to measure a lot more devices with a larger device dimension vari-
ation to find a dependance of the noise performance and the device
dimensions.

The IF output power in response to hot and cold loads and the
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Figure 7.17: Uncorrected receiver noise temperature Ty, as func-
tion of the IF of the NbTiN HEB devices on Si and on
an AIN buffer layer for 0.8 THz LO-frequency.

receiver noise temperature as function of the bias voltage are pre-
sented in figure 7.18 for device Earth26-d6. The bias range is
smaller compared to the previously shown NbN HEB device. A
bias voltage range from 0.3 to 0.6 mV results in a receiver noise
temperature T;.. of about 3000 K. The maximum Y-factor is found
at a bias point of 0.5 mV.

The IF output power curve looks different than the one of the
NbN HEB device measured in section 7.5. For small voltage values,
smaller than 0.4 mV, the IF output power decreases while the IF
output power of the NbN HEB device increases for small voltage
values increases up to the saturation of the IF amplifier chain. The
reason for this behavior is not understood right now.
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Figure 7.18: IF output power for a hot (300 K) and cold (77 K) load
applied to the signal port of the receiver as function
of the bias voltage at 1.5 GHz IF. The correspond-
ing receiver noise temperature as function of the bias
voltage is also plotted in this graph.

7.6.2 Loss Contribution of IF

The low noise HEMT amplifier used in this noise temperature mea-
surement is different from the HEMT used for the NbN noise tem-
perature measurement. It is also a 1-2 GHz HEMT amplifier, but it
has different gain characteristics. Therefore the calibration of the
IF amplifier chain was performed again. The HEB was heated by a
resistor above its critical temperature and the IF output power was
measured using a calibrated power meter.

The gain of the IF amplifier chain is about 98 dB. Figure 7.19
shows the IF gain as a function if the IF frequency. The IF gain
characteristic shows some ripples across the IF band. Since an
isolator is used, it is not clear why the high peaks in the gain and
noise at certain IF frequencies occur.

Figure 7.20 shows the noise temperature of the IF amplifier
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Figure 7.19: Gain of the IF amplifier chain as function of the IF
used for the NbTiN HEB measurements.

chain as a function of the IF. The noise temperature shows some
variation across the IF band. The IF amplifier chain shows a noise
temperature of 15-20 K and increases for IF frequencies larger than
1.8 GHz. That means that the receiver noise temperature is dom-
inated by the IF amplifier noise at frequencies about 1.8 GHz. By
using equation 7.15, an IF noise temperature of 38 K at 1.9 GHz
and a mixer gain of -20 dB at 1.8 GHz causes a noise contribution
of the IF chain of about 3000 K.

7.6.3 Mixer Noise Temperature

Beside the 50 pum Mylar beam splitter, the loss contributions
quoted in section 7.5.2 and the IF calibration was used to deter-
mine the mixer noise temperature Ty,;x of the NbTiN HEB mixers.
The mixer noise temperature Ty,;x as function of the IF frequency is
shown in figure 7.21. The lowest mixer noise temperature Ty,;x was
found 500 K for both kind of NbTiN HEBs. The noise bandwidth is
found to be 1.5-1.6 GHz. In the case of the NbTiN HEBs the noise
bandwidth lies within the bandwidth of the IF chain.

Both the receiver noise temperature T, and the mixer noise
temperature Tp,;x showed a bandwidth of 1.5-1.6 GHz. This con-
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Figure 7.20: Noise temperature of the IF amplifier chain as func-
tion of the IF frequency used for the NbTiN HEB mea-
surements.

firms that the NbTiN HEBs have a limited noise bandwidth com-
pared the NbN HEB devices.

It was also shown that a bandwidth of 1.2 GHz is obtained for
a wide variety of NbTiN HEB device dimensions and bath tempera-
tures [93]. Tong et. al found the -3dB gain bandwidth of a NbTiN
HEB on crystalline quartz to be about 2.5 GHz at 600 GHz [57]

7.6.4 IF Bandwidth

Figure 7.22 shows the mixer gain G of the NbTiN HEB with-
out the AIN buffer layer deduced by the standard and the U-factor
method, as function of the intermediate frequency. A mixer gain
of about -16 dB (at 1.2 GHz IF) is determined. The mixer gain de-
creases for higher intermediate frequencies dramatically. A drop
by 3 dB if the mixer gain is observed at about 1.5 GHz. Like for the
NbN HEB gain it is not possible to perform a fit of the frequency
dependence of the mixer gain (equation 7.26 to the measured data
point due to the amount of measured data points a IF frequencies
larger than 2 GHz.
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7.6.5 LO Power Requirement

The LO power requirement was estimated by using the isother-
mal method described in section 7.16. Figure 7.23 shows the un-
pumped I-V curve and the optimal pumped I-V curve. The ab-
sorbed LO power is found to be about 270 nW. This is 5 times the
amount of LO power dissipated in the NbN HEB device, although
the volume of the NbN device is 140% larger than the NbTiN device.

Due to the lack of measured data, the LO power requirement
of the NbTiN HEB devices using an AIN buffer layer was not per-
formed.

7.6.6 NDLTiIN HEBs at 1.6 THz

The noise temperature measurement presented in this section was
performed at the Department of Microtechnology & Nanoscience,
Microwave Electronics Laboratory, Chalmers University of Tech-
nology, Sweden. The HEB device used in this study was fabricated
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Figure 7.22: Mixer gain, derived by the standard method and the
U-factor method as function of the intermediate fre-
quency.
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Figure 7.23: Two different I-V curves, one without LO power ap-
plied to the HEB device and one with the optimal LO
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at KOSMA and was than integrated into the quasi-optical mixer of
the Chalmers University [94].

This HEB is based on a 5-6 nm thick NbTiN film on a AIN buffer
layer on a Si substrate and integrated with a broadband spiral an-
tenna. The device CCN8-1e, having a bridge size of 0.6 x 4 um, has
a critical temperature T, of 8.7 K and a resistivity p of 180 pQcm.
The critical current [, is 430 um at 4.2 K and the normal-state
resistance is 260 Q.

For the heterodyne measurements the standard receiver config-
uration of the Chalmers University was used, which is quite similar
to the one used in section 7.3. One major difference is the use of
an elliptical silicon lens with 28 um Parylene, which acts as anti-
reflection coating. The local oscillator (LO) source for 1.6 THz is a
far infrared (FIR) laser. A rotating wire grid served for attenuation
of the LO power.

The LO and the RF radiation is combined by a 12 um Mylar
beam splitter. The signal passes through a 1.2 mm thick high-
density polyethylene cryostat window and a 0.25 mm Zitex G-108
infrared blocking filter, mounted on the 4 K shield of the cryostat.
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The measurement setup is discussed in detail in [94].

The IF amplifier chain consists of an isolator and a 1.4-5 GHz
low noise HEMT amplifier. The IF signal is further amplified us-
ing two Miteq™ amplifiers at ambient temperature and measured
through a YIG-filter (30 MHz bandwidth) and a calibrated power
meter.

The optimal bias point for this device was fount to be Uy, = 0.7
mV and I, = 30.8 pA. Figure 7.24 shows the receiver noise tem-
perature at 1.6 THz LO frequency as function if the intermediate
frequency.
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Figure 7.24: Receiver noise temperature T, at 1.6 THz LO-
frequency as function of the intermediate frequency

The minimum receiver noise temperature T is found to be
1640 K at 1.4 GHz IF. A device made from KOSMA films at
Chalmers showed a noise temperature of 1200 K at 1.6 THz. De-
tails can be found in [94]. The receiver noise temperature T, at
1.6 THz LO frequency is much lower than the receiver noise tem-
perature T at 0.8 GHz LO frequency measured at KOSMA. This
is possible due to a coupling loss contributed to the measurement
setup at KOSMA and the use of the Parylene antireflection coating
on the lens surface.

The measured noise bandwidth at 1.6 THz LO frequency is
about 2.6 GHz. This is in conflict to the noise bandwidth measured
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at 0.8 THz, where the noise bandwidth is found to be about 1.5 GHz
for NbTiN HEB devices on Si with and without an AIN buffer layer.
The difference in noise bandwidth can not be explained. One rea-
son could be the thickness of the NbTiN film, which is probably
thinner than the NbTiN film used for the 0.8 THz devices.

The IF gain bandwidth measurements are taken from the same
measurements with operating conditions (LO power and dc bias)
giving the lowest receiver noise temperature. The necessary IF
chain calibration was performed using the device in the super-
conducting state as a calibration load, see section 7.5.3. The
mixer gain vs. intermediate frequency (IF) is plotted for the spiral-
antenna device CCN8-1e in figure 7.25
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Figure 7.25: Mixer gain Gpx as function of the intermediate fre-
quency at 1.6 THz LO frequency.

7.6.7 Conclusions of the NbTiN HEB Performance

NbTiN HEB devices have been fabricated based on 5-6 nm thick
NDbTiIN film deposited on 20 nm AIN buffer layer on heated high
resistivity Si substrates. The receiver noise temperature T, was
measured at 0.8 and 1.6 THz. At 0.8 THz the receiver noise tem-
perature was found to be 2500 K for HEBs without AIN buffer layer
and 3000 K for HEBs with AIN buffer layer at 1.2 GHz IF. The mea-
sured noise bandwidth was about 1.5 GHz.
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The AIN buffer layer does not seem to be the limiting factor for
the noise bandwidth, since there is no difference in the noise band-
width observed for the NbTiN HEBs with and without AIN buffer
layer.

The noise temperature at 1.6 THz LO frequency measured at
Chalmers is 1600 K at 1.5 GHz IF. This result shows that the noise
of these NbTiN HEB devices is comparable with the NbN HEB mix-
ers fabricated at the Chalmers University.

The receiver noise temperature is found to be much lower for
the 1.6 THz noise temperature measurement than 0.8 THz mea-
surement. On the one hand this is due to the antireflection coating
used at the 1.6 THz measurement and is also due to a coupling
loss inside the quasi-optical setup at KOSMA.

The measured noise bandwidth is 1.5 GHz and 2.6 GHz at
0.8 THz and 1.6 THz LO frequency respectively. One possible rea-
son for this possible difference is the thickness of the NbTiN film.

7.7 Future Work

Although the noise temperature measurements show a much
higher noise temperature for NbTiN HEB devices than for NbN HEB
device there should not be any difference in sensitivity for NbTiN
and NbN HEB devices [94]. The difference observed in the noise
temperature measurements at KOSMA is probably due to the dif-
ferent lens used for the measurements. The lens used for the mea-
surements of the NbTiN HEB devices was a contribution of the
Chalmers University. This lens had a slightly smaller extension
length. The quality of silicon used for the lens fabrication is un-
known. Silicon lenses with a bad quality and a low resistivity cause
strong RF losses inside the lens and therefore a lower sensitivity of
the mixer.

The IF gain bandwidth determined from the noise temperature
measurement by measuring the gain and the noise of the IF ampli-
fier chain seems to be much smaller (1.5-1.6 GHz) for NbTiN HEB
devices than for NbN HEB devices. For the future it is very impor-
tant to perform a IF gain bandwidth measurement up to 6 GHz IF
to measure the IF gain bandwidth exactly. This makes it possible
to compare NbTiN and NbN HEB devices more accurately.

Concerning the IF gain bandwidth NbN HEB devices seem to be
superior to NbTiN HEB devices. NbN HEB mixers are to be used
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for the HIFI instrument on the Herschel Space Observatory. The
degradation of the mixer chips due to natural aging cause a great
concern because the mixer unit will be stored for years before the
launch. Ultrathin NbTiN have not been investigated for natural
aging, but maybe NbTiN does not show such a strong natural aging
process.
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Appendix A

Fabrication Recipe

A.1 Fabrication Parameters for Phonon-

Cooled HEBs

Wafer Preparation

1.

2.

Rinse wafer in H,O with ultrasound for 90s
Rinse wafer in acetone with ultrasound for 90s

Rinse wafer in isopropanol with ultrasound for 90s

. Bake on hotplate at 120 °C for 3 min.

Rinse wafer in boiling isopropanol for 15 min.

Ultrathin NbN/NbTiN Film Deposition

ultrathin NbN films

1.

2.

Heating the substrate holder to 600°C in progressive stages of
200°C

Pre-Sputtering Nb cathode:

Cathode: Current: Voltage Pressure: Flow: Time:
Nb 0.34 A 256V  0.502 Pa 60 (Ar) 1020 s.
Nb 0.34 A 281V  0.508 Pa 60:1.7 (Ar:Ny) 780 s
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A.1. FABRICATION PARAMETERS FOR PHONON-COOLED HEBS

3. Sputtering Nb cathode: (3-4 nm ultrathin NbN film)

Cathode:
Nb

Current:
0.34 A

Time:
20 s

Flow:
60:1.7 (Ar:Ns)

Voltage Pressure:
282V  0.508 Pa

ultrathin NbTiN films

1. Heating the substrate holder to 600°C in progressive stages of
200°C

2. Pre-Sputtering NbTi cathode:

Cathode: Current: Voltage Pressure: Flow: Time:
NbTi 1.01 A 296V 0.625Pa 80 (Ar) 600 s
NbTi 1.01 A 336 V. 0.632Pa 80:6 (Ar:N;) 540 s
3. Sputtering NbTi cathode: (4 nm ultrathin NbTiN film)
Cathode: Current: Voltage Pressure: Flow: Time:
NbTi 1.01 A 340V 0.632 Pa 80:6 (Ar:Ny) 6s

Au Antenna Structure
1. Wafer cleaning with acetone and isopropanol

2. Spin coating AZ 5214

Softbake
Exposure
Reversal Bake
Flood Exposure
Develop

45 s (90°C)

17 s (6 mW/cm?, UV-300) hard pressure contact
90 s (120°C)

90 s (6 mW/cm?, UV-300) without mask

60 s (AZ 726)

. Au antenna structure deposition

NbTi contact layer for Au (~ 2-3 nm)

Cathode: Current: Voltage Pressure: Flow: Time:
NbTi 0.95A 305V 0.644 Pa 80 (Ar) 480s
NbTi 0.95A 310V 0.641Pa 80 (Ar) 4s

Au layer (200 nm)
Cathode: Current: Voltage Pressure: Flow: Time:
Au 0.26 A 405V  2.02 Pa 140 (Ar) 90 s
Au 0.26 A 405V 2.02 Pa 140 (Ar) 160 s
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A.1. FABRICATION PARAMETERS FOR PHONON-COOLED HEBS

4. Lift-off: Boiling acetone (30 s) - Ultrasonic (30 s) - Boiling ace-

tone (45 s)

Contact Pads Definition by EBL

1.

Copolymer (10% Ethyllaktat), 90 s 3000 rpm, 300 s bake

130°C

PMMA (2% Anisol), 90 s 3000 rpm, 300s bake 130°C

. Al layer deposition

Cathode: Power Pressure: Flow: Time:
Al 81 W 3.02 Pa 100 (Ar) 300 s
Al 81 W 3.02 Pa 100 (Ar) 23 s
EBL lithography
Development
Al Dissolver (1:3) 60 s
H>O 20 s. + rinse
PMMA Developer 80 s
PMMA Stopper 20 s
rinse with H,O
Cleaning of the Interface Area
Gas: Flow: Pressure: Power: Time:
O, 10 sccm 10 Pa 3W (143V) 6s
Ar 20 sccm 3 Pa 6W(240V) b5s

Sputtering of NbTiN and Au

Cathode: Power
NbTi 325'W
NbTi 325'W
NbTi 325'W
Au 80W
Au 80W

Pressure: Flow: Time:
0.75 Pa 91 (Ar) 300 s
0.74 Pa 91+8 (Ar:N,) 300 s
0.78 Pa 91+8 (Ar:Ny) 17 s
3.5 Pa 250 (Ar) 60 s
3.5 Pa 250 (Ar) 26 s

Lift-off with boiling acetone
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A.1. FABRICATION PARAMETERS FOR PHONON-COOLED HEBS

Microbridge Definition by EBL
1. ma-N2403, 40 s 4000 rpm, 60 s bake 90°C
2. EBL lithography

3. Development

Al Dissolver (1:3) 60 s

H>,O 20 s. + rinse
AZ 726 Developer 60 s
Hzo 20 s

rinse with H,O

RIE-NbN/NbTiN removal
1. ICP System

Gas SFg + Ar
Pressure 100 pybar
Flow 8 sccm
Time 1 min.

2. Rinse water
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