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Thin Films and Component Technologies  
for Low-Noise Terahertz Electronics 
DIMITAR M. DOCHEV 
Department of Earth and Space Sciences 
Chalmers University of Technology 

Abstract 

This thesis deals with several distinct subjects such as thin film deposition, 
design, fabrication and characterization of components for low-noise THz 
electronics. 

High energy-gap superconducting materials are of specific importance for 
low-noise THz mixer applications. Extending the upper operation frequency of 
superconductor-insulator-superconductor (SIS) mixers above 1.5 THz is of 
particular interest. Here, a novel approach of producing Nb3Al thin film based on 
DC magnetron co-sputtering using heteroepitaxial, as well as epitaxial growth 
techniques, has been employed. As a result, a superconducting transition 
temperature, as high as 15.7 K has been observed. Structural and electrical 
characterization techniques have been utilized to evaluate the set of material and 
superconducting parameters of the deposited Nb3Al thin films. The 
superconducting properties of the obtained Nb3Al films have revealed strong 
potential for using them in practical applications. It has been also demonstrated 
that Nb3Al can be epitaxially grown on yttria-stabilized-zirconia substrates, thus 
opening a possibility for hot-electron bolometer (HEB) applications. 

Another substantial part of this work deals with the in-house development of 
phonon-cooled HEB mixers. A reliable deposition process for high-quality ultra-
thin NbN films has been established. Epitaxial ultra-thin NbN films grown on 3C-
SiC/Si substrate with state-of-the-art performance have shown a strong potential 
to be used in THz HEB mixers with a purpose for improving the intermediate 
frequency (IF) bandwidth. A novel membrane-like layout for 1.6-2.0 THz HEB 
mixer has been suggested, developed and implemented for use with 
micromachined all-metal waveguides. 

Being the most used in mm- and submillimeter mixer technology for radio 
astronomy, Nb/Al-AlOx/Nb tunnel junction stability properties are of great 
importance. In this thesis, the behaviour of a large number high-quality Nb/Al-
AlOx/Nb tunnel junctions, subjected to long-term room temperature aging and 
thermal annealing is systematically studied and explanations of the observed 
phenomena are suggested. 

Finally, the work on development of a planar superconducting IF/biasing 
circuit for use with a SIS mixer is presented. The circuit was integrated into a 
385-500 GHz DSB SIS mixer currently under operation at the APEX telescope. 
Circuit design methodology, measurement results and overall mixer performance 
with the integrated circuit are shown. 
 
Keywords: epitaxial film, hot electron bolometer, microwave circuits, Nb3Al, 
NbN, SIS, superconductor, THz electronics, thin film, tunnel junctions. 
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Chapter 1 

Introduction 
Superconducting detectors play a significant role in astrophysics and have 

progressed faster than any other technology from millimeter to far-infrared (IR) 
wavelengths. The reason for this fast evolution of superconducting detectors is 
the ability to provide outstanding/quantum-limited sensitivity, large array sizes 
and being up-to-date with the development of the fabrication technology. Hence, 
for more than 30 years, the research in the frequency range 30 GHz–15 THz has 
obtained precious information about processes such as formation of stars and 
planetary systems, galaxy evolution, estimation of atmospheric ingredients, 
dynamics of planets and comets, global monitoring, etc. [1]. In spite of being a 
very fascinating part of the electromagnetic spectrum, the THz range, highlighted 
in Fig. 1.1 still remains one of the least explored bands. Therefore, there is a 
continuous enormous amount of research being done in the area of millimeter and 
submillimeter techniques. 

 
Figure 1.1: Schematic representation of the electromagnetic spectrum from radio to gamma rays, 
highlighting the THz region, which is surrounded between the microwave and infrared [2]. 

The space and time allocated for this work is only adequate to highlight few of 
the major component technologies. This thesis summarizes the work 
accomplished toward realization and characterization of high energy-gap 
superconductors, such as Nb3Al and NbN, as well as development of novel 
components for low-noise THz receiver applications. 

The thesis is organized as follows: Chapter 2 provides a brief introduction to 
the field of superconductivity and an overview of the existing mixing 
technologies for radioastronomical applications, considering the most commonly 
employed heterodyne receiver topologies and superconducting heterodyne 
detectors. Next, in Chapter 3, systematic studies on the effects, associated with 
room-temperature aging and annealing of Nb/Al-AlOx/Nb tunnel junctions are 
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given as part of the research on a 385-500 GHz SIS mixer for the APEX 
telescope. In addition, the work on the development of a novel superconducting 
4-8 GHz biasing circuit for the same SIS mixer is also presented. Nb3Al 
superconducting material has been considered as a strong candidate for SIS mixer 
applications above 1 THz. Achievements on the deposited high energy-gap Nb3Al 
superconducting films are reported in Chapter 4. The films were deposited using 
a novel heteroepitaxial and epitaxial approach and discussion on the structural, 
electrical and magnetic properties is supplied. Finally, Chapter 5 presents the 
ongoing work and the advancements towards HEB-based array receivers. Results 
on in-house deposition of ultra-thin NbN films for phonon-cooled HEB mixers as 
well as design and fabrication of novel layout of HEB mixer, employing SOI 
substrates is presented. Conclusions of the presented work, together with ideas for 
further developments are given in Chapter 6. As supplementary information, 
Appendix A shows the crystallographic relationship between Nb3Al and Nb. 
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Chapter 2 

Technological and Scientific Background 

2.1 Superconductivity 
This thesis to great extend concerns thin films, devices and circuits based on 

superconducting materials, which are characterized by certain electrical, magnetic 
and other properties. Here a brief review of some of the important definitions and 
parameters about superconductors is made. 

A superconductor can be defined as a conductor that has undergone a phase 
transition to a lower energy state below a transition temperature Tc in which 
conduction electrons form pairs, called Cooper pairs, which carry electrical 
current without any resistance to the flow, and which are responsible for a perfect 
diamagnetism and other properties [3]. 

Superconductors fall into two classes, type-I or type-II, depending on the sign 
of the surface energy for the superconductor-normal interface: type-I with a 
positive interface energy and type-II, with a negative interface energy [4]. A type-
I superconductor exhibits two characteristic properties, namely zero DC electrical 
resistance and perfect diamagnetism, when it is cooled below its critical 
temperature, Tc. Above Tc it is a normal metal, but usually not a very good 
conductor. The second property of perfect diamagnetism, also called the Meissner 
effect, means that a magnetic field (i.e. magnetic flux) cannot exist inside the 
material. There is a critical magnetic field, Hc, with a property that at the 
temperature 0 K applied fields H ≥ Hc drive the material into its normal state. 
Most superconducting pure metals are type-I superconductors and their critical 
temperature are relatively all low.  

Type-II superconductors are also perfect conductors of electricity, with zero 
DC resistance, but with more complex magnetic properties. When the applied 
magnetic field is below the lower critical field, Hc1, it totally excludes magnetic 
flux. Flux is only partially excluded when the applied field is in the range 
Hc1 < H < Hc2. For applied field H ≥ Hc2 the material becomes normal. 
Superconductivity in these materials can be sustained up to very magnetic fields. 
Type-II superconductors include some of the pure metals, such as niobium, as 
well as all compound and high-temperature superconductors. Devices and circuits 
based on Nb thin films are considered in Chapter 3, whereas Chapter 4 and 
Chapter 5 concern the compound superconductors Nb3Al and NbN, respectively. 
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Important parameters of superconductors for practical applications include critical 
temperature Tc, energy gap Δ, penetration depth λ, coherence length ξ, critical 
fields Hc, Hc1 and Hc2, and critical current density Jc.  

The energy gap Δ of a superconductor separates the energy levels of 
elementary excitations and the ground state level, i.e., the energy level of the 
Cooper pairs, as illustrated in Fig. 2.1 [5]. Δ is directly related to the critical 
temperature Tc of the superconductor as [6]: 

 
Δ(0) = 1.76kBTc, (2.1) 

where kB is the Boltzmann constant. The minimum energy required to break a 
Cooper pair and create two quasiparticle excitations is thus, 2Δ. 

 
Figure 2.1: Energy diagram of a superconductor [5]. 

Another major physical parameter for any superconductor is the penetration 
depth, λ, which describes the scale of exponential decay of the magnetic field 
penetrating the interior of the superconductor, as shown in Fig 2.2. The London’s 
theory defines the penetration depth as [3]: 
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where c is the velocity of light, e is the charge of the electron, m* is effective 
mass of the superconducting carriers and ns is the superconductor carrier density. 
Practical microwave superconducting circuits require relatively short penetration 
depth, within few hundred nanometers at maximum, so it would not be an 
obstacle for fabrication by means of thin film deposition, like sputtering or 
evaporation. Moreover, low penetration depth is essential to reduce the parasitic 
inductance within the superconducting circuits. 
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Figure 2.2: Schematic representation of the magnetic field decay in the interior of the 
superconductor. 

The second characteristic length of a superconductor is the coherence length ξ 
and it defines the intrinsic nonlocality of the superconducting state, i.e., the 
distance at which ns changes significantly. In pure superconductors far below Tc, 
ξ(T) ≈ ξ0, and it is defined as [6]: 

 
( )020 Δ

= Fhυξ , (2.3) 

where h is the Planck’s constant and υF is the Fermi velocity in the material. The 
coherence length gives also a scale of the so-called superconducting proximity 
effect, in which superconductivity is induced in the normal metal in contact with 
superconductor, and vice versa, superconductivity gets suppressed in contact with 
a normal metal [4]. In addition, the characteristic lengths λ and ξ allow a unique 
description of the surface impedance in the normal and superconducting state [6]. 

2.2 Heterodyne Receivers for Radio Astronomy 

2.2.1 Heterodyne Mixing 
Coherent receiver is of great importance for radio astronomy due to the 

possibility to exploit very high spectral resolution, required for fine-structure 
atomic and molecular spectroscopy. The coherency of heterodyne mixing process 
is based on the important property of preservation of both amplitude and phase 
information carried by the incoming signal. The function of a heterodyne receiver 
is to “mix” a weak incoming signal at frequency (fS) with a large-amplitude local 
oscillator (LO) at fLO, in order to produce much lower intermediate frequency (IF) 
output at fIF, suitable for signal post detection processing. By keeping the IF fixed 
and by varying the LO, it is possible to tune the receiver along a wide band of 
incoming signal frequencies. This principle is extensively used in various 
applications such as satellite communications, radars, mobile phones, etc. A basic 
schematic of a heterodyne receiver is shown in Fig. 2.3. Here the frequency down 
conversion is carried out by a mixer, which is a nonlinear element. An overview 
of mixing elements used for high resolution THz spectroscopy is provided in 
Section 2.3. 

λ 

H 

x 

H0 
H(x) = H0e-(x/λ) 
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Figure 2.3: Block diagram of a heterodyne receiver [7]. 

2.2.2 Receiver Topologies 
In reality, the mixer will produce the same IF for frequencies (fS = fLO - fIF) or 

(fS = fLO + fIF) [8], Fig. 2.4. The sum and difference frequencies at (fLO ± fIF) are 
called the sidebands of the carrier frequency (fLO), with (fLO + fIF) being the upper 
sideband (USB), and (fLO - fIF) being the lower sideband (LSB). In the USB case, 
the desired IF output in a receiver is the difference frequency, (fIF = fS – fLO). 
However, a received input signal at frequency (fIM = fLO - fIF), called an image 
frequency, will be also down converted to the same IF, so the IF will be 
superposition of both signal and image frequencies. 

 
Figure 2.4: Location of the signal, LO, IF and image frequencies in a frequency down-conversion. 

A mixer that responds simultaneously to both the LSB and USB is called a 
double sideband (DSB) mixer. This property is used, for example in continuum 
radiometry, where broadband sources are typically measured. The DSB mode is 
in most cases undesirable since the unnecessary sideband can create interfering 
signals, which cause line confusion and bring additional (atmospheric) noise, etc. 
and hence, degrade the signal-to-noise ratio. 

In order to realize more sensitive instruments for spectroscopic observations 
the unwanted sideband must be suppressed. This is achieved in a so called single 
sideband (SSB) scheme. A standard way to do this is by placing an image-
rejection filter at the signal input. For practical instruments the sideband rejection 
ratio is required to be better than 10 dB. Nevertheless, employing an additional 
filter at the mixer input in a radioastronomical receiver will lead to increased 

fS=fLO-fIF fIM=fLO-fIF 

fIF fIF fIF 
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Image 
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LO 
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losses, consequently – higher receiver noise, a necessity for tuning and more 
complex optics design. 

More sophisticated approach to separate the upper and lower sidebands at IF is 
realized in sideband separating (2SB) mixers, as shown in Fig. 2.5. For this 
purpose two individual DSB mixers are employed in a quadrature scheme with 
phase cancellation at IF. This implies that RF and IF quadrature hybrids are used. 
Perfect sideband cancellation occurs when the RF and LO signals are divided 
equally with accurate phase. Termination of the image bands from both DSB 
mixers occurs at the idle port of the RF hybrid. 

 
Figure 2.5: Block diagram of a sideband separating (2SB) mixer. 

A receiver with a balanced scheme, as depicted in Fig. 2.6, has an advantage 
over single-ended mixer configuration due the reduced thermal and AM noise 
from the LO and the more effective way of using the available LO power [9]. The 
balanced type of topology requires a 90º or 180º input hybrid circuitry, which can 
supply with equal amount of LO and RF power two identical DSB mixers, where 
the IF outputs are combined via IF hybrid. Balanced mixers with 180º input 
hybrids exhibit superior LO-RF isolation properties and intermodulation (IM) 
product suppression as compared to 90º hybrid based balanced mixers. However, 
for mm- and sub-millimeter waveguide mixer applications, the 90º balanced 
mixers are usually preferred since they are more compact and easier to fabricate 
and most importantly, provide broad RF band. 

 
Figure 2.6: Block diagram of a 90º balanced mixer. 
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2.3 Mixing Elements for Heterodyne Receivers 
The key component of every heterodyne receiver is the mixing element. In the 

terahertz range heterodyne receivers typically employ as nonlinear device 
Schottky diodes, superconductor-insulator-superconductor (SIS) tunnel junctions 
or hot electron bolometers (HEB). Before the appearance of SIS and HEB mixers, 
heterodyne receivers for atmospheric and radioastronomical observations were 
generally based on Schottky-diode mixers. However, along with the relatively 
high receiver noise temperature for Schottky-diode mixers, compared to the SIS 
and HEB technologies, as shown in Fig. 2.7 [1], another vital limitation is the 
high LO power requirements (~ 0.5 mW) [10]. Higher sensitivity THz detectors 
based on SIS and HEB devices, rely on cryogenic cooling and require much 
lower LO power than Schottky mixers. In the following section, the basic 
operational principles of mixers based on SIS tunnel junction and HEB are briefly 
described. 

 
Figure 2.7: State-of-the-art noise performance of Schottky diode (circles), SIS (triangles) and HEB 
mixers (squares). Reproduced from [1]. 

2.3.1 Frequency mixing with SIS tunnel junctions 
Superconductor-insulator-superconductor (SIS) tunnel junctions are quantum 

mechanical devices consisting of two superconductors separated by a very thin 
insulator (~1 nm), as illustrated in Fig. 2.8. Besides tunneling of Cooper pairs 
through the insulator, known also as Josephson effect, a finite voltage across the 
junction can “dissociate” pairs and create a current of single electrons, i.e., a 
quasiparticle current. The current-voltage characteristics of the quasiparticle 
current are extremely nonlinear and can be used for frequency mixing. The 
operation of a SIS mixer is based on the principle of photon-assisted tunneling 
[11] by quasiparticles across a thin barrier [7]. 
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The superconductors (S) on both on both sides of the tunnel barrier (I) at 
temperature T = 0 K are in their ground state, i.e. the electrons are bound into 
Cooper pairs. The minimum energy required for excitation of a Cooper pair for 
each electrode above the ground state and thus, producing two single-particle 
excitations is therefore 2Δ. This breaking energy is also known as 
superconducting energy gap. At zero bias voltage the Cooper pair can still tunnel 
through the junction producing a super current, Ic. Increasing the applied voltage 
to the value of the gap voltage, V0 = 2Δ/e, an onset of the quasiparticle tunneling 
takes place. At this potential a single electron is able to tunnel through the barrier 
leaving an un-paired quasiparticle behind. 

 (a) V 0=V  

 (b) eV Δ=
4

3      

(c) eV Δ= 2         
Figure 2.8: Quasiparticle tunneling for a symmetric junction [12]. 

When a SIS tunnel junction is irradiated with microwave radiation of 
frequency f, the absorption of n quanta insside the barrier can provide enough 
energy to open this channel for quasiparticle tunneling when eV0 = 2Δ – nhf. This 
phenomena is called photon-assisted tunneling and as a result constant-current 
steps separated by voltage of δV = hf/e appear on the quasiparticle branch (below 
the DC onset) of its I-V characteristics, as shown in Fig 2.9. It has to be noted 
that the absorption probability decreases rapidly as the photon number n 
increases. 

When a local oscillator signal is applied to the biased SIS junction it will 
modulate the DC I-V curve in such way that the LO power will determine the 
number of photon steps. Highest sensitivity of the mixer is usually achieved when 
it is biased in the middle of the first photon step below the gap voltage. 

hf 

Allowed states for quasiparticles 

Cooper pairs 
S S I 

EF 
∆ 
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Figure 2.9: Current-voltage characteristics of Nb/Al-AlOx/Nb SIS tunnel junction with and without 
applied LO power. 

Along with the quasiparticle current a portion of Copper pair current also 
exists, known as Josephson current, which causes instability and additional noise 
in the mixer. In the I-V characteristics the contribution from the Josephson 
current appears as current steps at discrete voltages nhfLO/2e, also called Shapiro 
steps. In order to suppress the Josephson current, typically a magnetic field is 
applied across the junction. This is based on the fact that the critical current Ic is a 
function of the magnetic field flux Ф passing through the barrier region as: 

 

0

 ,
)sin(

)0(
Φ
Φ

==
π

x
x

x
II cc  (2.4) 

Hence, the Josephson current disappears for a value of the applied magnetic 
flux Ф equal to nФ0, where Ф0 is the magnetic flux quanta. The value of the 
corresponding magnetic field, B, needed for suppression of the Josephson current 
depends on the geometrical dimension on the SIS junction, L, the barrier 
thickness, d, and the magnetic penetration depth, λ: 

 
( )λ2

0

+
Φ

=
dL

B  (2.5) 

Naturally, depending on the shape of the SIS junction the modulation of the 
critical current in eq.(2.4) will have different pattern, etc. 

2.3.2 Limitations of SIS Mixers 
For ambient temperatures well bellow the critical temperature, the SIS devices 

reach a natural frequency limit at approximately twice the superconducting 
energy gap, 2∆. This upper operating frequency is dependent upon the tunnel 
junction material composition. For most common SIS tunnel junctions, Nb/Al-
AlOx/Nb with Tc = 9.3 K, this frequency approaches near 1350 GHz. In addition, 
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the high intrinsic capacitance of the SIS junctions requires an additional tuning 
circuit which should compensate for the SIS capacitance and perform impedance 
transformation. The losses in the superconducting RF matching circuit cause a 
drastic increase of the mixer noise temperature at frequencies above the gap 
frequency. Hence, for Nb-based tuning circuits the corresponding upper 
frequency limit is about 700 GHz. 

This issue is typically addressed by using superconducting materials with 
higher energy-gap than niobium which give the possibility to exploit higher 
frequencies. Advances towards higher frequency of operation of the SIS mixers 
were previously made using materials such as NbN (Tc,NbN = 16 K) and NbTiN 
(Tc,NbTiN = 17 K) and were demonstrated to be useful materials for SIS junctions 
and embedding circuitry, respectively [14]. Although NbN and NbTiN showed 
significant improvement, acceptable tunnel junctions based on these materials 
have yet to be formed. 

A large part of the work described in this thesis has been devoted to the 
development of another wide-gap superconducting material such as Nb3Al 
(Δ = 3.04 meV) as a promising material for tuning circuitry as well as tunnel 
junctions. Chapter 4 presents the results obtained towards realizing reproducible 
Nb3Al films with lowest possible resistivity and highest possible transition 
temperature. 

Instability of the junctions is an obvious drawback when considering practical 
and commercial applications. Recently, more and more sensitive and higher–
frequency receivers based on SIS mixers are being deployed on ground–based 
single–dish telescopes. Large–scale projects, such as ALMA, play an important 
role in developing this field. For example, the lifetime of the ALMA project is 
considered to be at least 20 years and this requires extremely reliable and stable 
Nb/Al-AlOx/Nb tunnel junctions. These components are meant to operate under 
extreme conditions, repeated thermal cycling between room and LHe 
temperature, long-term storage at room temperature, etc. Therefore, any variation 
of the intrinsic junction parameters, e.g. the normal-state-resistance, will detune 
the mixer and thus, degrade the performance of the instrument. Chapter 3 in this 
thesis gives an insight into behaviour of a large number of high-quality tunnel 
junctions subjected to long-term room temperature aging. This study also 
provides a reproducible scheme for stabilization of the tunnel junctions by means 
of thermal annealing at moderate temperature. 

2.3.3 Frequency Mixing with Hot Electron Bolometer (HEB) 
An alternative to SIS mixers for high resolution spectrometry beyond 1 THz is 

the superconducting hot electron bolometer (HEB) mixer. Since their introduction 
in 1990 [15], the HEB devices have evolved so far into practically usable mixing-
elements at frequency as high as 5.3 THz [16]. The major advantages of this type 
of mixers are: 1) unlimited RF frequency bandwidth; 2) no necessity for external 
magnetic field; 3) no additional tuning circuitry is needed due to the real device 
impedance. 

The HEB device is a strip of thin superconducting film (Nb, NbN, NbTiN, Al, 
etc.) made on a dielectric substrate between two contacts, Fig 2.10. The 
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superconducting bridge has typically a width up to several micrometers and a 
length up to few hundred nanometers. In practice, the device is cooled down 
below its critical temperature and brought to its operating regime by applying 
sufficient DC bias and radiation power from a local oscillator. Since the electrons 
in the film are only weakly coupled to the phonons, the absorbed energy is 
transferred mainly to the electron gas. This condition brings the electrons to a 
temperature Te, higher than the phonon temperature Tph. In the vicinity of Tc, the 
superconducting energy gap is strongly suppressed resulting in a low-
concentration of Cooper pairs. At these conditions, small changes in the absorbed 
photon power will induce large variation in the resistance and, thus, alter the 
voltage across the bolometer. The superposition of a strong LO signal and a weak 
RF signal causes a time-averaged heating fluctuations at the difference 
(intermediate) frequency fIF = |fLO-fRF|.  

 
Figure 2.10: A cross-sectional view of an NbN HEB device. 

The mixer’s intrinsic IF bandwidth is determined by the speed of the electron 
relaxation process, which is illustrated in Fig 2.11. The electron-electron 
interaction time, τe-e≈(R□Te)-1 [17], is much shorter than the electron-phonon 
interaction time, τe-ph ≈ (Te)-3/2 [18]. This condition ensures that during the time τe-

e the heating of the lattice will be negligible, and at any frequency the energy of 
the absorbed energy is redistributed effectively among the electrons [19]. Cooling 
of the “hot” electrons is achieved either by creating phonons, which “escape” into 
the substrate, or by out-diffusion of electrons into the contact pads. The former 
process is known as phonon cooling, whereas the latter cooling mechanism is 
referred as diffusion cooling [20]. Part of this thesis deals with development of 
phonon-cooled type HEB devices based on ultra-thin NbN films. Therefore, the 
attention will be focused on the phonon-cooling mechanism and therefore, 
diffusion cooled will not be discussed. 

Phonon-cooling, as depicted in Fig. 2.11, implies that non-equilibrium phonons 
generated in the strip by electrons should get away into the substrate as fast as 
possible so no energy is transferred back to the electrons. The escape time of 
phonons into the substrate, τesc, is given by [21]: 

 
τesc ≈ 4d / αu, (2.6) 

where d is the film thickness, u is the sound velocity in the film and α 
represents the acoustic matching between the film and the substrate. 
Equation (2.6) means that the film has to be made sufficiently thin, so the 

Au NbN 

substrate 

Ti 
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phonons escape time becomes shorter than the phonon-electron interaction time, 
τph-e. Moreover, making the bridge narrow enough, the backflow of phonons from 
the substrate to the films will be reduced [22]. 

 
Figure 2.11: Electron relaxation process in NbN HEB mixer. [22]. Here Ce and Cph are the electron 
and phonon specific heats, respectively. T0 is the ambient (substrate) temperature, whereas Te and Tph 
are the electron and phonon effective temperatures, respectively. For a 3.5 nm NbN film on sapphire: 
τe-e = 6.5 ps, τe-ph = 10 ps and τesc = 38 ps [23]. 

The intrinsic IF bandwidth of the HEB mixer is determined mainly by the 
combination of τe-ph and τesc. Hence, the total electron relaxation time, τθ, which 
determines how fast the temperature of the bolometer can follow the changes in 
the radiation power, is defined as [21]: 

 
τθ = τe-ph + τesc Ce / Cph, (2.7) 

where Ce and Cph are the electron and phonon specific heat, respectively. 

2.3.4 Limitations of HEB Mixers 
Phonon-cooled HEB mixers suffer from limited IF bandwidth. The cause for 

the narrow IF bandwidth, typically between 2.5–5 GHz, is the large thermal time 
constants associated with the cooling mechanism of the hot electrons. The narrow 
IF bandwidth in HEB mixers limits the astronomical observations of galactic 
sources due to limited velocity coverage (Doppler shift) at THz frequencies [24]. 
In the context of increasing the IF bandwidth of HEB mixers, Chapter 5 provides 
studies on HEB devices based on epitaxially grown ultra-thin NbN film on 3C-
SiC/Si substrate with enhanced critical temperature above 11 K. The fabricated 
devices showed reliable characteristics and strong potential for further use with 
HEB THz mixers.  
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Reducing the LO power consumption of the HEB mixer by decreasing the 
device size can induce a direct detection problem. This often occur when the 
absorbed RF power is in the same order as the absorbed LO plus DC power. The 
direct detection results in poorer stability characteristics of the mixer. The change 
of the mixer bias current due to direct detection alters the optimal operating point 
and produces standing waves between the mixer and the low-noise amplifier 
(LNA). However, the issue with direct detection in HEB mixers can be eliminated 
by utilizing a waveguide-based design, thus reducing the passband. The 
waveguide approach gives also a possibility to use a corrugated horn antenna, 
which provides well defined beam pattern at the receiver input. Chapter 5 
presents a novel waveguide-based HEB mixer design which in combination with 
recent advancement of THz waveguide fabrication [25] could extend the use of 
waveguide-based mixers beyond 2 THz. 

An important issue in HEB receivers is the reduction of the thermal and 
amplitude modulation (AM) noise from the local oscillator. A way to get around 
this concern is to employ a HEB-based mixer with a balanced scheme, which 
exhibits superior performance than commonly used single-ended mixers [26]. 
However, balanced-type HEB waveguide mixers employ two identical mixing 
elements fabricated on extremely fragile quartz substrate which complicates the 
handling and assembly. Chapter 5 presents a novel integration scheme for 
waveguide-based HEB mixer on thin silicon beam employing standard SOI 
technology. The demonstrated integration concept of has a strong potential to be 
utilized in heterodyne array receivers above 1 THz. 
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Chapter 3 

Studies and Development of 
Superconducting Components and Circuits 

3.1  Aging and Annealing of Nb/Al-AlOx/Nb Tunnel 
Junctions 

The aging properties of the active components are of high importance for mm- 
and submm-wave receiver applications. Long-term storage at room temperature, 
repeated thermal cycling and annealing at moderate temperatures could lead to a 
change of the characteristics of the mixing element and cause large spreads in its 
critical parameters. The variation of the properties of Nb/Al-AlOx/Nb tunnel 
junctions under room temperature aging and annealing at elevated temperatures 
has been of interest in many studies [27-34]. Along with the commonly agreed 
trends and understanding, there are experimental facts, which cannot be still 
explained within the suggested processes and mechanisms. The following section 
as wells as Paper B and Paper C, describe the experimental procedure on long-
term aging at room temperature and repeated annealing of high-quality Nb/Al-
AlOx/Nb tunnel junctions. A discussion and interpretation of the experimental 
results are presented in terms of structural ordering in the vicinity of the tunnel 
barrier. 

3.1.1 Overview 
By the beginning of 1980s radio telescope heterodyne receivers have been 

largely used lead alloy tunnel junctions [7]. A common problem with the Pb-alloy 
junctions was the lack of stability upon thermal cycling and storage at room 
temperature. Nb/NbOx/Nb and Nb/NbOx/Pb junctions could benefit from the 
higher critical temperature of Nb (Tc = 9.3 K) but, in a similar manner, were not 
capable to provide the desired cycling and storage stability. In addition, NbOx 
tunnel barriers have poor tunneling properties and high dielectric constant [13]. 
Together with Nb2O5, various suboxides, such as NbO and NbO2, are also present 
in the barrier region, thus making the barrier itself inhomogeneous. On the other 
hand, AlOx tunnel barriers in Al/AlOx/Al junctions were known to possess 
extremely high quality - low leakage and excellent thermal cycling stability. 
However, the low critical temperature of Al, respectively a low superconducting 
gap, makes these junctions not useful for practical applications. 
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In comparison to all abovementioned tunnel junctions, Nb/Al-AlOx/Nb tunnel 
junctions were found [35] to combine the advantages of high superconducting 
gap of Nb with the high-quality AlOx tunnel barrier: 1) small leakage current in 
the subgap region; 2) a sharply defined gap voltage; 3) excellent stability, both 
against long term storage and thermal cycles; 4) controllability of the critical 
current [36]. The Nb/Al-AlOx/Nb junction is composed of four stacked layers: a 
base Nb layer, a thin Al layer, an AlOx barrier, and a top Nb layer as shown in the 
HRTEM image in Fig. 3.1. The success of the Nb/Al-AlOx/Nb is based on the 
high-quality ultra-thin (~10 Å) AlOx tunnel barrier due to the good planarizing 
properties of the underlying Al layer. It was found that a very thin (a few nm) 
layer of Al completely covers the Nb surface and hence, create a continuous 
surface free of pinholes [37]. To date, most of the radioastronomical receivers 
incorporate Nb/Al-AlOx/Nb tunnel junctions. The fabrication methodology for 
Nb/Al-AlOx/Nb junctions has been presented by Gurvitch et al. [35] almost 30 
years ago and the technique has largely remained unchanged. 

 
 

Figure 3.1: Cross-sectional HRTEM micrograph of Nb/Al-AlOx/Nb trilayer deposited on a quartz 
substrate with a close-up view of the tunnel barrier. 

3.1.2 Aging and Annealing Procedure 
Room temperature aging data was collected from more than 100 high-quality 

SIS junctions, which were stored for more than one year at standard conditions 
(air-conditioned laboratory room with controlled humidity and temperature). The 
tunnel junctions used in this study were produced at different stages of the 
development of a SIS mixer chip, used for the Band 3 (385-500 GHz) SHeFI 
receiver at the APEX telescope [38, 39]. The variation of the normal-state 
resistance (Rn) and the subgap-to-normal resistance ratio Rj/Rn of the Nb/Al-
AlOx/Nb tunnel junctions were extracted from the measured current-voltage 
characteristics, as illustrated in Fig. 3.2. No additional measures were taken to 
protect the wafers from atmospheric exposure during the storage period. After 
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performing the long-term room temperature aging, the same junctions were 
subjected to a thermal annealing. The heat treatment of the samples has been 
carried out by placing them onto a hot plate with the temperature set at 120ºC for 
1 hour in a cleanroom environment with relative humidity of 42 ± 2%. After the 
annealing, the junction I-V characteristics were measured in a dipstick in LHe at 
4.2 K. The same procedure was repeated several times with a temperature 
increment of 10ºC up to a temperature as high as 250ºC, keeping the same 
annealing time. Since the temperature range of the hotplate was limited to 200ºC, 
the annealing within the temperature range 200-250ºC was done in an oven by 
placing the wafer onto a preheated massive metal wafer holder in order to have 
temperature ramping conditions similar to that of the hotplate.  

 
Figure 3.2: Typical current-voltage characteristic of an SIS tunnel junction and its intrinsic 
parameters. Here Rn is the normal state resistance; Rj – subgap resistance, estimated at 1.7 mV, Vg – 
gap voltage; Rv – line for definition of the gap voltage; Ig – current rise at the gap voltage; Ik – current, 
characterizing the knee structure just above the gap; dVg – gap smearing using Rn/2 criterion; DVg – 
gap smearing using Rj/2 criterion [40]. 

3.1.3 Results and Discussion 
It was found that the value of the normal-state resistance of the junctions 

noticeably decreases after the long room temperature aging as shown in Fig. 3.3a. 
Similar decrease in Rn has been also observed by other research groups [41]. 
Moreover, the aging does not have just a simple effect of reducing the normal-
state resistance. In fact, the subgap resistance Rj tends to increase/improve, as 
shown in Fig. 3.3b. This interesting result has neither been observed for Nb/Al-
AlOx/Nb tunnel junctions nor has received an adequate attention. It is known that 
tunnel barriers fabricated by thermal oxidation, like in this study, result in an 
oxide layer where atoms are not in their global equilibrium positions [42]. 
Therefore, the decrease of Rn could be a result of the structural ordering in the 
AlOx layer, which translates to reduction of the tunnel barrier thickness [43, 44]. 
The effect of increased subgap resistance Rj, on the other hand, might be 
attributed to eventual removal of additional conduction paths, associated with 
barrier imperfections. Hence, the “leakage” component of the sub-gap current 
decreases, i.e., the quality of the tunnel barrier improves. According to Fig. 3.3b, 
the effect of aging on Rj is observable at a time scale much shorter than that for 
Rn. Moreover, this process is dependent on the junction size, i.e., smaller 
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junctions, like these shown in Fig. 3.3b, exhibit much more pronounces change in 
Rj than the bigger ones. 

 
(a) (b) 

Figure 3.3: (a) Relative change of the normalized normal-state resistance after room temperature 
aging. The average aging time for all wafers (R5. R6, R7 and R8) is 17 months. (b) Relative change of 
the subgap and normal-state resistance for wafer D1 after 63 days of aging at room temperature. The 
measured parameters are normalized to the initial values right after fabrication. 

Figure 3.4 shows the change on the Rn and Rj/Rn ratio normalized to their initial 
values after repeated annealing steps. Up to temperature of 150ºC, a noticeable 
increase in the junction quality was observed, followed by a quick drop of the 
Rj/Rn ratio for higher annealing temperatures. The data is representative for 
junctions with different area size A in the measured batches, namely R5, R6, R7, 
R8 (A = 3 μm2) and D1 (A = 2 μm2). The results presented here on annealing of 
Nb/Al-AlOx/Nb junctions are in line with earlier studies [30, 32], where the Rn 
increase at moderate annealing temperature has also been observed. 

 
Figure 3.4: Normalized normal-state resistance and Rj/Rn ratio as a function of the annealing 
temperature. Data points are representative for wafers R5, R6, R7, R8 and D1. 

For newly fabricated junctions, like those on wafer D1, the most dramatic 
change in the junction parameters occurred during the first 2 weeks after the 
fabrication. Wafer D1 was characterized directly after its completion and then left 
exposed to short-term aging at room temperature for two weeks as the junctions’ 
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parameters were monitored on a weekly basis. Then the wafer was subjected to 
subsequent annealing, as for each annealing temperature a short-term aging up to 
2 weeks was performed. The results from this experiment are presented in 
Fig. 3.5a. Interestingly, stabilization of the junction parameters after certain aging 
period was noted, in line with the reported results in [41]. 

Despite having nominally the same device processing, an aging history effect 
of the junction-to-junction lifetime persistence during the annealing process was 
found, as shown in Fig. 3.5b. Tunnel junctions from wafers that have been 
subjected to the long-term storage have comparatively longer lifetimes than 
junctions that were annealed shortly after fabrication. This behaviour might be 
attributed to diffusion ordering in the AlOx. This process, in principle, takes far 
more time than stress relaxation of the Al layer. Aging at room temperature 
causes a deformation rate, which is slower, than annealing at elevated 
temperature does. So, diffusion ordering in AlOx has better chance to catch up. 
Therefore, pre-aged junctions manage to sustain higher annealing temperatures 
than newly fabricated junctions. On the other hand, in “fresh” junctions subjected 
to immediate annealing treatment, the AlOx layer cannot follow the deformation 
in the Al layer and eventually breaks up. 

 
(a) (b) 

Figure 3.5: (a) Quality evolution/stabilization of the newly fabricated tunnel junctions subjected to a 
short room temperature aging and subsequent annealing. (b) Lifetime comparison between long-term 
aged (squares) and short-term aged (triangles) junctions after annealing. 

3.1.4 Summary 
This section presented the studies on room temperature aging and annealing 

behaviour of high-quality Nb/Al-AlOx/Nb tunnel junctions. A noticeable 
reduction of the normal state resistance, Rn, and increased subgap resistance, Rj, 
was observed as a result of the conducted experiments. It has been noticed that 
the value of Rj changes relatively quicker than that of Rn. This effect has been 
even more pronounced when annealing newly processed junction at moderate 
temperatures up to 200ºC. The exhibited changes in junctions’ performance could 
be attributed to structural ordering/reconstruction of the tunnel barrier which 
happens in much longer time scale than the intrinsic stress relaxation processes in 
the Al layer. 
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3.2 Superconducting IF Biasing Circuit 
Apart from the mixing element in SIS receivers, i.e. the SIS tunnel junction, 

there are number of components which are vital for the performance of the 
instrument. This section, as well as Paper C, present a design, implementation 
and performance of a superconducting IF biasing circuit for the frequency range 
4-8 GHz used in a 385-500 GHz SIS DSB mixer installed at the APEX telescope. 

3.2.1 Background and Motivation 
An SIS tunnel junction with its RF tuning circuitry produces output an IF 

impedance different from the conventional 50 Ω of the IF chain. Additionally, to 
obtain stable mixer operation the active component’s output has to be terminated 
to an impedance, which provides optimum matching conditions [45]. This does 
not immediately imply a conjugate matching as it will cause instability of the 
mixer. A good trade-off between mixer gain and output reflection coefficient is 
achieved by termination to a real impedance with a value of about two times the 
normal state resistance (while the SIS capacitive component can be tuned 
inductively) [46]. The low real part of the complex IF impedance, e.g. 10-20 Ω, 
reduces the Q factor of the resonant circuit and thus, makes the mixer less IF 
frequency dependent [47]. Certainly, these conditions require an additional 
matching network to transform the 50 Ω of the IF chain to about 10-20 Ω to the 
mixer-chip IF output.  

The IF output of the mixer is also used for supplying DC bias. Hence, the IF 
matching circuitry has to act as a bias-T circuit. To keep the physical size small, 
the matching circuit and bias-T are usually merged and integrated in the mixer 
block [48, 49]. The bias-T decouples the IF output from the DC signal through a 
DC-blocking capacitor connected in series. A very common solution for the DC 
block is to employ a surface-mount capacitor. However, a major concern of 
employing the lumped element is the limited bandwidth and the parasitic 
resonances at higher frequencies. Moreover, mechanical stability of the soldered 
component during repeated thermal cycling down to cryogenic temperatures is 
also of crucial importance. 

A way to get around these problems is to use entirely planar structure, such as, 
e.g., a directional coupler employing parallel-coupled suspended microstrip line, 
which also acts as a band-pass filter, as proposed by Kooi et al. [50]. However, 
this solution requires a cavity for the suspended microstrip section, which greatly 
complicates manufacturing and assembly. 

An alternative design of a compact and entirely planar IF circuitry was 
developed, thus, combining a high-ratio impedance transformer and bias-T. Since 
the operating temperature of the circuit is 4 K, it is convenient to use a 
superconducting material, e.g. Nb, as a metallization for strip and ground 
conductors. In comparison to the normal-metal equivalent, this technique 
provides additional advantage such as the absence of IF conduction losses and no 
series DC resistance. Moreover, for a superconductor, such as Nb, the high-
frequency “skin depth” is simply the London penetration depth, λL [4] and 
independent on frequency. Therefore, the thickness of the superconductor lines is 
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required to be ~3λL, i.e., about 6-7 times smaller than for the case of normal metal 
at the same frequency band. This allows for high accuracy of the microstrip lines, 
which are defined by a standard photolithographic process.  

3.2.2 Circuit Design and Performance 
The required bandwidth of 4 GHz of the impedance transformer can be 

obtained by using two quarter-wave sections. In addition, a planar equivalent of 
the DC blocking capacitor will require an extra quarter-wave section, resulting in 
too large circuit dimensions. Open circuited interdigital sections have been used 
for applications as DC blocks because of their improved performance at higher 
frequencies as compared to lumped capacitors [51]. Furthermore, the couple line 
technology provides not only large bandwidth but also impedance transform 
function. Therefore, the second section of the impedance transformer is 
implemented as a three-coupled microstrip line, which simultaneously serves as a 
DC-blocking capacitor. As a result, the circuit layout becomes significantly more 
compact and relies exclusively on planar microstrip components. Figure 3.6 
shows schematically the layout of the IF circuitry. 

 
Figure 3.6: Schematic diagram of the IF biasing circuit. W1 = 1110 μm, W2 = 170 μm, W3 = 20 μm 
and the spacing, S, of the coupled lines is 30 μm. 

The circuit was optimized using Agilent ADS [52] and verified by the full-
wave simulator EMDS [53] based on finite element method (FEM). Limited to 
the particular application for the IF circuitry for SIS mixer, it is sufficient to have 
-10 dB return loss across the band. Simulation results are shown in Fig. 3.7. The 
return loss is better than -10 dB for the whole band and the insertion loss is lower 
than 0.3 dB within 4 to 8 GHz. 

The circuitry employs superconducting metal, niobium. The Nb film is 
deposited by DC magnetron sputtering. The possibility of using thin 
superconducting films with photolithographic process offers the advantage of 
more relaxed design parameters of the coupled microstrip line. The 300 nm 
(~3λL,(Nb)) thick sputtered niobium layer facilitates fabrication of the narrow 
spacing in the three-coupled microstrip line structure and simultaneously 
maintain the desired capacitance of the DC-block. The circuit was fabricated on a 
0.250 mm thick alumina substrate with dielectric constant of εr = 9.9. First Ti\Au 
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was deposited on the backside of the wafer to form the large area ground plane. 
The circuit was patterned on the topside through a standard lift-off process using 
positive photoresist. For this purpose, a 300 nm thick DC magnetron sputtered 
niobium layer was deposited. Then a 150 nm thick palladium was deposited to 
define the contact areas of the circuit. 

The measured performance of the fabricated bias-T is compared with the 
simulation results in Fig. 3.7a. One-port measurements were performed in LHe 
with the active device (SIS mixer) replaced by a 12.5 Ω resistor. This is done in 
order to evaluate the return loss across the band of interest. As predicted by 
circuit simulations, the measured return loss was better than -10 dB within the IF 
band. The circuit was integrated with a 385-500 GHz SIS DSB mixer [54], as 
shown in Fig. 3.7c. The measured noise temperature at 390 GHz was below 
100 K over the entire IF band as shown in Fig. 3.7b. In comparison to the normal 
conductor-based bias-T [48, 49] a noticeable improvement in the flatness of the 
noise performance has been observed. 

 
(a) (b) 

 
(c) 

Figure 3.7: (a) Simulated and measured IF performance of the IF biasing circuit. (b) Noise 
temperature measurements of the SIS DSB mixer with Nb-based and Au-based bias-T across the IF 
band at 390 GHz. (c) Integrated SIS mixer chip with the bias-T circuit (9.0×8.0 mm2) with a close 
view of the SIS mixer chip placed into the channel. 
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3.2.3 Further Development 
Due to excessive noise performance of the SIS mixer chip with on-chip LO 

injection circuitry at frequencies above 450 GHz, a revised mixer design was 
required. As a result, a new matching condition for the IF circuit was set, which 
required to modify the original design. Instead of an IF termination impedance of 
10 Ω, the output of the new SIS mixer had to be terminated to 20 Ω. In 
comparison with the original arrangement shown in Fig. 3.7c, in the new design 
an additional single layer capacitor (SLC) was introduced. The capacitor resides 
outside the IF matching circuitry and is used as intermediate “landing point” for 
the bonding wire connecting the SIS chip and the IF circuitry, as shown in 
Fig. 3.8a and Fig. 3.8b. This type of topology acts as an L-C-L filter and offers a 
flatter IF response. A similar solution has been previously utilized in the ALMA 
Band 5 SIS mixer design [55]. The value of the SLC and the length of the bond 
wires were evaluated using a commercial circuit simulator [52].  

 
(a) 

  
(b) (c) 

Figure 3.8: (a) IF equivalent circuit of the SIS mixer with the “landing” capacitor and IF biasing 
circuit used for the IF response simulations. (b) Modified design of the IF biasing circuit integrated 
with the SIS mixer chip and SLC. (c) A bond wire, linking the outer lines of the three-coupled 
microstrip line, was introduced in order to damp possible undesired resonances at higher IF 
frequencies. 

The simulated complex IF impedance was optimized towards flat performance, 
as shown in Fig. 3.9a. The IF response at fLO = 391 GHz of the SIS receiver 
including the superconducting IF biasing circuit, installed at the APEX telescope, 
is shown in Fig. 3.9b. The measurement results confirmed significant 
improvement in the IF performance compared to the old results (see Fig. 7b). 
Now both ends of the IF band are considerably flatter. 
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(a) (b) 

Figure 3.9: (a) Simulated IF load impedance of SIS mixer seen from the IF chain. At 6 GHz the IF 
load impedance is approximately 40+i18 Ω. (b) Receiver noise temperature across the IF band. 

3.2.4 Summary 
In this section, the development of an entirely planar superconducting biasing 

circuit for use in a SIS receiver has been demonstrated. The circuit was fabricated 
in-house and a good agreement between the simulated and measured performance 
has been achieved. The circuit was integrated in the 385-500 GHz SIS DSB mixer 
currently installed at the APEX telescope. This superconducting IF biasing 
circuitry can be further employed in 2SB receivers. 
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Chapter 4 

Nb3Al High Energy-Gap Superconductor for 
Low-Noise THz Electronics 

4.1 Overview and Motivation 
Dominating technologies for high-resolution spectroscopy for mm and sub-mm 

wavelengths, used in all major radio astronomy instruments are the 
superconducting-insulator-superconductor (SIS) tunnel junction mixer and the hot 
electron bolometer mixer. The ability to provide low noise performance with 
noise temperatures close to the quantum limit makes the SIS mixer most 
attractive among other low noise technologies. The all-Nb (Nb/Al-AlOx/Nb) SIS 
technology is mature enough, so that it provides in a reproducible way SIS mixer 
chips 

Broadening the frequency range of the SIS mixers has been persuaded for long 
time since 80’s by investigating high energy-gap superconductors such as NbN, 
NbTiN, and A15 materials (e.g., Nb3X (X = Al, Ga, Ge, Sn)). However, this 
development coincided with the time of the high-Tc superconductors’ discovery 
and that refocused a major part of the scientific interest, thus leaving the field 
underexplored. 

This chapter is dedicated to extended studies of Nb3Al high-gap 
superconducting material, with a focus on thin film growth and characterization 
for further use in superconductor electronics applications, such as SIS tunnel 
junction and potentially a hot electron bolometer (HEB) [56]. With a reported 
bulk critical temperature of 18.9 K, low specific resistance value of 57 μΩcm and 
demonstrated potential for thin film deposition [57], Nb3Al is a promising 
material for THz frequency low-noise applications. A proper combination of 
superconducting and tunnel barrier materials should allow to develop a new 
Nb3Al SIS junction technology that would provide extending the SIS technology 
above 1.2 THz, thus meeting the growing demands of ground and space-based 
radio astronomy, aeronomy and environmental sciences. 
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4.2 Properties of Nb3Al 

4.2.1 Crystal Structure and Phase Diagram 
The intermetallic compound Nb3Al was discovered in 1958 by Wood et al. 

[58] and a year later Corenzwit [59] reported that it is superconducting by 
measuring critical temperatures up to 18 K, depending on the composition. The 
Nb3Al structure consists of a cubic lattice with lattice parameter a = 5.18 Å. The 
8-atoms basis is known as β-W or Cr3Si as part of the Pm3n space group. In the 
case of A3B structure, which Nb3Al belongs to, the B-atoms are arranged on a 
body-centered cubic (bcc) lattice and can be either transition or non-transition 
metals, whereas the A-atoms (Cr, Hf, Mo, Nb, Ta, Ti, V, W, Zr) are always 
transition metals and are ordered in face-centered cubic (fcc) lattice, as shown in 
Fig. 4.1. 

 
Figure 4.1: Distribution of Nb and Al atoms in A15 structure of A3B-type intermetallic compound 
Nb3Al demonstrating three orthogonal linear chains of Nb atoms. After A. Godeke [60]. 

According to the Nb-Al equilibrium phase diagram shown in Fig. 4.2a, there 
are three intermetallic phases, Nb3Al (A15 structure, Cr3Si type), Nb2Al (D8b 
structure, σ-CrFe type), NbAl3 (D022 structure, TiAl3 type) and one solid solution, 
α-Nb. The three most referred phase diagrams are from Jorda [61], Svechnikov 
[62] and Lundin and Yamamoto [63], which vary on certain aspects as 
compositional ranges (due to Al loses by evaporation and measurement 
limitations at high temperature) and formation temperatures [64] but agreed on 
the fact that the stoichiometric Nb3Al is not in equilibrium at room temperature, 
i.e. it has a metastable nature. The Nb3Al phase is a peritectic phase and it 
occupies a region in the phase diagram that is adjacent to bcc and tetragonal 
phases. The value of Tc of Nb3Al is a function of the aluminium content and it 
reaches its highest point at compositions close to stoichiometric. It was found that 
superconducting critical temperature, Tc, is quite sensitive to the stoichiometric 
composition and degrades rapidly away from the stoichiometric point, as 
illustrated on Fig. 4.2b. According to Jorda et al. [61], the stoichiometric 
composition 25 at% Al (Nb3Al) with the lattice parameter a = 5.18 Å is 
metastable at room temperature and is only stable at 1940ºC, or if prepared by 
quenching from that temperature. Therefore, not only stoichiometry but also the 
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fabricating technique is crucial for achieving high values of Tc for Nb3Al 
material. 

Nb3Al homogeneity area is adjacent to the areas of Nb-based solid solution and 
Nb2Al, which both are superconductors with Tc up to 9.25 K and 13.5 K 
respectively. Thus, in case of additional phases, different than Nb3Al, due to 
superconducting proximity effect, mixed up phases can be integrated without 
drastic degradation of the superconducting properties if the desirable phase 
dominates. In comparison, for the Nb-N system [65], adjacent to NbN-phase are 
the non-superconducting phases Nb3N4 and NbN+N2, and the resulting mixed-
phases structure would exhibit extensive RF losses because of scattering and 
dissipating centers as confirmed by experimental measurements [66]. 

 
(a) (b) 

Figure 4.2: (a) Nb-Al equilibrium phase diagram. A2-phase refers to a solid solution of Al and α-
Nb bcc crystal lattice; A15 – Nb3Al composition (shaded region); σ-phase – tetragonal Nb2Al 
composition. (b) Changes of the critical temperature versus atomic composition of Al in A15 
structure. After Jorda et al. [61]. 

4.2.2 Nb3Al as Superconductor 
Intermetallic compounds with A15 crystallographic structure of the type 

Nb3X(X=Al, Ga, Ge, Sn) are known to be superconducting materials. Table 4.1 
contains information about superconducting properties of several Nb-based 
superconducting materials, which are of an interest and used in mm- and sub-mm 
low-noise applications.  

Table 4.1: Superconducting properties for several Nb-based materials [3]. 
Maretial TC  

(K) 
λL  

(nm) 
ξ0  

(nm) 
HC2 
(T) 

Δ  
(meV) 

Nb 9.25 39 52 0.08 1.45 |Tc=9.25 K 
NbN 16 200 5  2.56 |Tc=14 K 
NbTiN 17 ~200 ~4  2.50 |Tc=15 K 
Nb3Ge 23.2 90 3 38 4.16 |Tc=23 K 
Nb3Sn 18.5 90 4 24 3.39 |Tc=18.3 K 
Nb3Al 18.9 90-200 4 29.5 3.04 |Tc=16.4 K 
Nb3(Al,Ge) 21 130 1.5 44 - 
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Due to its very high Hc2 and ability to carry extremely large electrical current 
densities with virtually no power losses, the Nb3Al superconductor is a very 
attractive material for high magnetic fields applications. Certain applications such 
as particle beam handling magnets [67] and NMR magnets [68], operating in the 
1 GHz frequency range. 

4.2.3 Nb3Al Thin Films – Applications and Challenges 
SIS mixer can be considered as an important high frequency application with 

biggest potential for Nb3Al thin films. Providing high energy-gap, Nb3Al material 
is capable of extending the operating frequency range of SIS mixer technology up 
to at least 1.5 THz. High quality Pb/Nb3X(X=Al,Ge) junction has been 
demonstrated by Tanabe et al. [57] as part of material diagnosis of the deposited 
films showing a sum gaps of 4.05 mV and 5.05 mV for Pb/Nb3Al and Pb/Nb3Ge, 
respectively. This gives a hope that Nb3Al can also be similarly employed as a 
ground plane electrode in hybrid tunnel junctions, as referred above, or even in 
all-Nb3Al SIS junctions. 

The quality of Nb3Al films largely depend on the deposition conditions. 
Sufficient cause for degradation of the superconducting properties is attributed to 
an increased disorder and inhomogeneity in the films. Nonidealities in the 
material are due to presence of normal material could cause increased RF loss for 
applications such as tunnel junctions. Major challenge in the fabrication of all-
Nb3Al SIS junction is to be able to maintain superior film properties together with 
high quality tunnel barrier that should withstand the high deposition temperature. 

Due to the short coherence length, ξ0 ~ 3–4 nm, of Nb3Al material, the use of 
“conventional” tunnel barrier, such as AlOx, becomes problematic. The short 
coherence length and the high deposition temperature do not allow the use of 
“planarizing” Al layer, as in conventional Nb/Al-AlOx/Nb tunnel junctions. 

However, a possible way to realize an SIS junction based on Nb3Al material is 
to utilize, for example, an AlN-barrier. Also, possible partial decomposition of 
the AlN barrier during the high-temperature deposition of the top Nb3Al-based 
electrode is not going to induce severe degradation of the superconducting 
properties. This is because Al from the AlN barrier would produce only slight 
shift in the Nb-Al ratio, while nitrogen would likely form superconducting 
niobium nitride. 

4.3 Fabrication and Characterization Techniques 
This section describes the deposition and processing techniques used to obtain 

Nb3Al thin films. First, a short overview of the early attempts to grow Nb3Al 
layers is given. Then, an introduction to the currently used magnetron co-
sputtering technique is presented. Next, a post-deposition rapid thermal annealing 
process is discussed as a way of enhancing the structural and superconducting 
properties of the co-sputter deposited Nb3Al films. Finally, details concerning the 
employed instruments and measurements techniques are presented. 
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4.3.1 Overview of Existing Deposition Techniques for Nb3Al 
Thin Films 

According to the phase diagram for the Nb-Al system [63], the stoichiometric 
A15 phase is stable only at high temperatures above 1800ºC. However, the A15 
phase is possible to be formed at relatively low temperature when the diffusion 
distance in Nb/Al diffusion system is reduced below 1 μm. Useful illustration for 
understanding the formation of the A15 superconductor is the mechanical 
alloying of initial Nb and Al powder mixtures [69]. The solid-state reactions can 
be described as follows: 

 Nb + Al → Nb2Al  
and  

Nb2Al + Nb → Nb3Al 
(4.1) 

One of the reasons for this type of reactions may be due to the fact that not 
enough energy is being supplied to Nb and Al in the elemental mixture to directly 
produce Nb3Al. Therefore, Nb2Al acts as a base for the Nb3Al formation through 
by adding Nb to its unit cell followed by subsequent heat treatment and 
conversion to Nb3Al. Therefore, in order to overcome the problem of low 
diffusion rate in Nb-Al system, the deposition is usually performed at 
considerably elevated temperatures or followed by subsequent annealing. Studies 
on Nb3Al films usually report substrate temperatures in the range 650-900ºC, 
where diffusivity of Nb and Al is already enough to form complex A15 crystal 
structure. 

In compound materials deposited by means of evaporation, it is difficult to 
attain uniform composition over the entire substrate area as well as uniform 
thickness. One possible technique to deposit alloys of the required composition 
uses a single source for evaporation. In this case, the composition of the alloy in 
the crucible should account for the selective evaporation of elements from the 
mixture. Thus, this makes the theoretical computation of the composition ration 
extremely difficult.  

Another doable technique to deposit alloys through evaporation is the co-
evaporation from several sources, one for each element, and condense the vapor 
on the substrate at the same time. The composition of the vapor streams is 
managed by the control of the evaporation rate of the individual sources. The 
ratio of the separation distance between, crucible and the distance sources-
substrate gives the range over which adequate mixing of the vapors occurs, due to 
the directional nature of the vapor stream. Since the evaporation rate depends 
exponentially on temperature, a small variation in temperature of the source 
results in a large variation in the composition of the alloy film. Therefore, 
elements with widely varying vapor pressures, atomic masses as well as alloys 
with low concentration of solutes can be successfully deposited by the multiple 
crucible technique. The electron beam co-evaporation from two elemental 
sources, Nb and Al, has been demonstrated by Kwo et al. [70]. For 500 nm thick 
films the corresponding Tc was 16.5 K achieved with self-epitaxial growth of the 
film onto hot (950–1050ºC) sapphire substrates. More often, deposition of Nb3Al 
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is reported utilizing magnetron sputtering, either DC [71, 72] or RF [73], from 
stoichiometric target.  

It is common that where sputtering of A15 material from single target is 
employed, the levels of gas pressure are kept high up to 40 Pa due to 
thermalization reasons. In this case, the energy of the sputtered atoms is high on 
the order of several electron volts. For example, in sputtering Nb3Al from a 
composite target of Nb and Al, for an equal momentum transfer at the target the 
sputtered Al atoms would have approximately three times the energy of the 
sputtered Nb atoms due to roughly three times heavier mass for Nb. Therefore, by 
adjusting the gas pressure and target-to-substrate distance as well as accounting 
for the difference of the atomic masses, it is possible to maintain the required 
composition of the deposited alloy. As a direct measure of the thermalisation 
level (number of collisions, and hence energy loss) the pressure-distance product, 
PD, is usually used, where P is the sputtering gas pressure and D is the target-
substrate distance. It was found by several groups that in order to achieve higher 
values of critical temperature at low pressures it is necessary to increase the target 
to substrate distance. This approach is equivalent to that produced by high 
pressure and short distance sputtering. Typical PD-values for A15 
superconductors are shown in Table 4.2 based on previous investigations on A15 
materials [72, 74, 75]. 

Table 4.2: Pressure-distance (PD) products for several A15 compounds deposited 
by magnetron sputtering from alloy targets. 

Material Tc 
[K] 

PD  
[Pa mm] 

Ref. 

Nb3Sn 18.3 300–400 [75] 
Nb3Ge > 22 1000–2000 [74] 
Nb3Al > 17 1000–2000 [72] 

As mentioned earlier in this chapter, the formation of A15 phase requires high 
enough substrate temperature in order to produce superconducting films with Tc 
closer to that of the bulk material. So far, it was discussed the possibilities of 
depositing A15 materials by using high substrate temperature (700-900ºC), either 
by evaporation or sputtering. However, room temperature sputtering of Nb/Al 
multi-layers is another alternative to deposit Nb3Al. This technique involves 
further heat treatment in order to obtain the A15 phase. Several groups [76-78] 
have studied the phase formation sequence in sputter-deposited multilayer Nb3Al 
films. The highest Tc achieved by this approach was 16.2 K for 400 nm thick film 
on a sapphire substrate [78]. 

Deposition of thin films of materials with metastable intermetallic phases, such 
as A15, has also been reported with the help of pulsed laser deposition (PLD) 
technique [79] for Mo-Re films. 

All described above deposition methods of Nb3Al and other A15-type 
materials suffer from a number of problems, such as costly alloy targets (in which 
the composition of elements must be adjusted upon determining resulting 
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composition of the deposited films), extremely high argon pressure needed and 
difficulties to produce ordered metastable phases. 

4.3.2 Co-sputtering of Nb3Al and Dedicated Equipment 
In attempt to address the above issues, in this work an alternative approach in 

depositing Nb3Al has been studied using a dedicated sputtering system, as shown 
in Fig.4.3a. The method is based on a DC magnetron co-sputtering from two con-
focally arranged 2” Nb and Al magnetron targets onto 4” heated rotating substrate 
holder, as illustrated schematically in Fig. 4.3b. Co-sputtering from con-focally 
arranged sputtering sources onto rotating substrate provides an opportunity to 
have tight and independent control over both stoichiometry and uniformity of the 
deposited films.  

The sputtering system employed in this work is equipped 500 l/s 
turbomolecular pump, resulting in ultimate pressure of 2×10-8 Torr. Moreover, 
the system is equipped with a load-lock module in order to improve the vacuum 
conditions, reduce the residual water as well as to shorten the turn-around time by 
avoiding long pumping time. 

Hot substrate is a useful option for activating diffusion ordering of Nb3Al film 
structure for the time of the deposition. The maximum available substrate 
temperature was 850ºC, and after deposition, the substrate was left to cool down 
to below 200ºC in less than 20 min.  

In terms of stoichiometry, the film composition was maintained through 
calibrated deposition rates ratio for each material as function of the DC bias of the 
magnetron sources. In this work, Al content in the films was varied within the 
range 12-26 at. % Al. 

  
(a) (b) 

Figure 4.3: (a) Dedicated equipment for growth of Nb3Al superconducting films and SIS tunnel 
junction fabrication [80]; (b) schematic view of confocal arrangement of the elemental targets for DC 
magnetron co-sputtering deposition onto rotating sample holder. 

4.3.3 Heat Treatment and Post Annealing of Nb3Al Films 
 From its inception, the DC magnetron co-sputtering method was thought to 
provide stoichiometric Nb3Al thin films. However, the superconducting transition 
temperature, Tc, of co-sputtered samples was found to be somewhat lower than 
that of the best reported A15 films. In order to anneal the structural defects, 
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created during the deposition, and improving the superconducting properties, an 
additional rapid heating treatment has been applied in order to facilitate bcc to 
A15 transformation. The transformation typically [64] occurs at fast heating rates 
as soon as the temperature reaches 900-1000ºC. Fast heating leads to bypass the 
B2-ordering of the bcc phase, ordering which is thought to lead to the formation 
of the Al rich planar faults [81]. Furthermore, the short heating time does not 
permit significant grain growth [82]. 

Typical heat treatment was carried out in argon atmosphere for 30 s, going to 
1000ºC for 20 s as starting from 550ºC in order to avoid temperature 
overshooting at the setpoint. Subsequently, the annealing process was followed 
by fast cooling in argon atmosphere. As a result of the applied fast annealing 
process, a significant improvement in the superconducting properties was 
achieved. This is discussed in more details further in Section 4.4. 

4.3.4 Characterization Techniques 
In this work, the crystal structure and lattice properties of the material were 

characterized by X-ray Diffraction (XRD) using Phillips X’Pert Diffractometer. It 
is equipped with a copper anode tube with radiated 
wavelength 5405980.1=αλK

Cu Å operating at 40 mA and 40 kV. Most of the scans 
(2θ-ω and ω-scans) were made with a rocking-curve setup having a point focus 
and primary optics consisting either of a Ge(220) 4-crystal monochromator with 
crossed slits or a cross-slit collimator with a Ni filter. Secondary (diffracted 
beam) optics consist of rocking curve attachment with a proportional detector and 
a divergence slit between 1/2º and 1/16º. For two-dimensional mapping (2θ-ω–ω 
scans), a triple axis attachment was used as a secondary optics module thus 
providing high resolution diffraction space maps. 

Grain size and roughness analysis of the deposited films were estimated with 
the help of Atomic Force Microscopy (AFM). The AFM topography images were 
obtained with a Nanoscope Dimension 3000 SPM from Digital Instruments [83] 
operating in a tapping mode (the tip-sample interaction was kept constant through 
steady oscillation amplitude). The images were obtained over an area of 1×1 μm2, 
with a scanning rate of 2 Hz as Pt coated Si cantilever was used for all AFM 
studies. 

Identification of film compositional profile was performed in collaboration 
with Moscow Power Engineering Institute by using a technique called 
Spectroscopy of Reflected Electrons (SRE) [84, 85]. This method is capable of 
analyzing higher range of electron energy losses (≥ 300 eV), thus reaching much 
deeper layers compared to traditional implementation of reflected electron energy 
loss spectroscopy (REELS). 

The cross-section imaging and thickness characterization of the Nb3Al films 
were done by High-Resolution Transmission Electron Microscopy (HRTEM). 
Cross-sectional specimens were prepared in FEI Strata235 DualBeam work 
station, which accommodates ion milling, imaging and material deposition by 
means of focused ion beam (FIB). A Phillips CM200 transmission electron 
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microscope was used for high-resolution imaging provided by collaboration with 
the Nanofabrication Laboratory at Chalmers University of Technology. 

Superconducting transition temperature was measured utilizing a four-probe 
technique and performed either in a He-dewar using a dipstick or in a close-cycle 
12 K cryo-cooler. The temperature was recorded with accuracy of ±0.1 K through 
a calibrated Si-diode temperature sensor [86]. A dedicated sample adapter unit 
was designed and implemented for characterization of small samples with an area 
of 5×5 mm2, thus avoiding any wire bonding, as shown in Fig. 4.4. The unit 
consists of stacked Fiberglass printed circuit boards with installed four Alpha 
Test spring-loaded probes maintaining the electrical contact through the PCBs 
between the wafer and the dipstick wiring circuitry. 

  
Figure 4.4: Photos of the sample adapter unit used in resistance-temperature measurements of Nb3Al 
films. 

Critical field measurements were performed in Oxford MagLab System 2000 
equipped with a 5 T (at 2.2 K) Nb-Ti superconducting magnet and a variable 
temperature insert (VTI). Hence, the operational temperature range is 2–400 K. A 
standard four-probe technique was employed with a magnetic field applied 
parallel to the film surface. The selected samples were measured using the 
facilities of the Quantum Device Physics Laboratory at Chalmers University of 
Technology. 

4.4 Results and Discussion 

4.4.1 Heteroepitaxy on Nb Seed Layers 

Study on the films’ stoichiometry in terms of compositional depth profile was 
conducted by SRE method. Figure 4.5 illustrates the film stoichiometry vs. the 
film thickness of as-deposited Nb3Al films on oxidizes silicon substrates for two 
different nominal concentrations, namely 12 at.% Al and 24 at.% Al, showing a 
strong Al depletion from the film surface side, while at the substrate side, 
aluminum segregation was observed.  

The result of the SRE analysis clearly pointed out that the choice of an 
appropriate substrate is of a great importance for obtaining good quality films. 
That had led us to the suggestion that a substrate or a buffer layer with properties 
close to the Nb3Al crystal structure should provide enhanced growth conditions as 

Temperature 
sensor 
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well as prevent diffusion of foreign elements such as O2 and Si. Following that, it 
was then tried Nb underlayer and YSZ substrate as discussed later. 

 
Figure 4.5: Dept profiles of Nb3Al thin film deposited on AlN/SiO2/Si substrate. The Al content of 
the film is 12 at.% (dashed) and 24 at.% (solid), respectively. 

The major progress in this work was achieved in Nb3Al films grown on thin 
niobium seed layer. In order to improve the nucleation conditions for Nb3Al at the 
substrate surface, a thin Nb layer was deposited prior deposition of the Nb3Al. 
The Nb underlayer was DC magnetron sputtered at 10 Å/s deposition rate having 
a well ordered and textured (110) columnar structure, which was verified by XRD 
analysis. In other words, the Nb3Al film phase grows along the ‹210› direction in 
conjunction with the ‹110› direction of the Nb seed layer. Derivation of the 
crystallographic relationship between Nb3Al and Nb is presented in Appendix A. 
Other studies have reported Nb(100) || Nb3Al(211) to be the favored orientation 
relationship [87] but this was not observed in the current studies. A TEM image 
and XRD scan of the Nb3Al films grown on Nb seed layer are presented in 
Fig. 4.6.  

The initial nucleation conditions created by the Nb underlayer had resulted in 
deposited Nb3Al film with enhanced structural ordering, compared to films 
without such Nb seed layer. However, in terms of superconducting properties, 
e.g. critical temperature and resistivity residue ratio (RRR), the as-deposited 
Nb3Al films exhibit at most Tc of 12 K and RRR of 1.1. It was assumed that the 
disorder in the film is responsible for the suppressed superconducting properties. 
Improvement in the film quality was seen in ex-situ rapid thermal annealing 
(RTA) of the as-deposited films. A rapid heating up to 1000ºC in argon 
atmosphere for 30 s has been applied followed by free cooling in argon. This 
resulted in even further ordering of the A15 phase, and increased Tc up to nearly 
16 K. However, the high temperature annealing should be made fast enough in 
order to avoid intense growth of Nb2Al which may lead to suppression of the 
superconductivity and increased values of the specific resistance. 

The RTA treatment resulted in more ordered Nb3Al films and having a higher 
Tc. Best parameters were achieved for film with 24 at.% Al, namely a Tc of 
15.7 K with transition width, ΔTc= 0.2 K and RRR~1.6. The dependence of 
critical temperature on Al concentration is graphically shown in Fig. 4.7 and 
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compared to as-deposited films. The latter ones exhibited at most a Tc of 12 K, for 
16 at.% Al films. These results suggested that the growing film suffers from low 
diffusion mobility of Nb and Al atoms during deposition. It is also worth 
mentioning that the targeted thickness of the film, suitable for SIS tunnel junction 
application, is in order of 300 nm at most. For the thinner films presented here, 
this clarifies the differences in Tc from other published results on Nb3Al.  

  
(a) (b) 

Figure 4.6: (a) Cross-sectional TEM image of Nb3Al grown on Nb/SiO2/Si substrate. (b) X-ray 
diffraction pattern of Nb3Al film grown on Nb underlayer. The Nb3Al(210) peak coincides with the 
Nb(110) one therefore the broadening. 

The depth dependence of the Nb and Al composition for as-deposited and 
annealed Nb3Al films has been studied. For this purpose, the film was thinned 
with a help of ion beam etching and measured Tc of the partially etched films. 
Measurements of the critical temperature at different film depths are illustrated in 
Fig. 4.8, demonstrating that etching away of the first ~130 nm thick layer 
(counting from the Nb3Al film surface) does not affect the measured film Tc, thus 
suggesting that the film at the surface possess uniform ordered A15 structure. 
Apparently, deeper in the film, the value of the critical temperature deteriorates 
substantially. This might be attributed to the film quality at the Nb/Nb3Al 
interface as well as the reduced thickness. 

Further studies on the structural properties were done by examination of the 
grain size by XRD, AFM and TEM techniques. Estimation of the mean grain size 
of the film is of high interest because it gives useful information about deposition, 
crystallization and possibly phase transition phenomena in the film. Also, 
information about the grain is valuable from the prospective of microwave 
applications, as “weak links” have significant impact on the surface impedance, 
e.g. the RF residual losses. In this study, a scanning probe imaging processor 
(SPIP) software was used for estimation of the mean grains’ diameter and 
perimeter from the AFM images of as-deposited and annealed Nb3Al specimens, 
as shown in Figure 4.9. The average diameter size of the former one appeared to 
have a double peak at 30 nm and 50 nm, i.e. containing simultaneously smaller 
and larger grains. After annealing, the majority of grains acquire nearly the same 
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Nb 
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grain size of about 50–60 nm, thus suggesting for a re-crystallization process 
resulting in sufficiently lower concentration of crystal defects. 

 

  
Figure 4.7: Superconducting transition 
temperature vs. alloy composition for as-
deposited (■) and annealed (♦) samples. 

Figure 4.8: Critical temperature depth profile of 
annealed Nb3Al film. The Nb3Al film was 
deposited on Nb seed layer and had a thickness 
of ~130 nm. The film was thinned by argon ion 
milling and subsequently Tc was measured after 
each etching step. 

 

   

  
(a) (b) 

Figure 4.9: AFM images and histograms of the grain diameter of (a) as-deposited and (b) post-
annealed Nb3Al film at 1000ºC. 
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4.4.2 Estimation of Superconducting Parameters 
Best Nb3Al films with 24 at.% Al have been subsequently studied to estimate 

the most important superconducting parameters such as the penetration depth, the 
upper critical field, the coherence length, and the diffusion coefficient, following 
the methodology described in [88]. 

The penetration depth was estimated using the Ginzburg-Landau (GL) 
expression in the weak-coupled BCS in dirty limit: 
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Critical current (Ic) measurements were conducted on patterned Nb3Al thin 
films. The basic test structure was Nb3Al microbridge with widths W = 5–20 μm, 
and fixed length, L = 70 μm. The bridge structures were defined by 
photolithigraphically and subsequent reactive ion etching (RIE). The Nb3Al film 
had a thickness d = 150 nm. Critical current measurements were limited to a 
maximum of 20 mA by the biasing circuit. 

Critical current density commonly observed in bridges made of A15 materials 
has a power law dependence, Jc ∼ (1 - t)n, where t = T/Tc is the reduced 
temperature [89]. For inhomogeneous type-II superconductors, a temperature 
variation of [90]: 

 
25

0 )1()( tJTJ cc −=  (4.3) 

where Jc0 = 4.3×107 A/cm2 is the critical current density at 0 K extracted from the 
fit. Near Tc, the measured Jc(T) curves, shown in Fig. 4.10, fit eq.(4.3). This 
temperature dependence on bridges with different cross section areas on the same 
sample has been experimentally verified. 

  
Figure. 4.10: Temperature dependence of the critical current density of Nb3Al film deposited on a 
Nb/SiO2/Si. The bridge dimension is 0.2×5×70 μm3. Dashed lines represent the fit from eq. (4.3).  
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The approximated high current density, jc > 107 A/cm2 at T = 4.2 K, obtained 
from the bridges indicated a homogeneous film structure free from sufficient 
weak links. 

Measurements of critical-field slopes near Tc, ( )
cTc dTdH 2 , combined with the 

Ginzburg-Landau-Abrikosov-Gor’kov (GLAG) relationships for type-II 
superconductivity provide a set of superconducting material parameters, e.g. 
ξGL(0), ξ0(0), D and l for Nb3Al material. The zero-temperature GL coherence 
length, ξGL(0), is calculated from the measured ( )

cTc dTdH 2 -slope, Fig. 4.11, 

using the relationship: 
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where ħ is the Planck’s constant, c is the velocity of light, and e is the electron 
charge.  

  
Figure 4.11: Temperature dependence of the critical fields near Tc for Nb3Al film with 22 at.% Al. 
The applied magnetic field was parallel to the sample surface.  

Also, the BCS coherence length, ξ0, was estimated from the zero-temperature 
critical field value, Hc2(0), by: 
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where Φ0 = h/2e is the magnetic flux quantum. 
The diffusion coefficient [91] of the electrons at the upper critical field, D, was 

also calculated from the ( )
cTc dTdH 2 -slope by employing eq.(4.6). 
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Then, the electron mean free path, l, can be calculated by: 

 
3

l
D Fν=  (4.7) 

where the value for the Fermi velocity, νF = 2×107 cm s-1 [92]. 
The measured and estimated values of the superconducting and normal-state 

properties derived from the Nb3Al film characterization are shown in Table 4.3. 
The results are in agreement with the published data on Nb3Al. For these 
calculations, it has been assumed that there is no paramagnetic limiting [88]. 

Table 4.3: Some important superconducting and normal-state material properties of 300* nm 
thick Nb3Al. 

ρ20K 
(μΩ cm) 

Tc 
(K) 

ξ0 
(nm) 

ξGL(0) 
(nm) 

D 
(cm2 s-1) 

l 
(nm) 

λGL(0) 
(nm) 

163 15.3 4.3 2.8 0.4 0.6 210 

These properties are expected for “dirty” thin films, taking into account the 
high value of the specific resistance as well as the difference between ξ0 and ξGL. 
In comparison with other superconducting materials used in mm- and submm thin 
film technology, such as Nb, NbN and NbTiN, the results on Nb3Al presented 
here show a close correlation. In terms of diffusion constant, these three materials 
exhibit typically values of 1.6 cm2s-1 [63], 0.4 cm2s-1 [93] and 1.13 cm2s-1 [94], 
respectively, which suggests that Nb3Al material could be a possible candidate for 
fabrication of hot electron bolometer devices. 

4.4.3 Epitaxial Growth of Nb3Al Thin Films on YSZ 
During the 1970’s and 80’s the interest in the A15 materials was significant, 

thus resulting in quite extensive research including also the possibility to grow 
films epitaxially. This was done in order to obtain better film properties, which 
comparable to the bulk material. The epitaxy greatly improves the film 
crystallinity in the initial deposition layer, thereby improving the superconducting 
properties. A number of substrates and buffer layers have been tried out for the 
growth of A15 materials including self-epitaxy [95] and seed layers of Nb3Ir and 
Nb3Rh [96, 97]. 

Biggest potential has been seen in yttria-stabilized zirconia (YSZ), which was 
demonstrated by Asano et al. [98] to grow Nb3Ge. YSZ has a cubic structure with 
lattice parameter ranging between 0.507 nm and 0.520 nm depending on the Y2O3 
content [99, 100]. Thus, the theoretical lattice mismatch between the YSZ 
substrate and bulk Nb3Al can easily be less than 1% which offers a good 
opportunity to grow epitaxial high quality Nb3Al films and even to explore a new 
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range of device applications for Nb3Al, such as the hot electron bolometers 
(HEBs). 

In this study 9.5%mol Y2O3, (100)-orientation, and 5×5×0.5 mm3 YSZ 
substrates were used [101]. The lattice constant was a = 5.13 Å and having a 
surface roughness of 0.8 nm. Hence, the corresponding lattice mismatch between 
the YSZ substrate and Nb3Al material (a = 5.18 Å) is about 1%. 

A structural characterization of the magnetron co-sputtered Nb3Al thin films 
was performed by TEM. Figure 4.12 shows a cross-sectional TEM micrograph 
taken from a Nb3Al film grown on YSZ(100) substrate. One can see that in the 
first few nanometers the Nb3Al film exhibits the same lattice structure as the 
underlying YSZ, suggesting that the film grown was epitaxial. 

Crystal structure and film quality of the deposited Nb3Al film was studied by 
means of X-ray diffraction. The lattice constant of the Nb3Al film was found to 
coincide with the one of YSZ, i.e. a = 5.130 Å. This demonstrates that the Nb3Al 
film has the same lattice plane spacing as the underlying YSZ substrate the film 
and is preferentially (100)-oriented as a result from the epitaxial relationship 
between the Nb3Al film and YSZ substrate. 

  
Figure 4.12: (To the left) A Cross-sectional TEM micrograph of a 230 nm thick Nb3Al film grown on 
YSZ substrate. (To the rigth) An XRD 2D map of Nb3Al film with 16 at.% Al grown on YSZ(100). 

The Nb3Al films deposited on YSZ is likely to be strained to the substrate. So 
far, it has not been possible to obtain perfectly, or even partially, relaxed Nb3Al 
films on YSZ. An example of the peak shape from a 2D 2θ-ω–ω map is shown in 
Fig. 4.12. The reflection corresponds to YSZ(200) and its prolongation is due to 
the Nb3Al(200). The scan confirms the lack of relaxation along the 2θ axis as well 
as the present disorder by the broadened ω-peak. As a direct measure for the 
disorder, the RRR and the transition width can be considered, representing the 
scattering on the structure defects. Fig. 4.13 shows an R-T measurement of 
deposited Nb3Al, which exhibits the highest Tc for those films on YSZ. Typical 
values for RRR vary close to 1.1 while ΔTc is within 1-2 K. Moreover, along with 
broad transition it also resulted in suppressed critical temperature down to 12.3 K. 
These estimates of Tc and RRR, however, remind to those obtained from as-
deposited Nb3Al films on Nb underlayer. 
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Figure 4.13: Highest Tc observed in a 230 nm thick Nb3Al as-deposited film with 16 at.% Al 
grown on YSZ substrate. 

Although the Nb3Al film exhibited monocrystalline structure in the first few 
monolayers at the Nb3Al/YSZ interface, apparently there is significant disorder as 
film grows thicker. This can be attributed to the relatively high deposition rate 
used or due to excessive energy of the arriving Nb and Al atoms. Moreover, 
because of slight lattice mismatch, epitaxial Nb3Al thin films posses internal 
strain, which may lead to crystal structure modification or create defects and thus 
change some properties of the material.  

Similarly to the approach with films grown on Nb seed layer, thermal 
annealing of those films could result in more strain-relaxed Nb3Al films. So far it 
has not been possible to achieve substantial improvement of the superconducting 
properties by rapid thermal heating. However, due to accumulation of extra 
energy, strained epitaxial Nb3Al film must release its excess energy one way or 
another when the film gets thicker. The transformation from stressed film to 
relaxed film can be spontaneous or through extraneous means, such as post-
deposition heat treatment. Spontaneous strain releasing often results in many 
kinds of defects (dislocations) and therefore the intention is to focus more on the 
optimization of the deposition parameters. 

To summarize, the outcome of the provided study demonstrates the possibility 
of growing monocrystalline Nb3Al film by epitaxy on yttria stabilized zirconia 
substrates, which was confirmed by both XRD and TEM techniques. These initial 
results suggest further optimization of the deposition parameters, hence revealing 
a large margin for improvement of the film quality. Regardless the film structure, 
for THz applications the dielectric properties of the substrate are of crucial 
importance. The dielectric constant of YSZ is about 27 with a loss tangent 
5.4×10-3 at 1 MHz [102] which limits the usage of YSZ substrate for high 
frequency applications due to substantial dielectric losses. However, the 
technology for heteroepitaxial growth of thin buffer layers of YSZ on substrates 
with low-loss and lower dielectric constant, such as Si [103], will allow wider 
range of applicability within the low-noise THz electronics. 
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4.5 Summary 
This Chapter summarized the extensive work on the deposition and 

characterization of superconducting Nb3Al thin films for use in low-noise THz 
application such as SIS and HEB mixers. The films have been realized for the 
first time by means of DC magnetron co-sputtering from two elemental targets. 
Best films were obtained through heteroepitaxy on Nb underlayer, followed by 
subsequent rapid thermal annealing. Post annealing by rapid thermal heating was 
found to be a key process step in achieving ordered and higher quality Nb3Al 
films with Tc as high as 15.7 K and critical current density of ~ 2×107 A/cm2 at 
4.2 K. The crystal structure of the films was investigated by using XRD and TEM 
observations. Single-crystal YSZ substrates have been found to promote the 
epitaxial growth of the Nb3Al thin films. This result might be of importance for 
applications such as the hot-electron bolometer. 
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Chapter 5 

Towards Integrated THz Array Receivers 
Heterodyne instrumentation for THz ground - based telescopes, airborne and 

space observatories have made remarkable progress during the last two decades 
bringing SIS and HEB mixer technology to its ultimate state [26, 104, 105]. 
However, very few installed receivers really break terahertz frequency threshold 
so far. In particular, the dominating technology above 1 THz employs 
quasioptical HEB mixer design with planar antenna and substrate lens [106, 107]. 
Alternatively, waveguide HEB mixers have been also demonstrated [26, 108, 
109] offering superior efficiency of the receiver - antenna coupling via a 
corrugated horn. 

In this Chapter a design of a waveguide balanced HEB mixer, covering the 
frequency band 1.6-2.0 THz, is considered. A novel layout employing membrane-
beam and surrounding supporting substrate for mixer assembly and electrical 
interfacing is presented. Moreover, a special attention is paid to the physical 
properties of ultra-thin NbN film as they are essential for the HEB’s operation. 
An important achievement of this work is also the fabrication of HEB devices 
based on epitaxial ultra-thin NbN film deposited on 3C-SiC/Si substrate. 

5.1 Design of a Balanced Waveguide HEB Mixer  

5.1.1 Mixer Layout 
Generally, the waveguide type of design is considered to be beneficial for 

instrumentation [9] and specially for HEB mixers: primarily, it allows to use the 
most effective feed, namely, the corrugated horn. Moreover, HEB waveguide 
based mixers have reduced direct detection response due to natural limitation of 
the RF band. In addition, the balanced configuration allows for effective use of 
the available local oscillator (LO) power [26]. 

In contrast to the mixer presented in [26], the proposed design employs split-
block technique for the whole mixer block. The mixer layout is schematically 
shown in Fig. 5.1 and consists of input waveguides connecting to the RF and LO 
corrugated horn, a waveguide 3-dB 90º hybrid and mixer chip mounts. This 
arrangement provides reduced lengths of the RF signal waveguide, respectively 
lower RF losses, by placing the 3-dB 90º hybrid as close as possible to the horn 
antenna. In addition, a novel layout for the mixer chip is used: the mixer chip has 
a half-frame of thick silicon supporting a very thin beam, where an HEB mixer 
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with its circuitry. The beam is placed across the waveguide. IF/DC bias-T is 
integrated onto the frame part of the mixer chip. 

RF in

LO in

DC bias

DC bias

IF out
RF hybrid

IF hybrid

+

-

LO noise 
termination

 
Figure 5.1: Proposed mixer layout. The balanced waveguide mixer consists of corrugated horns (for 
RF and LO) connected to a waveguide 3-dB 90o hybrid with its outputs connected to two HEB 
mixers. The HEB mixers employ novel membrane-beam layout. The waveguide full cross-section 
dimensions 60x120 μm, 1.6-2.0 THz band. 

5.1.2 HEB Mixer on Si Beams: Motivation and Concept 

A. Motivation 
Traditional waveguide HEB mixers (and SIS mixers) are typically realized on 

quartz substrates. Crystalline quartz is an attractive material due to its low RF 
loss (tanδ = 0.0002), a low dielectric constant (εr = 3.8), excellent thermal 
conductivity (Z-cut) as well as processing compatibility. Nevertheless, as the 
frequency approaches the THz domain, the thickness and size of the substrate 
becomes extremely small; that is required to avoid the substrate modes. In the 
traditional layout with a straight substrate at terahertz frequencies, this greatly 
complicates the handling and the assembly process as a result of the extremely 
reduced substrate dimensions and low mechanical strength of the substrate. The 
multi-pixel THz array receivers require many mixers and the way of the substrate 
mounting and handling becomes a critical issue. Thus a new approach to THz 
packaging of active substrate-based mixer is needed for implementing 
waveguide-based multipixel array receivers for terahertz spectroscopy. 

Material such as silicon nitride exhibit high mechanical strength and relatively 
low dielectric constant (εr = 7), which makes it attractive for waveguide mixers. 
Implementation of 1.4 THz and 1.9 THz NbTiN HEB mixers on silicon nitride 
membranes has been previously reported [110]. Nevertheless, for applications 
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where HEB mixer with large IF bandwidth is required, silicon nitride is not the 
optimum choice for beam material due to the relatively large phonon escape time 
from NbTiN film into the substrate. Typical bandwidths of HEB mixers on SiN 
membranes exhibit IF bandwidth up to 3 GHz [111]. 

Excellent mechanical properties of thin silicon membranes at cryogenic 
temperatures together with the low dielectric losses (high resistivity silicon) 
provide an opportunity for realizing HEB at THz frequencies. Previously, it has 
been proposed an alternative way of integration of substrate-based mixers by 
using beam-lead technology [112-114]. Beam leads provide good thermal and 
electrical connection to the device as well as mechanical support of the silicon 
chip while the circuits are usually packaged in split-block housing. However, 
once the beam-leaded mixer chip is mounted in the waveguide, it cannot be 
removed without significant damage to the beam leads. The substrate size for 
integration remains very small complicating installation and alignment of the 
substrate in the housing. 

B. Concept 
In this work, an alternative HEB mixer layout based on Si beams is proposed, 

which employs a split-block waveguide design. The active devices are produced 
on a thin silicon membrane, oriented conventionally parallel to the E-field in the 
waveguide, supported by a bulk silicon half-frame Π-shaped at its ends. The 
beam itself contains the HEB device, RF chokes, an E-field probe and a high-
impedance line. The Π-shaped bulk silicon frame, see Fig. 5.2, is left around the 
beam in order to ease the handling and contacting as well as providing a self 
alignment of the active device into the waveguide. The beam frame size is then 
removed from the RF embedding of the active component and could be selected 
to be large enough for handling, yet small enough to have negligible effect at the 
IF frequency.  

In order to implement such layout we have to invent a suitable processing; for 
that we have chosen silicon-on-insulator (SOI) substrate, which incorporates five 
stacked layers of predefined thicknesses to allow precise vertical alignment of the 
beam. The structure can be integrated in a waveguide circuitry, e.g. following 
technique suggested [25, 26]. In order to accommodate the supporting frame and 
the beam, a special recess is considered around the waveguide area. This 
arrangement provides an additional advantage of straightforward sideways 
aligning in all directions as well as an easy replacement of the mixer chip from 
the mixer block if needed. Once secured in the recess, the IF and the ground pads 
in the support frame may then be wire bonded to an external IF circuit board and 
the mixer block for grounding, respectively.  

An advantage of the presented approach should be a significant simplification 
in the mixer assembly and enhanced reliability of the electrical contacts made by, 
e.g., wire bonding. Using this mixer layout, an array receiver can be relatively 
quickly assembled with pre-characterized devices employing standard techniques 
such as wire bonding and soldering. The design also gives a possibility to access 
and remove individual devices without affecting the other elements of the array. 
This technique is also beneficial for single-element receivers as it facilitates rapid 
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prototyping and device replacement. The biggest advantage of the suggested 
approach is that it allows using the split-block technique in contrast to previously 
suggested approach in, e.g., [115], which uses end-piece configuration.  The latter 
has obvious disadvantage of introducing “RF-leaking” split of the substrate 
channel in the waveguide. 

 
Figure 5.2: 3D model of the E-plane splitblock integrated HEB waveguide mixer on a Si beam 
with a support frame. 

5.2 RF Design and Simulations 
When constructing THz HEB mixers, it is important to design the mixer block 

in such way that the incoming waveguide mode is coupled to the hot-electron 
bolometer in a highly-efficient manner [116]. Most of the waveguide SIS and 
HEB mixers utilize planar E-field probes, to couple the EM wave in the 
waveguide to planar structure on the substrate produced by means of thin-film 
technology. As discussed in the previous section, the split-block technique has 
been employed. The advantages of this design is using of a non-radiating split of 
the waveguide, convenience of mounting the active component and making all 
necessary DC and IF connections in one of the halves for the chosen topology of 
the active component. 

In order to define the dimensions and the critical margins of the design, 
extensive 3D electromagnetic simulations using a set of commercial software 
programs [117, 118] have been performed. The design was optimized for the best 
performance within the frequency range 1.6 - 2.0 THz.  

Figure 5.3 shows the proposed layout for the HEB mixer for a 1.6-2.0 THz. In 
this arrangement, the substrate is placed parallel to the E-field in the waveguide. 
The silicon beam has dimensions of 360 μm × 50 μm × 2 μm.  
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Figure 5.3: (a) 3D model and simulation results of the radial RF probe on a 2 μm thick Si beam. 

The RF signal coming from the waveguide is coupled to the mixer on the 
substrate through a radial probe patterned on the silicon beam. The geometry of 
the probe, i.e., the probe radius, has been optimized to give minimum reflections 
in the 1.6-2.0 THz band providing output impedance of 50 Ω. In the proposed 
design the RF probe is connected on its arc-side to another port via high 
impedance line that provides isolated port for IF and DC similar to suggested in 
[49]. 

Waveguide mixers as a rule use choke filters to efficiently block the leakage of 
the RF signal into the substrate channel and to provide virtual RF ground for 
high-frequency components placed onto the substrate. The choke structure, 
Fig. 5.4a, is used simultaneously for IF extraction and to supply a DC bias to the 
active component. The geometry of the hammer sections have been optimized to 
give maximum rejection in the 1.6-2.0 THz band. The performance of the 
hammer-type RF choke is illustrated in Fig. 5.4b, showing a rejection better than 
-40 dB in the whole band of interest. 

 In order to realize the balanced mixer a 3-dB 90º-hybrid is required. A 
waveguide branch-line coupler was chosen because of its compatibility with the 
split-block layout. The amplitude and phase imbalance at the outputs of a 
quadrature hybrid affect the LO noise rejection of the balanced mixer. Therefore, 
for the frequency range 1.6–2.0 THz the goal of the present work was to design a 
waveguide quadrature hybrid with an amplitude imbalance of ± 1 dB around the -
3 dB and ±1º phase imbalance. The reflection coefficient and isolation between 
the input ports are expected to be better than -20 dB. In addition, the acquired 
waveguide dimensions from the simulation must comply with the fabrication 
process developed at GARD [25].  

A split-block type of hybrid, with equal-width branches [24] was chosen for 
the designed as it offers the advantage to have larger branch heights compared to 
classical designs [119]. Larger widths are important for the hybrid fabrication. 
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The height of the main waveguide sections was fixed at the full height (b = a/2). 
In the 1.6-2 THz band this corresponds to 120 μm×60 μm main waveguide 
dimensions. According to simulation results presented in Fig. 5.5, a hybrid with 
five branches is able to maintain an amplitude imbalance of ±1.5 dB and 90º±1º 
phase difference over the full waveguide band. 

 

 
(a) (b) 

Figure 5.4: (a) Simulated RF choke on Si beam inside the waveguide channel. (b) Simulated 
performance of the RF hammer-type choke within the RF band. 
 

 

 

  
Figure 5.5: Simulation results of the five-branch waveguide hybrid coupler with equal-width 
branches. (H = 22 μm, L1 = 33 μm, L2 = 31 μm, D = 44 μm and Δb = 6 μm). 



 49

5.1.4 Thermal Simulations 
The ambient temperature of the HEB mixer is usually around 4K. In 

micromachined beams mechanical and thermal stresses induced during 
cooling/heating may lead to undesired deformation and even fracture of the beam. 
In addition, a small misplacement of the beam in the waveguide channel at THz 
frequencies may also de-tune the entire circuit or excite unwanted resonances. 
Therefore, important objective towards implementation of the proposed structure 
was to investigate the mechanical behaviour of the beam subjected to a 
temperature change from room temperature (300 K) down to LHe temperature 
(4.2 K), by performing thermo-mechanical simulations.  

For this purpose, a 3D model was built, as shown in Fig. 5.6, using commercial 
finite element model (FEM) software [120]. For the simulation, the model 
resembles the SOI layer structure used for the fabrication. Table 5.1 shows the 
predicted total deformation as well as maximum principal stress for different 
beam thickness at 4.2 K. 

 
Figure 5.6: Simulation result of the total deformation of a 2 μm thick silicon beam at 4.2 K. The 
deformation of the beam is largely exaggerated for better visualization. 

Table 5.1: Simulation results for different Si beam thicknesses. 
Si thickness 

 
(μm) 

Total 
deformation 

(nm) 

Maximum  
principal stress 

(MPa) 
1 0.60 14.7 
2 0.44 14.0 
5 0.27 14.6 

10 0.21 14.8 
15 0.20 14.8 
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5.2 Results 
In this section, results from the NbN ultra-thin films characterization as well as 
the DC measurement of the fabricated HEB devices are presented. Also, the 
integration of the manufactured balanced waveguide HEB mixer mount is shown. 

5.2.1 Ultra-Thin NbN Films on Si and 3C-SiC/Si Substrates 
Figure 5.7 shows the HRTEM images of epitaxial and polycrystalline NbN 

film grown on 3C-SiC/Si and Si substrate, respectively. The thickness of the film 
is 5 nm, as expected from the deposition rate calibration. 

(a)  

(b)  
Figure 5.7: (a) Cross-sectional HRTEM images of epitaxial NbN film grown on 3C-SiC/Si substrate. 
To the right are enlargements of the indicated areas, presenting the NbN/3C-SiC interface and 
corresponding diffraction pattern calculated by Fourier transformation of the related image areas. Tc 
of the NbN film was 11.8 K. (b) Cross-sectional HRTEM image NbN film deposited on Si substrate. 
Tc of the film is 9.2 K. 

5.2.2 HEB Devices on Si and 3C-SiC/Si Substrates 
The enhanced crystalline properties of NbN films grown on 3C-SiC/substrate 

compared to those on Si and SOI substrates are clearly demonstrated in Fig. 5.8a. 
A difference in the critical temperatures of the plain NbN films of more than 



 51

2.5 K was observed. It has to be noted that no visible variation in Tc for the NbN 
films grown on Si and SOI substrate was seen. Measurements of the current-
voltage characteristics of the fabricated HEB devices were done through a 
standard four-probe technique in a LHe dewar. The samples were glued on a 
fiberglass fixture and the individual HEB devices were connected through wire 
bonding. Due to the substantial difference in the crystal structure of the NbN 
films, a corresponding deviation in the measured critical currents was also 
present. The critical current values for devices on 3C-SiC overlayer were in the 
range 100-120 μA, while for twice bigger devices made on SOI wafer, the critical 
currents were not higher than 90 μA, Fig. 5.8. Complete DC characterization 
results on the HEB devices on epitaxial NbN can be found in Paper E. 

  
(a) (b) 

Figure 5.8: (a) Resistance-temperature dependence of the NbN film grown on 3C-SiC/Si and SOI 
substrates. (b) Current-voltage characteristics for two NbN HEB devices fabricated on 3C-SiC (solid) 
and SOI (dashed) substrates. The bridge width of the device made on SOI substrate is twice bigger 
(w = 1.6 μm) than that made on 3C-SiC substrate. 

5.2.3 HEB Devices on Si Beams 

After the release of from the carrier wafer the individual devices were picked-
up and placed in a gel-pack package as few devices were later taken for DC 
characterization. The latter ones were glued on a dedicated fixture and the 
individual devices were wire bonded for 4-probe DC measurements utilizing 
25 μm bond wires. Figure 5.9a shows the arrangement and a measured I-V curve. 
A slight decrease in the critical current compared to the initial tests before beam 
fabrication (see Fig. 5.8b). This behaviour could be attributed to degradation of 
the ultra-thin NbN films due to the high hard-baking temperature, ~200ºC, used 
for the protection resist layer. In one produced batch about 70 devices were 
successfully fabricated. 
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(a) (b) 
Figure 5.9: (a) An HEB device prepared for DC testing. (b) Current-voltage characteristics of the 
measured device. 

SEM micrographs of the finished devices integrated in the copper waveguides 
are presented in Fig. 5.10. 

(a)  

(b)  
Figure 5.10: SEM micrographs of (a) four integrated HEB devices with (b) a close view on one of the 
beams in the channel. Frame dimensions are 900 μm × 600 μm × 60 μm and beam size is 
50 μm × 360 μm × 2 μm. 
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5.4 Summary 
In Chapter 5 advancement towards balanced waveguide phonon-cooled HEB 

mixer for 1.6-2.0 THz were presented. Several technologies were merged for the 
development of such mixer: 1) NbN ultra-thin film deposition, 2) all-metal THz 
waveguide micromachining technology as well as 3) a novel HEB mixer chip 
made on thin Si beam was fabricated by means of Si micromachining. A 
demonstrator of the mixer was implemented and initial characterization results 
were presented. 
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Chapter 6  

Future Directions and Summary of 
Appended Papers  

6.1 Future Directions 
The reported results in Chapter 4 on the growth and properties of DC magnetron 
co-sputter deposited Nb3Al films suggest that obtaining terahertz Nb3Al-based 
SIS mixers/junctions is not too far from realization.  

As a first step, a THz SIS mixer with Nb/Al-AlOx/Nb tunnel junctions and 
Nb3Al ground plane could be an interesting subject to investigate. Such mixer is 
supposed to benefit from the high-quality of the SIS junction and the significantly 
reduced RF loss around the junction, due to the higher energy gap of Nb3Al. 

Second, direct studies on the superconducting gap of the Nb3Al films could be 
performed via hybrid junctions, made of Nb3Al bottom electrode and Nb top 
electrode. Of course, this requires development of high-quality tunnel barrier. 
This step would open the way towards implementation of Nb3Al-based junctions 
THz SIS mixers. 

In addition, the results on epitaxial growth of Nb3Al on yttria-stabilized 
zirconia (YSZ) reveal quite attractive option to try a growth of ultra-thin Nb3Al, 
dedicated for HEB mixers. 

The properties of the produced Nb3Al films might be also of interest for other 
applications with demand on high-current and high-magnetic field of operation. 
 
The presented technology demonstrator for 1.6-2.0 THz balanced waveguide 
HEB mixer in Chapter 5 confirms that the suggested concept can be realized both 
in theory and practice. However, as a complement to the performed DC 
measurements, further verification of the devices’ RF performance is required. 
This fabrication technique could be also beneficial for other THz technologies 
such as SIS and Schottky-diode mixers. 

The monocrystalline ultra-thin NbN films, grown on 3C-SiC substrates, have 
demonstrated potential to be used in practical HEB mixers. Measurements of the 
photoresponse of the fabricated HEB devices are necessary for the evaluation of 
the intrinsic mixer time constants. Certainly, RF characterization of an NbN HEB 
mixer made on 3C-SiC substrate is essential. 
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6.2 Summary of Appended Papers 

Paper A: Nb3Al Thin Film Deposition for Low-Noise Terahertz 
Electronics 

Higher energy gap superconducting materials were always interesting for low-
noise mixer applications such as superconductor-insulator-superconductor tunnel 
junctions (SIS) and hot-electron bolometer (HEB) used in sub-millimeter and 
terahertz parts of electro-magnetic spectrum. Here, we report a novel approach 
for producing Nb3Al thin film by co-sputtering from two confocally arranged Nb 
and Al dc-magnetrons onto substrate heated up to 830ºC. Characterization of the 
deposited films revealed presence of the A15 phase and measured critical 
temperature was up to 15.7 K with the transition width 0.2-0.3 K for a 300 nm 
thick film. We measured the film critical magnetic field and studied influence of 
annealing on the film properties. We have investigated compositional depth 
profile of the deposited films by spectroscopy of reflected electrons. 

Author’s contribution: performed the Nb3Al thin film deposition and 
characterization (material and electrical); participated in the theory development; 
wrote the paper. 

Paper B: The Influence of Aging and Annealing on the 
Properties of Nb/Al-AlOx/Nb Tunnel Junctions 

This paper presents results of our studies on aging and annealing properties of 
Nb/Al-AlOx/Nb junctions. We performed a long room temperature aging with 
subsequent annealing at different temperatures up to 250ºC. A distinct change of 
the junctions’ normal-state resistance has been observed. Aging at room 
temperature results in a slight decrease of the normal-state resistance combined 
with improved junction quality, characterised by a better subgap-to-normal 
resistance ratio. Annealing at moderate temperatures in air increases the normal-
state resistance and leads to improvement of the junction quality followed by 
degradation at higher annealing temperatures. The increase in the junction quality 
after long-term aging at room temperature is attributed to relaxation of the 
internal junction structure and interfaces, thus, resulting in a lower density of 
interface traps. The deterioration at higher annealing temperatures could be a 
consequence of diffusion processes at the Al/Nb interface. We observe a 
sufficiently clear difference between the behaviour of preliminary aged and newly 
fabricated junctions after annealing: for the aged high-quality junction, the 
degradation was negligible up to temperatures of 200ºC, while non-aged 
junctions show a much faster and abrupt degradation at lower annealing 
temperatures 

Author’s contribution: performed the annealing experiments and electrical 
characterization; participated in the theory development; wrote the paper. 
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Paper C: Aging- and Annealing-Induced Variation of      
Nb/Al-AlOx/Nb Tunnel Junction Properties 

In this paper, we present studies of room temperature aging and annealing of 
Nb/Al-AlOx/Nb tunnel junctions with the size of a 2-3 μm2 size. We observed a 
noticeable drop of junction normal resistance Rn unusually combined with 
increase of subgap resistance Rj as a result of aging. Variation of both Rn and Rj 
are subject to the junction size effect. An effect of aging history on the junction 
degradation after consequent annealing was discovered. Discussion and 
interpretation of the observed phenomena are presented in terms of structural 
ordering and reconstruction in the AlOx layer, driven by diffusion flows enhanced 
due to stress relaxation processes in the Al layer interfacing the AlOx layer. 

Author’s contribution: performed the annealing experiments and electrical 
characterization; participated in the theory development. 

Paper D: Superconducting IF Biasing Circuit for Low-Noise 
Cryogenic Applications 

A planar superconducting circuit designed for use in low-noise cryogenic 
applications is presented. The circuit is a bias-T combined with a 4−8 GHz 
impedance matching circuitry, which employs entirely planar design with a novel 
layout. The proposed and tested circuitry is intended to be used with a SIS mixer 
and incorporates a double section transformer based on microstrip line technology 
with a total impedance transformation of 5:1 within the frequency band. One of 
the transformer sections employs a three-line coupled line, which also serves as a 
DC block capacitor. The microstrip lines were manufactured using 
superconducting Nb metallization, which provides a conduction loss-free solution 
at the operation temperature of 4 K. S-parameter measurements at 4 K 
temperature were performed and found to be in a good agreement with the 
simulations. The device measured return loss is better than −10 dB within the 
frequency band. Furthermore, the circuit was tested as a part of 385−500 GHz 
double sideband heterodyne SIS receiver demonstrating a flat noise temperature 
response of 80−90 K over the entire IF band of 4−8 GHz. 

Author’s contribution: performed the circuit design, fabrication and S-
parameter measurements; wrote the paper. 

Paper E: Growth and Characterization of Epitaxial Ultra-Thin 
NbN Films on 3C-SiC/Si Substrate for Terahertz 
Applications  

We report on electrical properties and microstructure of epitaxial thin NbN films 
grown on 3C-SiC/Si substrates by means of reactive magnetron sputtering. A 
complete epitaxial growth at the NbN/3C-SiC interface has been confirmed by 
means of high-resolution transmission electron microscopy (HRTEM) along with 
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x-ray diffractometry (XRD). Resistivity measurements of the films have shown 
that the superconducting transition onset temperature (Tc) for the best specimen is 
11.8 K. Using these epitaxial NbN films, we have fabricated submicron-size hot-
electron bolometer (HEB) devices on 3C-SiC/Si substrate and performed their 
complete DC characterization. The observed critical temperature Tc = 11.3 K and 
critical current density of about 2.5 MA/cm2 at 4.2 K of the submicron-size 
bridges were uniform across the sample. This suggests that the deposited NbN 
films possess the necessary homogeneity to sustain reliable hot electron 
bolometer device fabrication for THz mixer applications. 

Author’s contribution: performed the NbN thin film deposition, x-ray 
characterization, fabrication and DC measurements of the HEB devices; 
participated in the theory development; wrote the paper. 

Paper F: A Technology Demonstrator for 1.6-2.0 THz 
Waveguide HEB Receiver with a Novel Mixer Layout  

In this paper, we present our studies on a technology demonstrator for a balanced 
waveguide hot-electron bolometer (HEB) mixer operating in the 1.6 - 2.0 THz 
band. The design employs a novel membrane-like layout for the HEB mixer 
combining several key technologies: all-metal THz waveguide micromachining, 
ultra-thin NbN deposition and a deep reactive ion etching of silicon-on-insulator 
(SOI) substrate to manufacture the HEB mixer with a novel layout. The presented 
in the paper novel mixer layout greatly facilitates the mixer chip handling, 
mounting and electrical interfacing, which, in our opinion, opens up a real 
prospective for building multi-pixel waveguide THz receivers. Such receivers 
could be of interest for APEX, CCAT telescopes and possible follow up of the 
Herschel HIFI. 

Author’s contribution: performed the circuit design, NbN thin film deposition, 
developed the beam process, performed the HEB device fabrication and DC 
measurements; participated in writing the paper. 
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Appendix A: Crystallographic relationship 
between Nb3Al and Nb 

The (110)Nb-plane and (210)Nb3Al-plane, with lattice constants aNb = 3.30 Å 
and aNb3Al = 5.18 Å, respectively, are schematically shown in Fig. A1. The 
accommodation of Nb3Al crystal structure on top of Nb substrate is possible by 
accounting for the three directions marked as vectors (1), (2) and (3). 

 
 

  
 

  
Figure A1: Schematic illustration of how the similar rotational symmetry of (110) and (210) planes can 
allow for low energy interfaces to exists on sets of (110)Nb and (210)Nb3Al planes. 
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The distances (1), (2) and (3) are: 
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Comparing the dimensions of Nb3Al(210) elementary cell with distances (1), (2) 
and (3) suggests that the Nb3Al(210) should be aligned with (1) and (2). Angle α 
defines the angle, at which Nb3Al(210) is rotated in respect to Nb(110):  
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In other words, there is a crystallographic relation between Nb(100) and 
Nb3Al(210) as 
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Appendix B: Abbreviations and notations 

Abbreviations 
2SB Sideband Separation 
AFM Atomic Force Microscope 
ALMA Atacama Large Millimeter Array 
APEX Atacama Pathfinder Experiment 
BCS Bardeen-Cooper-Schrieffer 
DC Direct Current 
DSB Double Sideband 
EBL Electron Beam Lithography 
GARD Group for Advanced Receiver Development 
HEB Hot Electron Bolometer 
IF Intermediate Frequency 
LHe Liquid Helium 
LNA Low-Noise Amplifier 
LO Local Oscillator 
LSB Lower Sideband 
PCB Printed Circuit Board 
RF Radio Frequency 
RIE Reactive Ion Etching 
RRR Residual Resistance Ratio 
RTA Rapid Thermal Annealing 
SEM Scanning Electron Microscope 
SHeFI Swedish Heterodyne Facility Instrument  
SIS Superconductor-Insulator-Superconductor 
SLC Single Layer Capacitor 
SOI Silicon-On-Insulator 
SPM Scanning Probe Microscope 
SRE Spectroscopy of Reflected Electrons 
SSB Single sideband 
TEM Transmission Electron Microscope 
USB Upper Sideband 
XRD X-Ray Diffraction 
YSZ Yttria Stabilized Zirconia 
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Notations 

CT  Critical temperature 

D  Diffusion coefficient 

0Φ  Magnetic flux quantum,  
ξ0 Coherence length 
λL London penetration depth 

2cH  Upper critical field 

c  Velocity of light, 2.998×108 m s-1 
e  Electron charge, 1.602×10-19 C 

Bk  Boltzmann’s constant, 1.38×10-23 J K-1 

h  Planck’s constant, 6.547×10-34 J·s 

0ε  Permittivity of vacuum, 8.854×10-12 F m-1 

Sδ  Skin depth 

0μ  Permeability of vacuum, 4π×10-7 H m-1 

0ρ  Specific resitance 
a  Lattice parameter 
l Mean free path 
υF Fermi velocity 
φ  Potential barrier height 
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