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Abstract

The part of the electromagnetic spectrum between microwaves and infrared, also
known as the terahertz band, is of particular interest for radio astronomy. The
radiation intensity of the cold universe peaks at this frequency band, thus defining
the demand on sensitive low-noise instruments in this particular frequency range.
Phonon-cooled hot electron bolometers based on niobium nitride (NbN) thin films
have been demonstrated for the first time in 1990 and evolved since then to the
technology of choice for frequencies above 1.2 THz. At those wavelengths their
noise temperature is typically between 5 to 10 times the quantum noise hence
outperforming any other heterodyne receiver technology. However, the main
concern of HEBs is there limited intermediate frequency (IF) of, in practice a few
GHz, which is not sufficient for certain astronomical tasks requiring, e.g. 4-12 GHz
of bandwidth. The cooling rate of “hot” electrons translates directly into the IF
bandwidth of such devices and is intrinsically determined by the quality and
thickness of the used NbN film and the substrate, which serves as a heat sink in
these phonon-cooled devices [1].

This thesis deals with the development of NbN films particularly for the use in hot
electron bolometers, and is addressing the optimization of superconducting
properties of the NbN ultra-thin films. A particular emphasis was put on the
influence of the underlying substrate. The suitability of hexagonal Al Ga, N as a
buffer-layer for the NbN film growth was demonstrated for the first time and
enabled the tuning of the superconducting properties by changing the Al content
x. Single crystal NbN with 5 nm thickness has been grown onto GaN with T, of
13.2 K, very narrow superconducting transition width and residual resistivity ratio
(Ropk/Rapox) close to unity. The critical current density J. was determined to be
3.8MA /cm?®, compared to 1.2MA /cm® of a high quality NbN film deposited onto a
silicon substrate.

The GaN buffer-layer is also believed to result in improved acoustic matching
compared to commonly used substrates such as silicon or MgO, thus possibly
enhancing the IF bandwidth. A first mixer experiment, where the HEB was
operated in the bolometric mode at 180 GHz and at elevated bath temperatures,
showed clearly that the measured IF roll-off, which is associated with the phonon
escape time in this mode of operation was increased almost by 80% while the GaN
buffer-layer was used as compared to a bare silicon substrate.

Keywords: Hot electron bolometers, epitaxial growth, NbN, GaN, IF bandwidth
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Background

1.1 Radio astronomy receivers in the
submillimeter and THz range

Astronomy is considered a science, which originated with the appearance of
mankind itself. The observation of processes taking place outside Earth’s
atmosphere has been done for thousands of years with the bare eye and still has
not lost any of its interest. With the invention of the telescope in 1608 [2], the
development of more sensitive instruments has just been initiated.

The frequency range between approximately 300 GHz and 10 THz, usually
referred to the sub-millimeter and THz range is, compared to the visible part of
the electromagnetic spectrum or the microwave region, strongly absorbed in the
atmosphere, in particular by water vapor in the troposphere as illustrated in
Figure 1. In order to deal with the weak signals, ground based observation sites
specialized in the observation in this frequency range, have been established at
higher altitudes such as the Atacama Path Finder Experiment (APEX) in 5104 m
[3], the Submillimeter Telescope Observatory (SMTO) in 3180 m [4], the SAO
Receiver Lab Telescope (RLT) in 5500 m [5] or the advanced Atacama Large
Millimeter /Submillimeter Array (ALMA) in 5000 m which is being established in
a global collaboration [6] and profit from the higher atmospheric transmissivity.
Despite the small fraction of this radiation that passes our atmosphere,
approximately 50 % of all present photons in the cosmos belong to the
submillimeter and THz frequency range [7]. It harbors a vast amount of spectral
lines, which are associated with rotational transitions of molecules and atomic
transitions of ionized gases. For astronomical tasks, the transitions of CO are of
particular interest [8]. Moreover, the energy emitted by cold matter in the form of



black body radiation peaks in this frequency band and provides insight in
processes like the formation of stars.

The corresponding wavelength of THz radiation, similarly to microwaves, is still
long enough to barely interact with interstellar dust grains and therefore, allow for
the survey of areas in space which are concealed for visible light.
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Figure 1: Atmospheric absorption versus frequency under different atmospheric conditions. The distinct peaks are associated
with rotational transitions of molecules and ionized atoms [9].

The investigation of emission lines in the spectrum of interstellar objects requires
heterodyne receivers featuring high spectral resolution as well as ultimate
sensitivity due to the weak signal levels. In the last decades, frequency mixers
based on superconducting material such as the SIS [10] and the HEB [11] have
been developed and enable ground based spectroscopy, capable of resolving
distinct spectral lines of different molecules and atomic transitions.

In common heterodyne receivers operating at microwave frequencies, there will be
a low noise amplifier (LNA) at the frontend of the receiver chain to amplifier the
RF signal before it is down-converted in the mixer. The LNA adds noise to the
signal but all noise contributions from the following receiver components are
reduced by the gain of the amplifier. With increasing operating frequency,
however, the gain of the amplifier decreases and its noise contribution rises, which
in turn deteriorates the overall noise temperature of the receiver tremendously. It
is therefore beneficial and a necessity at THz frequencies to place a mixer directly
at the frontend of the receiver.

Schottky diodes can be employed in the whole sub-millimeter and THz band but
perform poorly from a noise perspective compared with the superconducting
technologies and require higher LO power level to be pumped. Nonetheless they
can also be operated without the need of cooling.
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Figure 2: Comparison of noise temperature versus operating frequency of different mixer technologies plotted against multiples
of the fundamental quantum noise floor, illustration from [12].

Ultimate noise performance in the frequency range from approximately 100 GHz
to 1.2 THz is achieved with SIS mixers, as seen in Figure 2. Their working
principle is based on a photon assisted, quasiparticle tunneling through an SIS
junction and they can be operated close to the fundamental noise limit [10].
However, they obey an upper frequency limit, which is determined by twice the
energy gap of the superconducting material in use. The most mature SIS
technology is based on a Nb/Al-AlO, /Nb trilayer, which limits the operation to
approximately 1.4 THz. Beyond that frequency, the phonon-cooled HEB mixers
based on a ultra-thin NbN film have proven to be generally the preferred
technology.

In contrast to the SIS mixer and the Schottky diode, which employ a non-linear
voltage-current characteristic to down-convert the signal, the frequency mixing in
HEBs is based on a temperature modulation caused by the power of the beating
signal of LO and RF and obeys, in theory, no upper frequency limit of operation.
However, the loss introduced by the embedding circuitry will increase significantly
with frequency and eventually deteriorate the noise performance of the receiver.
The major challenge that is frequently faced with the operation of HEB devices is
their rather small IF bandwidth at their lowest noise performance of
approximately 3-4 GHz [13].

Besides the interest of radio astronomers in this frequency range, it also found
applications in medical imaging, material analysis and research, defense and
security applications [14] as well as in communication [15].



1.2 The niobium nitride superconductor

The contribution of NbN material to the advances in submillimeter and terahertz
electronics is significant and led to the establishment of phonon-cooled HEB
mixers with moderate IF bandwidth [16], utilizing its short intrinsic interaction
times and relatively high T..

The existence of superconductivity above temperatures of 10 K was experimentally
proven for the first time with the discovery of niobium nitride’s superconducting
transition at 16 K in 1941 [16]. Although its properties have been studied in detail
over the last 6 decades, only few applications of NbN have evolved until the 80s
[11]. The reason behind this was the competition with Nb and NbTi, which
allowed for a more controlled fabrication process in a larger scale. In addition,
NbN can crystallize into multiple phases whereas only the cubic NbN, §-phase,
the tetragonal Nb,N, y-phase and the hexagonal Nb,N, are superconducting at
about 16 K, 12 K and 10 K, respectively [17], [18], [19], [20]. The crystal structure
and the formation of aforementioned phases can be seen in Figure 3. The
formation of the é-phase with highest critical temperature is stable, according to
the phase diagram, at temperatures above 1200 °C and for a N/Nb ratio of 1 and
greater [21]. The need of such high temperatures to synthesize NbN was
challenging and originally performed by the nitridation of Nb in a nitrogen rich
atmosphere for up to 50 hours [22].
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Figure 3: a) Crystal structure of the individual NbN phases [22] b) Phase diagram of NbN as a function of temperature and
N/Nb ratio [21]

Extensive research on the synthesis of NbN thin films has been conducted since
the discovery of its superconductivity as seen by the number of publications
concerning this topic. This indicates the general interest for this material, not only
for radio astronomical instruments. However, the suppression of NDbN's
superconducting properties when the film thickness is only several nanometers, as
it is necessary to push the performance of phonon cooled HEB mixer, still
represents a major technological challenge.
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NDbN thin films have found further employability in SIS junctions and mixers [23],
[24], Superconducting Single Photon Detectors SSPD [25], superconducting IF
circuitry, Superconducting Quantum Interference Devices (SQUID), Rapid Single
Flux Quantum circuits (RSFQ) [26], kinetic inductance detectors (KID) and RF
cavities.

1.3 Motivation

This thesis aims at the prospective improvement of IF bandwidth of phonon
cooled HEB mixers with the consequence of making receivers more efficient for
astronomical observations in the submillimeter and THz range. The performance
of such devices is strongly linked to the superconducting properties of the NbN
film and the substrate used to grow it onto. The improvement of the quality of the
ultra-thin NbN films was achieved by employing a GalN buffer-layer which also
provides a good acoustic match.

1.4 Thesis structure

The Chapter 2 describes the theory of hot electron bolometer mixers, specifically
the phonon cooled HEB. Particular emphasis is put on the description of
relaxation processes, responsible for the cooling of hot electrons and in
consequence determining the IF bandwidth of the HEB.

In order to improve the performance of those devices, high quality and ultra-thin
NbN films are required and its fabrication is addressed in Chapter 3. Superior
superconducting and structural properties for NbN films grown onto an Al Ga, N
buffer-layer are presented and put into comparison with available NbN films.

In the chapter 4, the applicability of the GaN buffer-layer for the use in NbN
HEBs is demonstrated in a simple mixer experiment at 180 GHz, focusing on the
influence of buffer-layers on the mixer's IF bandwidth.

Chapter 5 contains concluding remarks and a short outlook of the thesis.






Hot Electron Bolometer

2.1 Working principle

A bolometer can essentially be regarded as a thermometer, which translates a
change of the temperature into a measurable entity such as the resistance. As it is
illustrated in Figure 4, the absorber is characterized by its heat capacity and a
temperature-dependent resistance behavior and is connected via a thermal link
with a colder heat reservoir usually of a constant bath temperature.

|
Absorber {—‘ }7
Cbc

& ° R(T:§ Rioad § v

Tbath

Heat sink

Figure 4: a) Schematic of bolometer consisting of the absorber, thermal link and a cold heat reservoir (heat sink) b) Electrical
read-out circuitry for bolometers

Upon the absorption of incoming radiation, the temperature of the bolometer
changes, which can physically be described by the thermal balance equation (1).

dT
P = CE+G(T_Tbath) (1)



Solving the heat balance equation upon steady radiation and after interruption
yields the following temperature response:

Steady irradiation: T(t) = Tpqn + P/G

t
Stopped radiation: T(t) = Tygen + P/G-e = and T =C/G

The characteristic response time 7 describes the speed of the bolometer and is the
ratio of the bolometer's heat capacity and thermal conductance G of the link to
the underlying heat sink.

The read out can simply be performed by the circuitry presented in Figure 4b.
The incoming radiation is repeatedly turn on and off by a chopper at a low
modulation frequency (wcpop < 1/7) and causes the absorbed power and in
consequence the resistance to change. The current biasing of the bolometer
generates therefore an alternating voltage swing which is passed through the
coupling capacitor and eventually read out across a load resistance. The
responsivity of the bolometer is therefore also defined as voltage change per
absorbed power S, =dV/dP[V/W] and is proportional to the dependence of
resistance to temperature dR/dT of the material used as thermometer.

The HEB is based on a thin superconducting material with a typical resistance-
temperature behavior as Figure 5a depicts. At the transition from the normal to
the superconducting state, the resistance drops rapidly due to the strong
dependence of the density of quasi-particles upon a change in temperature close to
T. which manifests in the high sensitivity.
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Figure 5: a) Resistance versus temperature behavior of an ultra-thin NbN film and the corresponding states. b) Typical IVC of
a pumped HEB. The bridge is in the normal state, as indicated by the almost linear slope for high applied bias voltages.

In contrast to an ordinary bolometer, only electrons are heated and not the entire
lattice. The term “hot electron” is used in the content of a thermal non-equilibrium
of the electronic system and the lattice (phonons), originally found in
semiconducting devices when applying high input power to them [27]. Under these
circumstances, the rate of energy loss due to the lattice is smaller than the
incoming power and results in the direct heating of carriers. This phenomenon has
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also been observed in thin superconducting films in their resistive state and led to
the development of the HEB [11].

Hot electron bolometers are operated in their resistive state, close to their critical
temperature along with applied DC bias current as illustrated in Figure 6a. The
time needed to thermalize electrons upon the absorption of a photon can be very
short and is of the order of several picoseconds for NbN material [28], Figure 6b.
The thermal link in a HEB can be considered as all processes that enable the hot
electrons to exchange their energy to the surrounding heat sink. Thus electrons
exchange thermal energy to the colder normal metal contact pads or the substrate,
see Figure 6¢,d.

@ Y o,
ele&’ron—phonon

Figure 6: a) HEB bridge in the resistive state by current biasing b) The absorption of photons thermalizes electrons within a
short time and leads to a thermal non-equilibrium between electrons and phonons c¢) Cooling of the electrons either by out-
diffusion to the contact pads or energy exchange with the lattice d) Heat exchange between the film phonons and the substrate,
also called phonon escape

The diffusive cooling is dominating when the thermal electron diffusion path is in
the range of the lateral dimension of the bolometer so that electrons can directly
out diffuse to the normal metal contact pads. For practical HEBs based on Nb
material that is the case for bridge for approximately 40-70 nm for clean Nb films

with diffusion constant D = 1.6 cm?/s [29]. The diffusion length L,y is calculated by

Laief = /D * Te—pn - The performance of such diffusion cooled devices turned out to
be scattered because of the challenging fabrication on a nanometer scale, the
inhomogeneity of the thin Nb layer itself and reliability issues with the quality of
the contact pads due to oxidation and defects.

The second possibility for electrons to relax their energy is through the lattice.
This process is dominating for disordered films in the dirty limit such as NbN. The

9



short electron-phonon interaction time of 12 ps in this material prospects short
bolometer time constants, equivalent to an IF bandwidth of more than 15 GHz
[30] if operated as a mixer. However, such high frequencies were never observed
because of the fact that the excess energy of the lattice needs to be removed by
the underlying substrate, which hinders the speed of the device. Moreover, the
self-heating effect or electro-thermal feedback will affect the IF bandwidth as well.
Another material that also exhibit short intrinsic electron-phonon and escape
times is MgB, with T_ of 39 K, which has recently proven to be competitive to
NbN material [31] in terms of the IF bandwidth.

2.2 Frequency mixing in HEBs

The mixing of RF signals in a HEB is fundamentally different from the down
conversion based on a non-linear voltage-current characteristic as it is the case e.g.
in SIS or Schottky mixers used at submillimeter and THz frequencies. By
assuming two superimposed electrical signals with E,o(t) =4, cos(w,,t) and

Egp(t) = Agp - cos(wg t) across the bolometer, the absorbed power in the HEB can be
written as Eq. (2), where a is the coupling efficiency.

P(t) « a(Egp + E1o)* + Ppc (2)

Now, by inserting the RF and LO signal into Eq. (2) yields:

A? A2 A? A2
P(t) x a LO yTRE,TLO cosRuwypt) + ﬂcos(ZwRFt)
2 "2 T2 2 3)

+ ALoAgr cos((wro + wrp)t) + ApoArr cos((wyo — wRF)t)) + Ppc

From Eq. (3) we can identify the generation of the frequency components 2w,

2Wgr, Wot+wgrr as well as the difference frequency w;p-wgr, which is identical to
the intermediate frequency. This frequency beating by means of absorbed power
will only be observed if the temperature of the hot electrons was capable of
following the fast change induced by the incoming radiation. In practice, the
characteristic time is in the range of several tens of picoseconds which translate to
a few GHz [28]. Thus, the time dependence of the temperature will only follow the
cos(wpp-wgrp) term as in Eq. (4), which causes a change in the HEB's resistivity
and, with applied DC bias, consequently generating the IF voltage across the
bolometer.

A? A%
P(t) < Ppe + % +% + A;pAgp cos(lwg — wgp|t) (4)

down—converted

10
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Figure 7 illustrates the power dissipated in the bolometer, the absorption of
superimposed LO and RF signal yields a thermal modulation with the difference
frequency wjp.

The absorption of photons is not dependent on the superconducting properties
such as energy gap or in consequence the critical temperature of the
superconducting material in use since it is operated in its resistive state, thus
theoretically it does not have an upper frequency limit of operation as in contrast
to the competing SIS mixer technology with highest frequency of operation limited
to twice the energy gap of the superconductor that the SIS junctions is
constituting of.

2.3 IF bandwidth in phonon-cooled HEBs

As described earlier, the resulting IF bandwidth can be associated with the cooling
rate of hot electrons either by the diffusion or the phonon cooling. In practice the
phonon-cooled NbN HEB is the dominating technology and only the investigation
of afore mentioned phonon cooling channel will be described here in detail.

2.3.1 IF bandwidth estimation

The first attempt to model the gain bandwidth of HEBs dates back to 1987 and
was based on heat balance equations where electrons and phonons were treated as
having uniform but different temperatures, also known as the 2-T model [32]. The
following set of equations was obtained by linearizing the 2-T model at
temperatures close to T, and assuming a uniform temperature distribution across

the bolometer bridge. The transfer function W(w) contains three characteristic

11



time constants which themselves depend upon the electron-phonon interaction
time T,_pp , escape time of phonons 7., and the ratio of specific heat capacities of

electrons ¢, and phonons cpy.

W) = 1+ ial)rj_)i(;; iWT,) (5)

And the three time constants being:

ATt Tase (6)

OF
11"1,12"1=§ ¥ 1-—0

C — -—
Q= (1 + Cﬁ) T+ Tose
c
-1 _ ‘e -1 —1

137, = Con Te—pn + Tesc (7)
Applying Eq. (5) and using typical properties of thin NbN films, then the transfer
function can be plotted over frequency. The 3-dB roll off or in decimal scale 0.5 is
the figure-of-merit for determining the IF bandwidth of the HEB mixer.
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Figure 8: a) The characteristic time constants are plotted over electron temperature. b) The transfer function which was
derived from the time constants versus frequency for different critical temperatures and film thicknesses. Recreated from [33].

Figure 8 depicts the dependence of the characteristic time constants versus
electron temperature. It can be seen that by increasing the temperature, the
electron-phonon interaction time is reduced, whereas the escape time does not
depend on temperature. Moreover, by reducing the film thickness while

maintaining high critical temperature leads theoretically to the highest IF
bandwidth.
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2.3.2 Electron-phonon system

The electron-phonon system describes the interaction process taking place between
the electrons and the lattice. In the case of a pure metal and for temperatures
much lower than the Debye temperature T < 0, electrons are solely scattered on
phonons at small angles and at a rate linearly proportional to the temperature.
However, in the presence of impurities and for film thicknesses smaller than the
phonon mean free path, the interaction rate between electrons and phonons can
substantially differ from the clean case and bulk materials [34].

Electron
| T

~ %
.W“
Phonon % X
Ny
Electron-phonon Boundary
Defect scattering scattering scattering

Figure 9: Scattering mechanisms in thin films

The Figure 9 illustrates the most dominant scatter mechanisms found in thin
superconducting films. The interaction on defects and electron-phonon scattering
will be described more detailed below. The scattering of phonons on boundaries is
dominating over the collision with other phonons because the phonon mean free
path is longer than the smallest dimension i.e. the film thickness. The phonon-
phonon interaction will be treated in the following subchapter “Phonon escape”.

The product of phonon wave number and electron mean free path q;l, defines the
dominating scatter mechanism. In the impure or *“dirty” limit for gqrl, <1,
electrons will additionally experience inelastic as well as elastic electron-impurity
scattering depending on the type of scatterer. Vibrating scatterers such as defects
or boundaries move along the same way as the lattice or host atoms whereas non-
vibrating impurities move independently [35]. In the case of strong disorder

qrlp < 1 the electron-phonon interaction rate can be described by

T4, [B 3B m2T% B 2B
-1 e l t l t
A= — | =+ A=/ — |+ [—+ 1-1/L) - —
Te ph Sp% vl3 ( / ) ng, l ZP%L v ( / ) v, (8)
longitudinal phonons transverse phonons

Where L is the electron mean free path in respect to the non-vibrating potential
and f is the kinetic constant of the electron-phonon interaction defined as:
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B (2 )2 N(0)
Bl,t - 36F zpmle,t

With € the Fermi energy, N(0) the two spin density of electron states, p,, the

density of the metal, v;, the longitudinal and transverse sound velocity,
respectively [36] [37]. By analyzing Eq. (8) we can see that very large L, as in the
case of only vibrating impurities, the interaction with transverse phonons is
negligible and the T* temperature dependence is dominating. However, this has
only been observed for few elements such as thin Bi films [38]. In practice, the
squared temperature dependence is found much more widely and points towards
the dominating scattering mechanism due to non-vibrating impurities with
transverse phonons [36] .

In the temperature range of interest (4.2 to 15K) NbN can be considered as a

disordered material with grlz in the range of approximately 0.05-0.16 when using
v, =5000m/s (average sound velocity) [26-29] and the electron mean free path
1.=0.4nm [39]. Therefore, assuming the dirty limit and the dominating interaction
with transverse phonons [40] Eq. (8) simplifies to
) 9
Te—lph = gBTZFt(qtle) ’ vf/le (9)
412 k% B,
3€FPFV:

Then we can deduce the following dependencies of the electron-phonon rate.

1 < ep, N(O), T2, 151, v73 (10)

By modifying the stoichiometry of the NbN compound we are capable of
influencing the electron-phonon interaction rate already during the growth of the
films.

Experimental studies support the presence of the dominating transverse phonon
scattering process in thin NbN films by identifying a T™° temperature dependence
[41]. Hence, rising the operating temperature and in turn the critical transition
temperature to the superconducting state, shorter electron-phonon interaction
times should be achieved. This can be accomplished by promoting the growth of
single crystal films with improved superconducting properties. However, the Fermi
energy €p, density of states N(0) and electron mean free path [, will also be
substantially different from poly-crystalline to epitaxially grown films. The believe
that highly disordered poly-crystalline films with shorter electron mean free path
yield a higher electron-phonon interaction rate compared to single crystal films is
counteracted by their reduced density of states and fermi energy [42] as it also can
be qualitatively explained by a crude model [43].
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2.3.3 Phonon escape

After the relaxation of non-equilibrium quasi-particles on phonons, their energy
needs to be removed by another, cooler heat reservoir. The processes being
involved in the relaxation of heated film phonons is called phonon escape and is
affected by manifold sub processes as illustrated in Figure 10.

Phonon-phonon interactions

Substrate

lattice
T

bath

Figure 10: The arrows depict energy transfer processes which play a role in the phonon escape in thin films and own
characteristic times. A: Escape of phonons to the lattice T,5.; B: Acoustic mismatch of film phonons and substrate phonons
leads to reduced phonon transmissivity a; C: Backflow of energy from phonons to electrons t,,_, ; D: Reduced phonon heat

conductivity due to boundaries; E: Reduced heat transfer due to defects at the interface; F: Backflow of energy from the
substrate phonons to film phonons, phonon trapping in substrates if it only has limited dimensions

The main contributor to the cooling of film phonons is the exchange of energy to
the cooler underlying lattice of the substrate which is held at the bath
temperature, also seen as process (A) in Figure 10. However, the rate of which
phonons can escape is in practice hindered by additional interaction processes such
as phonon reflection due to acoustic mismatch (B), defects at the interface (E) and
boundaries (D,E,F) as well as the backflow of energy from the film lattice to its
electrons (C). In order to enhance the overall phonon escape, all factors will be
addressed and desirable superconducting properties for the NbN film derived.

A — Phonon escape

In the limit where the phonon mean free path is determined by the lateral

boundary conditions i.e. the film thickness d > A and for specular scattering at the
film /substrate interface, the escape time can be approximated by Eq. (11).

4d

Tesc = o (11)
m

Where a is the phonon transmissivity and v, the mean acoustic velocity. In
consequence the escape time is proportional to the film thickness and should
therefore be kept as low as the suppression of superconductivity does not become
overwhelming, i.e. in the range of a few nanometer [44]. The mean velocity of
sound can be calculated from the superimposed longitudinal and transverse
acoustic velocities according to Eq. (12).
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b = l(iJrE) (12)
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The sound velocities of NbN can be determined by measuring its elastic constants.
This has been done in several studies [45] [46] [47] [48] with small discrepancies
and the mean value of 4900m /s shall be used throughout this work.

In practice however, theoretical predictions for the escape time following Eq. (11)

usually fail because the phonon transmissivity a can be as low as 10 % for certain
substrates which are acoustically mismatched to the NbN film. The first study on
acoustic matching of thin films has been done by Little in 1959 [49] and based on
these results Kaplan developed a more rigorous theory, in particular treating the
acoustic matching of superconducting films to substrates [50].

B — Acoustic matching

The acoustic mismatch theory is based on the calculation of transmission
coefficients of both longitudinal and transverse phonons incident at the interface

between film and substrate by employing Snell’s law. Several assumptions were
made such as semi-infinite media and perfect planar contact and it was concluded
that not only transmission coefficients depend on the angle of incident also total
reflection of phonons can occur at the interface. Figure 11 illustrates the

dependence of longitudinal transmission coefficient 1; on the ratios of acoustic
velocities and densities of film and substrate, respectively. It can be seen that
substantial acoustic matching is achieved for high density substrates with low
acoustic velocity relative to the film. Moreover, the Figure 11 contains marker
which illustrate the performance of buffer-layers and substrates to match to NbN
films.
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Figure 11: The contour of the longitudinal transmission coefficient is plotted in respect to the ratio of longitudinal acoustic

velocities c,/cy and the densities py/p;, of substrate (2) and film (1), respectively. The markers indicate the performance of
available substrates to match to NbN. The data used to calculate the transmission coefficients was obtained from the listed
references.

Commonly used insulating substrates for NbN that promote the epitaxial growth
are MgO [44], 3C-SiC [51] [52] and r-plane sapphire [53] exhibit poor acoustic
match to NbN which in turn leads to the limited IF bandwidth. In contrast, GaN
with its relatively high density compared to the other substrates may be a
promising material for prospective enhancement of the phonon escape rate and
motivates its further investigation in the frame of this work.

C — Backflow of phonons to electrons

The inverse process of relaxation of electrons to the lattice is the energy backflow
from the lattice to colder electrons. In the frame of the two-temperature model (2-
T model), first introduced by Kaganov [54], the heat balance equations can be
linearized close to the critical temperature of the superconductor and is dependent

on the heat capacity of electrons C, and phonons C,p,, respectively. The earlier

described complex relaxation of electrons to phonons is directly linked to the ratio
of heat capacities according Eq. (13)

Tph-e = Te—ph * Cph/Ce (13)

In order to prevent or decelerate the relaxation of the heated lattice to the
electrons with the characteristic rate t7,,_, the ratio of C,,/C, should be
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maximized. At low temperatures the specific heat capacities can be expressed by
Eq. (14) and (15) and omit different temperature dependencies.

3

12m* T
eon = —o— Nk (5) (14)

Ce =yT (15)

With N density of atoms, ® the Debye temperature and y the Sommerfeld
constant (=~ 1.85-107*//cm?® for NbN). Thus, the ratio C,,/C, follows a quadratic
temperature dependence, and it can be stated that rising the temperature of the

HEB, i.e. increasing the film’s critical temperature will lead to a reduced phonon-
electron energy backflow.

D — Phonon trapping due to boundaries

The contribution of the film phonons to the removal of heat plays only a minor
role in ultrathin films and low temperatures since the phonon mean free path Ag;;,
is significantly shortened by the boundaries, i.e. the film thickness. The thermal
conductivity due to phonons k,, can be calculated by Eq. (16) according to [55].

1
kph = §Cphvaph (16)

E — Reduction of phonon escape due to interface defects

The calculations of phonon transmissivity by Little and Kaplan are based on an
ideal film-to-substrate interface which is hardly present in practice [49], [50]. The
impact of defects at the interface of film and substrate was studied in detail for
epitaxial Si/Ge layer [56] and reveal some general dependencies which shall be
transferred to the interface of NbN film and substrates.
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Figure 12: Thermal conductance versus defect size at the interface of Si and Ge for the lattice matched and slightly
mismatched case. Reproduced from [56].

The thermal conductance in Figure 12 is directly related to the phonon
transmissivity across the interface and decreases rapidly for increasing defect size.
Introducing an additional alloyed layer at the interface has shown to reduce the
thermal conductance proportionally to the layer thickness. The effect of lattice
mismatch, however, is not as severe as defects such as stress, atomic
reconstruction or species mixing. Applying these observations made on the Si/Ge
interface [56] then the phonon transmissivity at the NbN/substrate interface can
be maximized by employing a lattice matched buffer-layer which should be
thermally stable to prevent interdiffusion during the deposition at elevated
temperatures. Moreover, silicon and other substrates tend to build up a native
oxide layer at their surface which, if not removed prior to the growth of NbN, will
also hinder the escape of phonons.

F — Backflow of energy from the substrate to the film

The flow of heat from the substrate backwards to the film is not well understood
but may additionally reduce the phonon cooling rate. The thermal conductivity of
the substrate is mainly governed by the transport through phonons, however, for

sufficiently thin substrates d < A the conductivity is significantly reduced as seen
from Eq. (16) and phonons can be trapped inside the substrate resulting in a rise
of the bath temperatures. This effect will only be present for large bolometer sizes
and thin substrates but may play a role for waveguide based HEBs operating at
several THz which requires substrate thicknesses of only a few micrometers to not
disturb the electrical fields excessively.



2.4 Remarks on the improvement of IF
bandwidth

The relaxation process of hot electrons is manifold and thus all involved
interaction mechanisms need to be considered in order to achieve a significant

overall improvement of HEB’s IF bandwidth. Increasing the temperature of
electrons, i.e. increasing the critical temperature of the film will increase the heat
capacity ratio C,,/C, and therefore lowers the electron-phonon time. This is in the
favor of the overall mixer time constant. However, further enhancement of
electron-phonon interaction will not necessarily lead to faster HEBs since the
phonon escape to the substrate becomes the limiting time constant. By reducing
the thickness of the film, the escape rate will be increased, however
superconductivity will be dramatically suppressed when approaching film
thicknesses of 3-4 nm as illustrated in Figure 13.
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Figure 13: The suppression of superconductivity versus film thickness for different substrates. MgO [44] and sapphire substrate
53| yield single crystal films, whereas NbN deposited on silicon substrates have lower T, due to the greater lattice mismatch
13], [57]

Following Eq. (11) a theoretical escape time of 4-5 ps could be achieved for a 5 nm
thin NbN film exhibiting a perfect interface to an acoustically matched substrate.
However, measured escape times for NbN ultrathin films are usually in the range
of 30-50 ps [30] [41] and yield the limited IF bandwidth of only a few GHz. Thus,
the acoustic matching of NbN to the substrate remains a major challenge and has
not been achieved with commonly used substrates such as Si, MgO, sapphire or
SiC, see Figure 11. Moreover, the film-to-substrate interface should be given
special attention, e.g. applying sufficient cleaning of the substrate surface prior
deposition of NbN as well as running a deposition process preferably at low
temperatures to reduce impurities and interdiffusion from light elements from the
substrate to the NbN film. Additional requirements on the substrate are chemical
inertness and mechanical robustness to ease the application in practical
waveguide-based HEB mixers.
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Ultra-thin NbNN fabrication

3.1 Thin film deposition techniques

The 6-phase of NbN is according to the phase diagram in Figure 3 only stable at

temperatures above 1200 °C and is, in addition to it, sensitive to the ratio of
N/Nb. Originally, NbN has been synthesized by the nitrification of Nb powders at
high temperatures which was achieved in a furnace or by heating the sample with
excessive RF power [22], [21]. It was found that the nitridation was supported by
increasing the nitrogen pressure to several MPa, where Nb undergoes the following
phase transitions [58]:

Nb = a — Nb(N) = B — NbyNypy = ¥ — NbyN3iy = & — NDNy oy

With the continuous progress in thin film deposition techniques, it was soon
feasible to fabricate NbN also with chemical deposition techniques such as the
High Temperature Chemical Vapor Deposition (HTCVD) [59] or through a
chemical solution polymer assisted deposition on SrTiO3 substrate [60].

In addition to that, many more techniques have been employed to successfully
deposit NbN thin films such as pulse laser annealing [61], the pulse laser
deposition technique [62], molecular beam epitaxy (MBE) [63] or the atomic layer
deposition (ALD) [64]. Despite the numerous process technologies of growing NbN
thin films, the DC magnetron sputtering from a pure Nb target in a reactive
argon-nitrogen atmosphere became widely accepted as the deposition techniques of
choice, particularly for growing ultra-thin films used for e.g. HEBs or SSPDs.

The Chapter 3.2 will describe the DC magnetron sputtering technique for growing
ultra-thin NbN films in detail.
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3.2 Reactive DC magnetron sputtering of
NbN

DC magnetron sputtering belongs to the physical vapor deposition techniques
(PVD) and utilizes a high-purity metal source (target) which is bombarded with
ions of a noble gas. The energy of the sputtered atoms is initially in the range of
several eV [65], [66] which is equivalent to a temperature of a few thousand
Kelvin. Even though the arriving atoms lost part of their kinetic energy due to
collisions until they reach the substrate surface, they are still in thermodynamic

non-equilibrium, which makes the formation of the desired §-phase of NDbN
possible.

Magnetron sputtering is somewhat different from normal sputtering since it
confines the plasma close to the target surface. Magnetic fields are formed in such
a way that electrons are trapped and the plasma is intensified, which itself is
responsible for the eventual sputtering of the target material. It can be
distinguished between the unbalanced and balanced magnetron configuration. The
latter gives a better confinement of the plasma close to the target, whereas the
unbalanced design exposes the substrate to more direct ion bombardment due to
less plasma confinement. Depending on the process pressure, the sputtered atoms
experience a ballistic trajectory (low pressure, long mean free path) or are
scattered (high pressure, mean free path shorter than target-to-substrate distance)
on their way to the substrate.

Reactive magnetron sputtering in addition, introduces a reactive gas which reacts
and forms compounds with the sputtered material. Those are not only limited to
conductive compounds and also insulating materials can be synthesized. This
requires, however, a RF magnetron power source in order to not insulate or poison
the target with unwanted arcing as a consequence. During reactive sputtering, the
formation of the compound can take place at the target surface, in between the
target and the substrate or the substrate surface.

The increased complexity of this deposition method requires the careful
adjustment of numerous process parameters. In Table 1, the most important ones
are listed. The stoichiometry of the NbN compound is crucial for achieving good
superconducting properties. By changing the ratio N/Nb, the stoichiometry can
effectively be modified. Adjustment of the sputter rate of Nb can directly be
achieved by changing the magnetron power. Indirect ways to increase this rate is
to lower the process pressure and thus increasing the mean free path of the
sputtered niobium, however, there is a competing process present when the
pressure is lowered. Due to the low fraction of ions close to the target surface the
sputter effect is decreased as well as plasma instabilities and ignition problems
could occur. The adjustment of nitrogen's partial pressure is more obvious and
easier way to control rather than the adjustment of Nb sputter rate. Additional
RF biasing of the substrate holder may influence the deposition rate but not the
sputter rate due to sputtering from the substrate by accelerated ions.
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Table 1: Relevant process parameters for the deposition of NbN thin films.

Process parameter Access / affects NbN
adjustability  stoichiometry
Substrate cleaning very good -
Prior deposition Target conditioning good -
Base pressure moderate -
Magnetron power good +++
RF bias optional -
. Total pressure very good ++
Sputtering Partial pressure Ar/N, very good o
Substrate heating optional +
Deposition time very good -
Target-substrate distance Poor +
Annealing (T, t, gas) poor - good +
Post deposition Cooling rate poor -
Storage good -

The aforementioned process parameters in interaction with one other need to be
optimized in order to achieve NbN films with high quality. In Figure 14, such an
optimization procedure is illustrated. The optimal range of nitrogen and argon
partial pressure is particularly narrowed for films with good superconducting
properties, i.e. high critical temperature and narrow transition width. This optimal
range, however, shifts for different total pressure or actual target erosion. This has
also been observed by Wang and Capone [67], [65].
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Figure 14: The optimal nitrogen partial pressure is dependent on total pressure, the thickness of the hot deposited films is 5nm
and 7nm for the ambient temperature growth, this explains the reduced transition width compared to the thinner but hot
deposited films.

The influence of substrate heating has been investigated and shows an increasing
critical temperature of the deposited films if the substrate holder was heated up to
approximately 650 °C for silicon substrates, as illustrated in Figure 15. It is
understood that the mobility of arriving Nb atoms at the substrate surface is
significantly increased by the additional thermal energy and leads to more ordered
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films with fewer defects, as the increasing RRR is supporting this. With further
increases of the substrate temperature, however, the RRR decays rapidly as well
as the Tc of the film is lowered as illustrated in Figure 15. This can be associated
with the incorporation of impurities in the film’s lattice by outgassing of elements
inside the vacuum chamber.

11 0.9

10r /’J \ 0.85

8.5 D —
8 | e ..A,...,........,..ﬂ
- _— - X _
| ,,ww \ .
,,».N,, }‘\
’ i

75 . : . : : ‘ 75
0 100 200 300 400 500 600 700 800
T, [°Cl

Figure 15: Critical temperature and RRR as a function of substrate holder temperature. The critical temperature of the 5 nm
thin NbN film on Si increases up to 10.5 K at a substrate holder temperature of 650°C.

It can be concluded, that the optimization of process parameters in a reactive DC
magnetron sputtering tool for the ultra-thin film deposition of NbN is manifold
but provides eventually high quality films with high uniformity and repeatability.
Particular importance needs to be given the adjustment of the partial pressure of
nitrogen and argon as they mostly affect the film stoichiometry. Substrate heating
has also proven to be essential for good superconducting properties of
polycrystalline NbN films.

3.3 Surface analysis of NbIN

During the last years it has increasingly been reported on the influence of the
contact interface on the performance of phonon cooled HEB mixers [68], [69], [70].
A crucial process step in the fabrication of HEBs is the definition of the bolometer
area by placing contact pads of a normal metal, usually a thin Ti layer for
adhesion followed by a thicker Au layer [71]. Therefore, bad quality of the
interface between NbN and the contact pads will lead to additional series
resistance and in turn deteriorates the noise performance of the HEB mixer [71].
After the deposition of the NbN film, the exposure to ambient air will inevitably
cause its surface to oxidize. The removal of this thin layer by Ar" etching [71], [72]
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prior the deposition of contact pads has proven to be sensitive as it easily causes
the NbN film to degrade.

There is only little understanding of the nature of the oxide that forms at the
surface of ultra-thin NbN films. Frankenthal, Gallagher and Ermolieff have
investigated the thermal oxidation of NbN surfaces of relatively thick layers (up to
1500 nm [73]) and bulk material [74], [75] and concluded the formation of mainly
Nb,O; as it is also found on bare Nb surfaces. Although for temperatures below
450 °C also amorphous or polycrystalline NbO, has been identified.

Employing surface sensitive methods such as X-ray photoelectron spectroscopy
(XRD) and reflective electron energy loss spectroscopy (REELS), the oxide state
has been identified from the energy shift of NbO, to Nb according to x = 1.03 - AE
[76]. In fact the in [Paper B] investigated NbN ultra-thin films exhibit an energy
shift of 4 eV to the Nb 3p3/2 peak which clearly identifies the presence of NbO, at
the surface. To the contrary, on the pure Nb film the energy shift of 4.9 eV was
detected which corresponds to the widely observed Nb,O:..
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Figure 16: XPS spectra superimposed by the peaks of Nb 3p3/2, NbN and NbO,. The absence of the Nb 3p3/2 peak in all films
despite different growth conditions and thickness and the alignment of all NbN peaks is evidence of the identical film
composition, reproduced from [Paper B].

The NbO, oxide that is formed at the surface of ultra-thin NbN in ambient

atmospheres has a semiconductor-like nature as in contrast to the insulating
Nb,O, [76].
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3.4 NbN growth on buffer-layers

Crystalline substrates with lattice constant close to the material to be deposited
can promote the alignment of the growing material along its own crystal
orientation. Hetero-epitaxy describes this process: two different materials are
present nonetheless their crystal lattices match. In this case the deposited material
grows as a single crystal and exhibits properties similar to, as if it was grown in
bulk thickness. Small lattice mismatch will result in stress or elastic deformation

in the film lattice. The §-phase NbN is arranged in a face centered (fcc) cubic

crystal with lattice constant of a=4.46 A for single crystal thin films with highest
reported T [67].

The Table 2 presents possible substrates and buffer-layer that have been used for
the deposition of NbN ultra-thin films. It can be noted that substrates with high
lattice mismatch yield only disordered and polycrystalline NbN with relatively
poor superconducting properties. MgO, 3C-SiC and sapphire substrates have
commonly been employed to promote the high quality growth of mono crystalline
ultra-thin NbN films to overcome the suppression of the superconducting
properties with reduction in thickness.

Table 2: Buffer-layer and substrates used for the deposition of ultra-thin NbN.

Bulffer-layer/ Lattice Structure NbN structural Reference
Substrate mismatch property
Si + 18% diamond polycrystalline [57], [Paper A]
Si;N, + 41% hexagonal polycrystalline [77] [78]
SiO, n.a. amorphous polycrystalline [77]
Quartz + 9% hexagonal polycrystalline [79]
MgO - 6% pol};f)rc}l;si;zlllgne/ single crystal [44], [80]
Al O, + 6% hexagonal single crystal [53]
3C-SiC - 2% rock salt single crystal [51], [52]
GaAs + 21% zinc blende polycrystalline [81]
Nb,N; n.a. polycrystalline  polycrystalline [82]
TiN - 5% pol};(c)rc}lfisgaallltine/ polycrystalline [83]
AIN -1 % polycrystalline  polycrystalline [84]
Al Ga, N -1% to +1% wurtzite single crystal [Paper A]
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Moreover, it has recently been shown the possibility to utilize a hexagonal crystal
structure to align the cubic NbN crystal in its (111)-orientation, as it is illustrated
in the Figure 17 [Paper A].

Cubic fcc s Q ---- Q wurtzite
Y. ~ (0001)

Figure 17: Alignment of the cubic fcc (111) orientation into the (0001) orientation of a hexagonal lattice.

The lattice mismatch of the substrate is crucial for the structural properties of the
NbN film and in consequence for its superconducting properties. Thus, substrates
with relatively large lattice mismatch or with amorphous structure will not
support the single crystal growth of NbN, resulting in a T, of not exceeding 10.5 K
for a 5 nm thin film deposited onto Si or GaAs, see Figure 18.
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Figure 18: Highest reported critical temperature of NbN film with thicknesses between 3.5 and 6 nm, references see Table 2

MgO, 3C-SiC, sapphire and GaN have proven to yield single crystal NbN films
with T, between 11.9 K and 13.3 K. However, fabrication challenges may appear
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with the use of MgO buffer-layer and substrates because of their hydrophobic
character. Sapphire on the other hand causes problems due to its hardness and is
therefore difficult to integrate in waveguide based applications at submillimeter
and THz frequencies. 3C-SiC was first demonstrated in 2007 [52], although since
then no report has made about a device utilizing the NDbN/SiC material
combination which may be due to unreliability in the deposition process. The
high T, that is achieved with the GaN buffer-layer is a very recent discovery
[Paper A] and has yet to prove the prospective improvements on technologies
based on ultra-thin NbN. Therefore, the next section will particularly focus on the
advantages that come along with the use of this buffer-layer.

3.5 Al_,Ga, N buffer-layers for NbN THz
electronics

The growth of high quality AlGaN epilayers has been subject to intense research
for many years now due to their use in optoelectronics and high-power RF devices.
Metal-organic chemical vapor deposition (MOCVD) is usually used to grow such
layers. Nitrogen gas is bubbled trough a liquid precursor such as
Trimethylaluminium, respectively Trimethylgallium and is transported to the
reaction chamber where it chemically reacts at the substrates surface and provides
conditions for the crystal growth. Sapphire substrates are commonly employed due
to their large wafer size, price and availability. Others such as SiC, §Si,
freestanding GaN or AIN can also be used as a substrate to grow high quality
AlGaN layer which serve equally to provide the single crystal growth of NbN with
T. of approximately 13 K as illustrated in Figure 19.
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Figure 19: Normalized resistance versus temperature of a 5 nm thin NbN film deposited onto a GaN buffer—layer, which itself
was grown onto sapphire, Si substrates as well as bulk GaN

The GaN buffer-layer to grow onto NbN is particularly useful for phonon cooled
HEB mixers since it yields excellent superconducting properties as compared to
e.g. Si substrates as illustrated in Figure 21a. The use of GaN buffer-layer allows
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for a reduction of the NbN film thickness without suppressing the T significantly,
and in consequence results in the decrease of the phonon escape time.

The phonon transmissivity may also be increased as suggested in Figure 11,
resulting in an improved acoustic matching between film and substrate. Moreover,
the interface possesses only very few defects as it is indicated by HRTEM and
HAADF/STEM in Figure 20a,c and should therefore reduce the effect of phonon

trapping at the film/substrate boundary as described in chapter 2.3.3.

Ti

NbN

Figure 20: a) Epitaxial growth of NbN onto the GaN buffer-layer, the Ti top layer served as a contrast for better visibility. b)
Diffraction pattern from FFT taken of the selected areas inside the NbN film and GaN layer. c) Very few stackfaults are visible

at the interface [Paper A].

This strongly points towards an improvement of the IF bandwidth of the NbN
HEB mixer due to the effective heat transfer across the film/substrate interface.
From an electrical point of view, GaN features very low loss at submillimeter and
THz frequencies [85] and its dielectric constant of 8.9 allows for a compact design.
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Figure 21: a) Resistance versus temperature behavior of ultra-thin NbN films with 5 nm thickness, deposited on the AlGaN
buffer-layer in comparison with Si substrates b) Critical current density versus temperature for NbN grown onto GaN

Al154Ga46N and Si substrates.
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Furthermore, the high critical current density of NbN/GaN of 3.8 MAcm™ as
compared to NbN grown on Si substrates with 1.2 MAcm™ [Paper A], see Figure
21b, justifies its use in other applications such as SIS junctions, SQUIDs or
superconducting IF circuitry. In e.g. multi-layer fabrication processes it is often
necessary to avoid high temperatures. Therefore, the ambient deposition of NbN
onto GaN was considered and showed still improved properties over NbN/Si
deposited at high substrate temperatures [Paper B].
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HEB IF
bandwidth study

4.1 Experiment description

The influence of the GalN buffer-layer on the escape time of a phonon cooled NbN
HEB mixer operating at 180 GHz is investigated and compared to commonly used
Si substrates. In this relatively low frequency band, sufficient RF power is
available and the radiation can be coupled into the bolometer without the need of
a quasi-optical arrangement (antenna and lens) or a waveguide mount (electrical
probe and appropriate thin film structures), which eases the fabrication and allows
for the characterization of different substrates in a timely manner.

The IF bandwidth of practical micro sized HEBs is not only determined by the
NbN film characteristics, also electro-thermal feedback associated with self-heating
in the HEB bridge plays a role and causes different IF bandwidths upon the
change of its bias conditions [33]. The bias point that provides the lowest noise
temperature of the HEB is therefore relevant when stating the IF bandwidth
performance of such mixers.

In our experiment, however, the bath temperature is increased by warming up the
whole mixer block close to the critical temperature of the NbN film. This has
several important implications such as the temperature of the film lattice is close
to the one of electrons and yields therefore a bolometric response. The electron-
phonon interaction time is believed to be very short as it is proportional to T for
NbN films [41] and thus, is negligible compared to the temperature-independent
phonon escape time. This particular mode of operation allows therefore to
investigate the effect of buffer-layers and film thickness in a simplified manner.
Moreover, the bolometric response caused by the heating of the HEB, will also
reduce the influence of electro-thermal feedback, the bias dependence on IF
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bandwidth as well as the requirement of LO power. Finally, the operational
frequency of around 180 GHz is rather low for NbN films with T. above 13 K but
by elevating the temperature we reach the situation when the quanta size is
sufficient to effectively produce quasiparticles.

The experimental setup is depicted in Figure 22.

Spectrum LO Signal
analyzer %;rSIE)I—190 180 GHz
Z
LNA
0.1-8.5
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attenuator
HEB > | Bias
biasing T 3 dB
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Temperature
control ” I:l
~+ HEB
cryostat

Figure 22: Measurement setup for IF roll-off investigation which is accompanied with the phonon escape from the NbN film to
the buffer-layer/substrate when operated in the bolometric regime.

The RF and local oscillator signal are combined in a 3 dB hybrid and guided into
the cryostat via waveguides. The generated IF signal is amplified by a wideband
LNA and measured in a spectrum analyzer.

4.2 Characterization of the measurement
system

In order to conclusively evaluate the influence of the used buffer-layer on the HEB
IF bandwidth, it is important to exclude external effects that alter the IF
response. Such measurement uncertainties can be caused by e.g. losses in the
cables or standing waves attributed to the impedance mismatch. This is a severe
problem especially for measurements performed at cryogenic temperatures since
the impedance of e.g. coaxial cables is normally specified at room temperature and
is likely to change due to the thermal contractions of the dielectric material at
colder temperatures. Thus, careful calibration of all involved IF circuits, as seen in
Figure 23 is essential.
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Figure 23: Components of the IF chain to be calibrated.

The frequency behavior of all components of the IF chain were assessed with a
calibrated vector network analyzer (VNA), utilizing the time domain reflectometry
and gating technique. Since the impedance of the HEB mixer can be varied in a
wide range by changing its operating point, it could be used as a calibration
standard such as a short (superconducting state), a load (normal state) or an open
termination (e.g. destroyed device). S-parameter measurements at these operating
points supported by an electrical circuit simulation enabled the characterization of

the entire IF chain in the frequency range of interest as presented in the Figure
24.
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Figure 24: Transfer function of the entire IF system, including the LNA and the HEB impedance in its operating point.

The aforementioned standing waves are predicted to have an amplitude of
approximately 3 dB, its ripple frequency is proportional to the electrical length
between the DUT (HEB) and the spectrum analyzer.
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It can be seen that the measurement system has a relatively sharp system roll-off
at 4 GHz which is mainly caused by the increasing losses in the coaxial cables with
rising IF frequency.

4.3 Measurement results

Measurements of two different NbN films with different superconducting and
structural properties as stated in Table 3 were conducted.

Table 3: Summary of the properties of the investigated samples used for the HEB fabrication

substrate thickness T, R, at 20K Bolometer
[nm] K] [Ohm] R, at 20 K [Q] Size [um?]
Silicon 5 9 620 65 5%60
GaN on sapphire 5 12 550 60 5*40

The IF level was recorded from 100 MHz up to 8 GHz as illustrated in Figure 26.
As expected the recorded data shows evidence of standing waves, with amplitude
about 3 dB. It was not possible to reconstruct the period of the standing wave due
to the limited amount of measurement points. However, based on the known
frequency behavior of the IF chain it was possible to correct the recorded raw data
according to Figure 26.
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Figure 25: Measured IF signal level without correction for IF chain response.
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After correction of measurement system roll-off
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Figure 26: Measured IF signal level (normalized) with correction for IF chain response.

The corrected data shows a clear increase in IF roll-off frequency from 1.74 GHz
for the Si substrate to 3 GHz on the GaN buffer-layer for NbN films with identical
thickness of 5 nm. The dashed lines in Figure 26 represent the theoretical fit
according to (17) and coincide very well with the measurement data which
supports the reliability of this measurement system for the time efficient
characterization of IF bandwidth of HEBs.

2
Aip(flag = Ao (1 - <L> ) (17)

fsan

Furthermore, the influence of the IF response on different bias conditions and bath
temperatures have been investigated and are presented in Figure 27.
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Figure 27: Normalized and corrected IF signal level for 5nm NbN/GaN at different bias voltage and temperature

The frequency response is almost identical and supports the assumption of
negligible electro-thermal feedback and the presence of a bolometric response with
similar temperatures of electrons and film lattice.

The extracted IF roll-off cannot directly be compared to the IF bandwidth
obtained with practical HEB mixers because of the raised temperature of the bath,
the large bolometer area as well as the reduced electro-thermal feedback.
Nonetheless, the comparative measurement points strongly towards the
prospective improvement of IF bandwidth with the employment of NbN ultra-thin
film grown onto GalN buffer-layers that is expected to take place due to an
enhancement of the phonon escape.
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Concluding remarks

This thesis dealt with the development of ultra-thin NbN films with improved
superconducting properties, particularly suited for HEB applications with at
enhanced IF bandwidth.

As a result, the hexagonal buffer-layer Al Ga, N was employed for the first time
and yield NbN films deposited by reactive DC magnetron sputtering with 13.2 K
critical temperature on the GalN epi-layer despite its thickness of only 5 nm.
Excellent homogeneity, a very distinct interface and the epitaxial growth were
confirmed by HRTEM investigation. The critical current was determined to be 3.8
MA /cm® and therefore three fold compared to a high quality NbN film deposited
onto a Si substrate. The GaN buffer-layer can therefore also be employed in other
superconducting electronics such as SIS tunnel junctions or SSPDs which would
benefit from high quality NbN films in order to extend the operational bandwidth
or sensitivity, respectively.

With changing the Al content x in the Al Ga, N compound, it was possible to
modify the superconducting properties of the NbN such as the T. which slowly
deteriorated with increasing the Al content above 20% down to 10.5 K, exhibiting
a poly-crystalline crystal structure.

The characterization with XPS and REELS techniques revealed the presence of
the semiconductor like NbO, at the surface of NbN when exposed to ambient air,
which is in contrast to the previously believed insulating Nb,O; that forms on Nb
surfaces or thick NbN films under thermal oxidation.

Furthermore, it was suggested that the NbN/GaN material combination provides
a better acoustic match compared to commonly used substrates such as Si or MgO
and thus enhancing the IF bandwidth of phonon cooled HEBs. Preliminary results
that were obtained from a mixer experiment at 180 GHz point strongly towards
this trend as the IF signal roll-off was increased by almost 80 % in presence of the
GaN buffer-layer compared to bare silicon.
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The continuous improvement of HEB mixers for THz applications is essential since
there is no other competing technology with similar noise performance up to now.
Thus, the next step is to proof the expected performance increase of IF bandwidth
that comes with the employment of the GaN buffer-layer in a practical HEB
mixers working at THz frequencies.
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Summary of appended papers

Paper A

Epitaxial growth of ulta-thin NbN films on AlxGal-xN buffer-layers

In this paper, the possibility to grow single crystal ultra-thin NbN films onto
Al Ga, N buffer-layers is shown for the first time. Electrical and structural
properties of the resulting NbN film are presented and compared to commonly
used substrates.

Paper B

Ambient temperature growth of mono- and polycrystalline NbN nanofilms
and their surface and composition

The growth of single crystal NbN films by reactive DC magnetron sputtering in
the absence of a substrate heating on GalN buffer-layers was demonstrated. The
native oxide of NbN ultra-thin films was identified with XPS and REELS
techniques to be NbQO,, which has direct implications on the surface treatment.
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