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Abstract

Superconducting-Insulating-Superconducting (SIS) multilayers offer a promising ap-
proach to surpass the accelerating gradients of standard bulk Nb superconducting radio
frequency (SRF) cavities, while enabling more efficient and sustainable accelerators. This
dissertation contributes to the pursuit of higher accelerating gradients and improved quality
factors by tailoring SRF cavities, focusing on the synthesis and characterisation of SIS
multilayers to pave the way for plasma-enhanced atomic layer deposition (PEALD)-based
SRF cavities. One of the biggest challenges in developing SIS-based SRF cavities is
achieving conformal and uniform coatings on the cavity shape. PEALD is the most promis-
ing technique, as it allows for conformal coating of highly structured, three-dimensional
substrates without shadowing effect and with sub-nm thickness precision. Furthermore,
it is a mature technology already established in industrial processes. The SIS multilayers
studied consisted of AIN-NbTiN deposited on planar substrates: on Nb, representing
cavity-relevant conditions, and on Si to offer insights into the intrinsic material properties.
The optimisation of the SIS multilayers synthesis by PEALD was carried out by studying
the superconducting properties of the NbTiN thin films. Fundamental studies were
conducted using various material analysis techniques to assess the film microstructure,
composition, crystal structure, and superconducting performance. The PEALD-deposited
thin films were found to be smooth, which is essential for sustaining high fields in SRF
cavities by minimizing field enhancements and preventing early quenching or losses. The
study emphasised the interface between the superconducting and insulating films. The
NbTiN composition (ratio of Nb to Ti within the ternary) was confirmed to be precisely
tailored by the PEALD deposition process. The superconducting performance of NbTiN
films is related to the composition and crystal structure of the film. The ratio of Nb to Ti
was adjusted to 3:1 for an improved superconducting transition temperature. The PEALD-
deposited NbTiN films formed the phase of interest d-NbTiN. Post-deposition thermal
procedures were found to promote crystal growth and impurities outgassing, significantly
enhancing the superconducting performance of NbTiN thin films. The post-deposition
annealing process was optimised, with higher annealing temperatures resulting in greater
enhancements. The impact of annealing on SIS multilayers—microstructure, morphology,
composition, crystal structure, and superconducting performance—was evaluated. SIS
multilayers produced by PEALD met the necessary criteria for potential implementation in
SRF cavities and demonstrated suitability for cavity preparation processes. Nevertheless,
RF performance tests are required to assess the effectiveness of SIS coatings.



Zusammenfassung

Supraleitende-Isolierende-Supraleitende (SIS) Mehrschichtsysteme bieten einen vielver-
sprechenden Ansatz, um die Beschleunigungsgradienten herkémmlicher supraleitender
Niob-Radiofrequenz (SRF)-Kavitidten zu tbertreffen und gleichzeitig effizientere und
nachhaltigere Beschleuniger zu ermoglichen. Diese Dissertation tragt zur Erreichung
hoherer Beschleunigungsgradienten und verbesserter Qualitdtsfaktoren bei, indem SRF-
Kavitdten gezielt angepasst werden. Der Schwerpunkt liegt auf der Synthese und
Charakterisierung von SIS-Mehrschichtsystemen, um den Weg fiir SRF-Kavitdten auf
Basis von Plasma-unterstiitzter Atomlagenabscheidung (PEALD) zu ebnen. Eine der
grofiten Herausforderungen bei der Entwicklung von SIS-basierten SRF-Kavitéiten ist die
Herstellung konformer und gleichméfiger Beschichtungen auf den komplexen Kavitéiten-
formen. PEALD ist die vielversprechendste Technik, da sie konforme Beschichtungen
auf hochstrukturierten, dreidimensionalen Substraten ohne Schatteneffekte und Prézision
im sub-nm-Bereich ermdéglicht. Dariiber hinaus ist sie eine ausgereifte Technologie, die
bereits in industriellen Prozessen etabliert ist. Die untersuchten SIS-Mehrschichtsysteme
bestanden aus AIN-NbTiIN, die auf planaren Substraten abgeschieden wurden: auf Nb,
das kavitdtsrelevante Bedingungen darstellt, und auf Si, um Einblicke in die intrinsis-
chen Materialeigenschaften zu gewinnen. Die Optimierung der Synthese von SIS-Diinne
Schichten mittels PEALD wurde durch die Untersuchung der supraleitenden Eigen-
schaften der NbTiN-Dinnschichten durchgefiilhrt. Fundamentale Studien wurden unter
Einsatz verschiedener Materialanalysetechniken durchgefithrt, um die Mikrostruktur,
Zusammensetzung, Kristallstruktur und supraleitenden Eigenschaften der Schichten zu
untersuchen. Es wurde festgestellt, dass die durch PEALD abgeschiedenen Diinne Schichten
glatt sind, was fiir die Aufrechterhaltung hoher Felder in SRF-Kavitdten essenziell ist, da
Feldverstdrkungen minimiert und frithes Quenching oder Verluste verhindert werden. Die
Untersuchung legte einen Schwerpunkt auf die Grenzfliche zwischen den supraleitenden
und isolierenden Schichten. Es wurde bestéatigt, dass die NbTiN-Zusammensetzung
(Verhédltnis von Nb zu Ti im terndren System) durch den PEALD-Prozess prézise
eingestellt werden kann. Die supraleitenden Eigenschaften von NbTiN-Schichten stehen
in Zusammenhang mit der Zusammensetzung und Kristallstruktur der Schichten. Das
Verhéltnis von Nb zu Ti wurde auf 3:1 eingestellt, um eine verbesserte supraleitende
Ubergangstemperatur zu erreichen. Die mittels PEALD abgeschiedenen NbTiN-Schichten
bildeten die relevante Phase 6-NbTiN. Nach der Abscheidung durchgefiithrte thermische
Verfahren forderten das Kristallwachstum und die Ausgasung von Verunreinigungen, was
die supraleitenden Eigenschaften der NbTiN-Diinne Schichten signifikant verbesserte. Der
Prozess der Nachbehandlungsanwérmung wurde optimiert, wobei hohere Temperaturen
zu grofleren Verbesserungen fiihrten. Der Einfluss des Glithens auf die Mikrostruktur,
Morphologie, Zusammensetzung, Kristallstruktur und supraleitenden Eigenschaften der
SIS-Mehrschichten wurde ausgewertet. Die durch PEALD hergestellten SIS-Mehrschichten
erfillten die notwendigen Kriterien fiir eine potenzielle Implementierung in SRF-Kavitédten
und zeigten ihre Eignung fiir Vorbereitungsprozesse von Kavitdten. Dennoch sind
HF-Leistungstests erforderlich, um die Wirksamkeit der SIS-Film-Beschichtungen zu
bewerten.
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1. Introduction to Superconducting-
Insulating-Superconducting (SIS)
multilayers for superconducting radio
frequency (SRF) cavities

This section aims to provide a general view of the implementation of Superconductor-
Insulator-Superconductor (SIS) multilayers in the potential next-generation of tailored su-
perconducting radio frequency (SRF) cavities. First, a brief introduction to SRF cavities
and RF superconductivity is given. For a deeper understanding of superconductivity, it is
recommended to refer to [1-3]. Similarly, for a detailed look into SRF cavities Padamsee
et al. [4] and Gurevich [5] should be consulted. Lastly, the innovative approach with SIS
multilayers and their potential impact on SRF cavities are presented.

1.1. Basics of superconductivity and superconducting radio
frequency (SRF) cavities

In particle accelerators, radio frequency (RF) cavities are structures responsible for accel-
erating the beam. Cavities are designed to resonate the electromagnetic waves at a radio
frequency. Thus, the beam sees the electric field pointing towards its travelling direction
and the magnetic field parallel to the cavity surface. Cavity efficiency is crucial for reducing
the cost impact on large accelerator projects. It is determined by the quality factor (Qp),
which quantifies the energy efficiency as the ratio of the energy stored in the cavity to the
energy lost in the cavity wall and can be expressed as:

G

Qo = R (1.1)

where G is a geometrical factor that accounts for the field distribution and Rg is the sur-
face resistance as a consequence of the electromagnetic field penetrating into the cavity
surface. On account of minimising surface losses, cavities progressed from normal con-
ducting to superconducting materials. Typically superconducting radio frequency (SRF)
cavities have a Qg of five orders of magnitude higher than the normal conducting copper
cavities [4]. Additionally, SRF cavities enable higher accelerating fields. The underlying
reasons are addressed next, starting with a short introduction to the crucial aspects of RF
superconductivity to then cover the main aspects for the SRF cavity performance.

First, superconductors are materials which exhibit zero direct current (DC) electrical
resistance below a certain temperature. This temperature, known as critical temperature
(T¢), sets the transition point between the normal conducting (NC) and the superconducting
(SC) states. According to the Bardeen—Cooper—Schrieffer (BCS) theory [1], in the SC
state pairs of electrons named Cooper pairs are formed by the mediation of the electron-
phonon interaction. Thus, two electrons are bonded in a Cooper pair described by a single
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wavefunction. To break a Cooper pair, the energy transferred to it must be higher than 2A,
where A is the superconducting gap. This energy threshold can be achieved by increasing
temperature, magnetic field, or electrical current. Due to the collective nature of Cooper
pairs, which condense into a coherent quantum state with an effective total momentum of
zero, they flow in coherence and unperturbed, hence without resistance. A simple approach
is given by the two-fluid model, that divides the current flow in a superconductor into
normal currents carried by unpaired electrons and supercurrents carried by Cooper pairs.
Thus, the total density of charge carriers (n;) can be expressed as:

ny = nnc (for T>T,) ; ny = nne + nge (for T<T,) ; ny = nge (for T=0) (1.2)

Since Cooper pairs move frictionless, the whole DC current flows with no resistance through
the supercurrents, shielding the normal conducting electrons from the applied field. In
addition, superconductors present the feature of expelling magnetic field. This phenomenon
is known as Meissner effect. As the material enters the superconducting state, screening
currents circulate at the surface of the superconductor. These currents, which are indeed
the Cooper pairs, generate a magnetic field opposite to the external applied magnetic field,
counteracting and cancelling it out from the superconductor. The frictionless nature of the
Cooper pairs ensures the permanent expulsion of the magnetic field. Nevertheless, even if
supercurrents shield the bulk material, the magnetic field can penetrate a certain distance
near the superconductor surface, through which it decays exponentially following:

H(x) = Hy exp (;i‘) (1.3)

where Ay, is the London penetration depth and corresponds to the region where supercurrents
are confined and where the magnetic field decays. Therefore Ay, is related to the density of

supercurrent carriers (nsc) by:
1

)\L2 X —; (1'4)
nsc

making evident that the larger the density of Cooper pairs the more effectively the mag-
netic field is expelled and its temperature dependence as pointed by Equation However,
if a strong enough magnetic field is applied the screening effect is overcome and the field
penetrates into the superconductor. The way this occurs determines the two types of super-
conductors: type I and type II superconductors. This is dictated by the Ginzburg-Landau
(GL) parameter Kqy:

KRGL = LGL
el
1
type I kgL, < —= 1 §oL > AGL (1.5)

V2

1
type II: kap, > — < AqL;
yP GLZ 5 fan < AaL

where A\qr, is the GL penetration depth, which has the same meaning as the A;, but takes
into consideration the presence of defects, and &gy, is the GL coherence length which is
defined as the distance over which the superconducting order parameter varies significantly.
The distinction between type I and type II superconductors is that they behave differently
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in their transition from the SC to the NC state under applied magnetic field. A visual
representation is presented in Figure On one hand, type I superconductors shift
from the Meissner state to the NC state with a single phase transition upon a critical
magnetic field (H¢), which is temperature dependent. This implies that the supercon-
ducting transition takes place at T =T, in the absence of magnetic field; while in the
presence of magnetic field the transition would take place at T < T.. On the other hand,
type II superconductors, likewise temperature dependent, transit three different states:
Meissner state, mixed state known as Schubnikov phase, and NC state. Therefore, type
IT superconductors present two critical fields: the lower critical field (He1) and the upper
critical field (Heg). The mixed state is delimited by He; < H < Hep and indicates the
field range which is energetically favourable to the entry of quantified magnetic field flux
while maintaining superconductivity in the rest of the regions. Each enter magnetic flux
is named vortex and consists of a normal conducting core surrounded by superconducting
currents that keep the rest of the material superconducting. Further, each vortex carries
the quantified minimum field possible, thus the density of vortices increases with the
applied magnetic field until it reaches Heo and becomes energetically favourable for the
material transition to its NC state. However, it is possible to maintain the Meissner state
above H.1, delaying the onset of vortex nucleation upon the metastable thermodynamic
limit characterised by the superheating field (Hg,), where He; < Hgy < Heo. The Hgy is
explained by an energy barrier at the superconductor surface, known as Bean-Livingstone
surface barrier, which vortices must overcome to penetrate the superconductor.

Although DC accelerators are feasible their accelerating energy is limited ~ 100 MeV
[6] by the voltage breakdown, triggered by steady strong electric fields. Consequently,
alternating current (AC) is used in cavities. However, unlike for DC, AC fields prevent
the superconductor resistance to drop to zero. The reason for this is that while in DC
all current is carried by Cooper pairs and the unpaired electrons are shielded from the
applied field, in AC both paired and unpaired electrons carry current. This is because by
applying an alternating field Cooper pairs are forced to constantly change their direction.
In consequence, they are accelerated and decelerated within every cycle of the oscillating
field. And although Cooper pairs move frictionless. However, they have higher inertia than

Applied Magnetic Field, H Type 1I

Applied Magnetic Field, B~ 1ype I
A Hsh

Normal State
Normal State

Hc Hcl
Meissner State

—
“ Temperature, T

T, T

c

Meissner State

Temperature, T

Figure 1.1: Applied magnetic field versus temperature for type I and type II superconductors.
Image adapted from [7].
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unpaired electrons thus, Cooper pairs take more time and energy to swap their direction.
Unpaired electrons, which react faster to the change of direction of the AC field, see the
electric fields leading to dissipation. The power dissipation is proportional to the frequency
squared, resulting from the applied and induced fields. The BCS theory describes this power
dissipation as:

2 A
Racs = Al M 0. e (o0 ) (1.6

where A is a constant which depends on intrinsic characteristics of the material: resistivity
in the normal state (ppc), London penetration depth (Ar), Pippard coherence length of
Cooper pairs (&), and the electron mean free path (1); w is the RF frequency and A the
superconducting gap. The exponential factor describes the probability of some Cooper pairs
splitting by thermal excitation. This equation is valid at low temperatures T < T./2 where
A(0) = A(T). According to the BCS theory at T = 0K all charge carriers condense into
Cooper pairs; therefore the measured RF surface resistance of a cavity should tend to zero at
low temperatures, since it follows Rgcg. However, experiments show a different behaviour
as is shown in Figure[I.2] Thus, the surface resistance is the sum of the BCS resistance and
a residual term thermal independent:

Rs = Rpes(T) + Rres(/T). (1.7)

1000 permr—rmre et

100 |-

R¢ [nQ2]

10

Figure 1.2: Measured RF surface resistance in a 9-cell SRF Nb cavity at DESY [g].

The residual resistance however is not fully understood although it is presumed to be field
dependent and a sum of various factors [4]. In some cases its source can be unrelated to the
superconducting surface, e.g. excessive losses in a coupler [4]. Although the most relevant
and discussed here are surface-related sources e.g., trapped flux. In an ideal situation, when
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a superconductor is cooled down in the presence of an external magnetic field (lower than
H¢p), the flux lines will be expelled once T < T.. However, real superconductors present
lattice defects—interstitials, dislocations, and grain boundaries—and other inhomogeneities
that act as pinning centres that trap magnetic flux or cause early entry []gﬂ The trapped
and the early entry of flux vortices remain normal conducting in the Meissner region and
result in dissipation under the RF field:

_ Hext
2Hc2

Riux(w) Rnce. (1.8)
It was observed that SRF cavities trap all the field present during its cool down . Hence, it
is crucial to minimise flux vortices by: shielding earth’s or any other magnetic field, reducing
the sensitivity to trapped magnetic flux affected by the cool down procedure—cool down
velocity and the spatial temperature gradient — and the pinning centres. Nevertheless,
the pinning behaviour of crystalline defects and their role on RF dissipation is complex and
will not be discussed in detail here. Antoine @ﬂ is recommended for a more comprehensive
understanding.

Concretely, SRF cavities are made of niobium (Nb) because of its good superconducting
properties—among the pure metals, Nb presents the highest lower critical field (H¢1) and Tk.
In addition, Nb has a high thermal conductivity necessary to dissipate RF loses. Besides,
its mechanical and chemical properties make cavity manufacturing and treatments feasible.
The shape and size of the cavity would depend on the type of particles to be accelerated
and their velocity. For high accelerating gradients, as is the case for the European XFEL at
DESY (Eacc = 23.6 MV/m and Qo > 10%° ), the SRF cavities are 9-cell TESLA shape
and operate at 1.3 GHz and 2 K. A visual representation is given in Figure [I.3] Although
for R&D 1-cell TESLA cavities are employed.

Figure 1.3: SRF 1.3 GHz 9-cell TESLA cavity made of Nb. Image taken from .

1.2. Limitations of Nb SRF cavities

The performance of a cavity is often given by its Qg vs Eacc curve; where E,.. is the ac-
celerating gradient that represents the energy gained by the beam along the cavity length.
Exemplary Qg vs E,ce curves for different cavity treatments are presented in Figure
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Figure 1.4: Comparison between SRF Nb cavity performance for different surface treatments:
Standard |13|, doped [14], infused [15], mid-T baked [16], and predicted SIS coated [17]
cavities. The start represents the European XFEL specifications [18]. Courtesy of Marc
Wenskat.

On one hand, the limit for E,.. is set by the magnetic field on the cavity surface. For
a TESLA cavity the relation is given by Hpeak/Eacc =4.26 mT MV~ im1 [19]. There-
fore, for Nb with Hg, = 228 mT the maximum accelerating gradient possible would be
Eace 55 MV m~!. However, reaching such a limit is not viable. The superheating field
is based on the premise of defect-free superconductors. But in reality, defects affect the
supercurrents and hence the surface barrier, fostering vortex nucleation [6]. Moreover, the
time necessary for vortex nucleation in the presence of defects is 1 x 107135, smaller than
the RF period [6]. Thus, Nb SRF cavities are limited to values lower than 55 MV m™!.
Therefore, to achieve higher accelerating gradients new routes must be explored.

On the other hand, the Qg is set by the RF surface dissipation, sum of Rpcs and Ryes
(Equation . Hence, minimising both resistances is crucial, although, at the operating
temperature (2K), losses are dominated by the Ryes. The approach to minimise Ryes is
already mentioned in the section above. Conversely, the Rpcg depends among other factors
(see Equation on the electron mean free path, 1. For a dirty superconductor (1 < &),
Rpes decreases with increasing 1, reaching a minimum value at 1 ~ &y/2 [20]. Beyond this
point, a further increase in 1 rises Rpcg, saturating as the clean limit (1 > &) is approached.
For Nb cavities Rpcg has its limit at 1 ~ 10 nm, which corresponds to a residual resistance
ratio (RRR) of ~ 4; while the Nb used for SRF cavities has RRR = 300 [21]. Therefore,
the Rpcg, and in turn the Qq, can be adjusted by impurity management. Hence the crucial
role of the Nb surface and, in consequence, the importance of cavity surface treatments
that modify the structural and chemical composition of the surface (see Figures and
. Various Nb oxides—NbsO5, NbOs, and NbO— form the native surface layer whose
thickness varies with material characteristics and oxidation conditions [22]. For Nb SRF
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Figure 1.5: Schematic view of the RF surface: Nb native oxides and their prospective change
with cavity treatments. The )\]LV ®~40 nm; however, the RF field penetrates up to 100-200 nm.
Sketch source: [23].

cavities, native oxides are ~5nm thick. However, the RF field penetrates the first
100-200nm into the Nb surface. Hence, interstitials are also relevant for the cavity
performance.

Several decades of research efforts have pushed Nb SRF technology near the limit of its
capabilities, achieving an exceptional operating performance with Qqu of 10'% and E,.. up
to 40 MV m~!. However, to further increase the accelerating gradient is necessary to break
the Nb monopoly and pursue new strategies for SRF cavities.

1.3. Next-generation tailored SRF cavities

On account of RF superconductivity being a surface phenomenon, the proposal for the
next generation of SRF cavities is to replace the bulk Nb with new tailored-designed cavi-
ties. These new cavities would merge a bulk material—serving as a support structure and
heat dissipater—with various thin films addressing each of the specific requirements for
SRF cavities. Thus, one could decouple the SRF surface from the support structure. A
schematic view of the next-generation SRF cavity concept is presented in Figure This
new approach for SRF cavities would allow using as bulk materials with higher thermal con-
ductivity, e.g. Cu, what could reduce significantly the cooling operational costs. An example
of this are the Nb/Cu cavities, which are already implemented by CERN [24]. Among the
various proposed layers for the next-generation of tailored SRF cavities, this thesis focuses
on the R&D of the Superconducting-Insulating-Superconducting (SIS) multilayers.
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Figure 1.6: Comparison between the present SRF cavities and their potential path toward
more efficient and with higher gradients SRF cavities. Sketch source: |\

1.3.1. Superconductor-Insulator-Superconductor (SIS) structures

The approach of further improving SRF Nb cavities by tailoring the inner RF surface
by coating Superconducting-Insulating-Superconducting (SIS) multilayers was proposed by
Gurevich . This idea can be understood as building on a shielding structure which en-
ables to operate accelerating gradients greater than those tolerated by the Nb cavity and,
moreover, significantly increases the quality factor. Specifically, it was predicted to achieve
through SIS multilayers Qg of two orders of magnitude higher and double the accelerating
gradients compared with bulk Nb cavities (see Figure . In addition, the cryogenic
costs could significantly decrease, as SIS SRF cavities would potentially raise the operat-
ing temperature to 4.2 K. The following details this new concept that can be visualised in

Figure

4
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Figure 1.7: Schematic view of the SIS multilayer concept. It represents the SIS deposited
on the inner surface of a 1.3 GHz Nb cavity and the field decay through the multilayers.

Illustration adapted from .
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On one hand, the top superconducting S-layer is chosen to benefit of a lower Rpcg. As
indicated by Equation this would be the case for superconductors with larger A, and
thus high T., and low p,. at low temperatures. Moreover, it has been empirically found
that the Ryes o y/pnc [26]. Therefore one would expect the S-layer to exhibit also lower Ries.
Although the latter cannot be generalised as many other factors play a role in the residual
resistance. Conversely, superconductors with high T, usually exhibit the disadvantage of
larger A and therefore lower H¢i, limiting the accelerating gradient. However, a thin film
superconductor exhibits higher H¢; than its bulk form, as long as d < A, where d is the film
thickness. This is because the magnetic field penetrates easier in a thin film; thus, vortices
are energetically unfavourable. For them to form the magnetic field must be stronger, hence
the He; enhancement, which is given by [17, 28|:

« _ 2¢0 d
1= T <1.07§) (1.9)

where ¢g is the magnetic flux quantum. This lower critical magnetic field enhancement,
owing to the thin-film S-layer, would enable higher accelerating gradients. Further, the RF
magnetic field penetrates the superconductor surface and decays exponentially through the
S-layer. Hence, upon reaching the Nb interface the field has been attenuated down to a
value that the bulk Nb can withstand without forming vortices. This way, through SIS
multilayers, the bulk cavity is kept in the Meissner state at accelerating gradients greater
than Nb can tolerate.

On the other hand, the insulating I-layer plays two important roles. First, it protects from
vortex avalanche. By intercepting the vortices propagation, the I-layer confines dissipation
to the S-layer. And second, it must exclude Josephson tunnelling and ensure that the
superconductors behave independently.

The shielding effect of the SIS multilayer structure would enhance with the number of SI
layers, according to:

(1.10)

—Nd
HNb = H() exXp ( S)

A

where N is the number of SI layers, dg the S-layers thickness, and Hyp the magnetic field
strength at the Nb interface. The number of SI layers must be chosen to find a compromise
between reducing vortex dissipation and dissipation caused by the suppression of supercon-
ductivity at the interfaces [26]. Further, there is an optimal thickness for the SI layers.
The S-layer must balance being thin enough to enhance H¢q, but thick enough to still ef-
fectively shield the underlying bulk Nb. While the I-layer should be thick enough to avoid
Josephson junction while limiting the handicap of low thermal conductivity. The achievable
accelerating gradient by the SIS multilayers would be limited by the superheating field. For
a multilayer structure consisting of a single S-layer and I-layer, vortex-penetration field,
H%L(ds,)\s,ﬁs,dl,)\Nb), depends on the S-layer material and thickness, I-layer thickness,
and material of the bulk superconductor [29] (Figure top). Nevertheless, this field can
be exceed, allowing vortices to form in the S-layer, as long as the field reaching the Nb in-
terface is below the threshold that would cause vortex penetration [29]. The magnetic field
limit has been recalculated considering the effect of surface defects by the suppression factor
n [30] (see Figure[L.8/bottom). Figure[l.8| presents a visualisation of the optimal thicknesses
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and the magnetic field limit provided calculated for a NbN-I-Nb multilayer structure. The
latest model covers the thickness dependence of the thermodynamic critical field and the
penetration depth . However, so far the theoretical models do not take into account the
I-layer dielectric losses or any perpendicular component of the magnetic field .

For a superconducting material to be a good candidate for SIS multilayers for SRF cavities
it must fulfil the following : higher T. than Nb; low p, (at low temperatures); high

S layer thicknessdg (nm)
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T layer thickness d; (nm)
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T layer thickness d7 (nm) T layer thickness d7 (nm)

Figure 1.8: Magnetic field limit dependence on S- and I-layer thickness in SIS multilay-
ers. The calculations correspond to a NbN-I-Nb: NbN (A = 200 nm and £ = 5 nm) and Nb
(A =40 nm and H, =200 mT). Top graph: achievable peak surface-field without vortex
dissipations . Bottom graphs: achievable peak surface-field accounting for field attenu-
ation in the S-layer and defects effects including a suppression factor .
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critical fields, H¢; and Heo (this is achieved with d < A ); absence of nodes in its gap sym-
metry; not sensitive to radiation damage; and low secondary electron emission coefficient.
Considering these requirements, the most commonly considered superconductors for the S-
layer would be: NbsSn, MgBs, NbN, and NbTiN. However, among these superconductors
the most favourable is NbTiN. Conversely, the others are discarded due to diverse reasons.
On one side, NbgSn is an A15 compound, and so it presents a peak in the density of states
near the Fermi energy that makes Nb3Sn very sensitive to crystalline disorder and radiation
damage [32]. Further, NbsSn is brittle, which demands novel tuning methods for cavity
operation [33]. For MgBs the disadvantage is its band structure, consisting of two gaps.
The developed SIS theory does not consider this aspect, so it is still unknown if such a type
of superconductors can be favourable or not. Moreover, MgB, film properties degrade with
exposure to moisture 33|, what would be incompatible with the standard cavity cleaning
procedures. Lastly, NbN weakness is that it presents much higher p,. than NbTiN. In addi-
tion to its RF features, NbTiN presents further beneficial characteristics such as hardness,
high melting point, thermal stability, and resistance to corrosion and oxidation [34]. The
most considered materials for the I-layer are: AloOgs, AIN, TasOs5, and MgO. Among them,
the selected one is AIN. First, AIN is beneficial for the S-layer. It has been shown that AIN
as a buffer layer promotes higher T, values for NbN and NbTiN [35]. And further, it can
act as oxygen diffusion barrier preventing oxygen diffusion from the native oxide into the
S-layer, what can potentially degrade the superconducting properties of NbTiN. But also,
AIN is favourable owing to its own features, such as high-temperature stability, hardness
and high thermal conductivity [36].

Additionally, SIS multilayers present further requirements that may entail technological
challenges. The deposited thin films must exhibit high-quality, good homogeneity, high den-
sity, and reduced surface and interface roughness for thicknesses on the order of few tens to
hundred nanometers. Further, it is also required to have a fine thickness control while being
able of uniformly coat the RF cavity surface. In particular, the latter represents a challenge
for line-of-sight deposition techniques. Among the existing deposition techniques, atomic
layer deposition (ALD) stands as the most promising choice. ALD is based on a sequence of
self-limiting gas-solid surface reactions, that allows for a conformal and smooth deposition.
Thus, ALD is capable of coating highly structured, three-dimensional substrates without
shadowing effect and with sub-nanometer thickness resolution. Furthermore, because of its
sequential working principle, it enables the deposition of alternating layers. All this together
renders ALD particularly promising for depositing SIS multilayers on the internal surface
of SRF cavities. A preliminary demonstration of the ALD potential, has been given by the
successful deposition of AloO3 on a 1.3 GHz single-cell TESLA cavity by thermal ALD [27].
Additionally, ALD is a mature technology already established in industrial processes, e.g.
semiconductor and microelectronic industries.

This thesis focuses on mastering the deposition of SIS multilayers using plasma-enhanced
ALD (PEALD) and investigating their properties, primarily those of the NbTiN S-layer, as
it is the most relevant for SRF applications. The ultimate goal of this research—beyond
this thesis—is to scale up SIS multilayers from samples to SRF cavities for RF testing.
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2. Plasma-enhanced atomic layer
deposition (PEALD) for SRF cavities

This section aims to provide a general knowledge of plasma-enhanced atomic layer depo-
sition (PEALD), covering its fundamentals, capabilities, and suitability for SIS SRF cavities
integration.

2.1. Introduction to atomic layer deposition (ALD)

The origin of atomic layer deposition (ALD) dates back to the 1960’s-1970’s, under the name
of atomic layer epitaxy (ALE) [37] and molecular layering (ML) [38]. ALD emerged as a
technology for crystalline films for electroluminescent displays. However, its most significant
breakthrough was driven by the semiconductor industry during the 1990’s. Until then, ALE
was the most popular term to reference this technique. However, due to the amorphous and
polycrystalline nature of the deposited films, this term became obsolete and was replaced
by ALD. Nowadays, the term ALE corresponds to the abbreviation for atomic layer etching.

With the demand for smaller devices requiring conformal coatings and thickness control,
ALD has gained increasing popularity. Nowadays, it is used in many applications, e.g.,
energy storage, sensor fabrication, biocompatible coatings, and nanoscale devices; while it
has been implemented in industrial production lines such as semiconductors and solar cells.
The interest in ALD continues to grow, driven, among other factors, by its conformality
and uniformity in highly structured geometries. Among the vapour phase deposition tech-
niques—physical vapour deposition (PVD), chemical vapour deposition (CVD), and ALD—
what sets PVD and CVD apart from ALD is that they are flux-controlled processes, leading
to challenges in obtaining controlled, uniform, and conformal coatings. Conversely, ALD
is a surface-controlled process, governed by the self-limiting chemical reactions between
volatile precursors and the substrate surface, allowing for conformal and uniform coatings
even on complex or large-area substrates. ALD growth rate does not depend on the flux,
although the flux determines how fast the saturation is reached. Thus, ALD ensures precise
film growth [39]. All this is summed up in Figure which contrasts ALD advantages
with the limitations in uniformity, conformality and thickness control presented by line-of-
sight deposition techniques such as PVD and CVD. Hence, ALD, being a non-line-of-sight
deposition technique, not only presents a promising approach for next-generation of SRF
cavities, based on tailored thin films, but also proves its maturity as a technology suitable
for industrial application, as demonstrated in other industries when ALD developed from a
niche technology to an establish method to finally its industrial application.
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Figure 2.1: Surface controlled vs flux controlled processes and their effect on uniformity,
conformality, and thickness control in a three-dimensional substrate. Sketch source: [40].

2.1.1. Fundamental principle of ALD

The deposition technique ALD relies on a sequential process of alternating, separated and
self-limiting gas-solid reactions. The gases, referred to as precursors, are volatile molecules
containing the element required for the desired thin film, generally at a central position
surrounded by ligands. The solids are the reactive sites available on the substrate surface.
Therefore, precursors must react only with surface groups, avoiding reactions with them-
selves, by-products, adsorbed species, or other precursors. Thus, precursor doses must be
separated by a purge and/or pump step. Additionally, after the reaction of the first precur-
sor, the new reactive surface groups must allow the next precursor to react. Moreover, for
ALD, the surface reactions must be self-limiting. This means that reactions occur as long
as the reactive sites are present or available for the precursor molecules. And it naturally
stops when the reactive sites are already saturated. This prevents further precursor-surface
reactions, despite any excess of precursor. As a result, ALD produces films that are ex-
tremely conformal and uniform in thickness, insofar as sufficient precursor flux reaches the

surface sites.

Details of an ALD cycle
An ALD cycle is sketched at Figure and made up of the following steps:
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Figure 2.2: Schematic view of an ALD cycle. Sketch source: ||

1. Precursor dose: initial precursor is pulsed into the reaction chamber—kept at the
desired temperature for the complete process. The precursor chemically reacts with
the substrate surface in a self-limiting manner. Once saturation occurs, no additional
precursor is adsorbed, as all surface reactive sites are occupied. As a result, the atoms
adsorbed onto the surface give rise to newly formed surface groups that must enable
the next precursor to react.

2. Purging: deposition chamber is purged with inert gas and/or pumped out to remove
all unreacted precursor and any by-products before the next precursor dose. This step
has to be long enough to remove all the molecules but without exceeding the limit
when the adsorbed material may start to desorb from the surface.

3. Second precursor or co-reactant dose: second precursor, often called co-reactant,
undergoes self-limiting chemisorption with the previously adsorbed atoms, forming a
monolayer of the desired material on the substrate and releasing by-products.

4. Purging: The chamber is once again evacuated, and a new cycle can be started as
the first precursor can react with the surface groups on the deposited layer.

An ALD cycle produces a monolayer of the desired material and the total deposited
thickness is controlled by the number of times the cycle is repeated. However, in ALD, the
layer deposited with each precursor dose is not yet a monolayer of the final material. With
each dose, only fragments of the precursor adsorb onto the surface; a complete monolayer
of the target material forms only after the cycle is completed. To avoid confusion, it is more
accurate to say that an ALD cycle produces an atomic layer of the target material.
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Figure 2.3: Schematich illustration of the two factors which determine chemisorption self-
saturation: steric hindrance and limited density of reactive sites. Left: there is a physical
obstruction of the reactive site which impides the reaction with the precursor molecules.
Right: there is a lack of reactive sites which prevent the precursor molecules to react and
being chemisorbed. This is an adapted image from [42].

On another note, although an ALD cycle is intended to form a complete atomic layer,
this is not always achieved in practice, particularly during the initial cycles. Factors such as
steric hindrance, which blocks reactive sites and limits interactions with precursor molecules,
as well as the limited density of reactive groups, can affect monolayer formation (see Figure
2.3). Note that this does not affect the ability to grow closed and dense films [39].

The thickness deposited onto the surface after a cycle is called growth per cycle (GPC).
The GPC is constant as long as the gas-surface reactions are irreversible and self-limited.
To this effect process parameters should be optimised. On one hand, the cycle steps above
enumerated are adjusted over time. This is sketched in Figure It is crucial to guarantee
surface saturation in the case of the precursor dose and to avoid CVD within the purging
step. Also, the cycle steps should not exceed the irreversibility threshold at which the
adsorbed species desorb from the surface. On the other hand, temperature influences the
surface reactions, and therefore the GPC, based on the number and type of reactive sites and
the type of reaction mechanisms taking place [43]. This relationship is depicted in Figure
[2.5] Thus, it is fundamental to operate in a temperature range that ensures self-saturating

saturation

desorption ]
desorption

adsorption
adsorption

time ; time
precursor dose purging

Figure 2.4: Cycle steps optimisation to guarantee ALD deposition. For the precursor dose
three different scenarios: insufficient time turns into undersaturation; optimized time leads
to saturation; and overtime gives rise to desorption. In the same way, for the purging step:
insufficient time results in CVD deposition, while overtime results in desorption.
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Figure 2.5: GPC as a function of temperature. ALD growth is ensured by the temperature
range, i.e., the ALD window, which preserves the self-saturation. Often, within the ALD
window, the GPC is constant but this is not necessarily always the case [44].

reactions. This temperature range is often referred to as ALD window. In contrast, outside
the ALD window, the GPC may increase or decrease based on the dominant phenomena.
At higher temperatures, precursor decomposition may induce CVD growth, increasing the
GPC, or cause desorption of the film or adsorbed species, lowering the GPC. Similarly,
at lower temperatures, precursors may condense and physisorb on the surface, increasing
GPC, or insufficient thermal energy reduces precursor-surface reactions and thus decreases
the GPC. For this last scenario, plasma-enhanced atomic layer deposition (PEALD) be-
comes particularly relevant, providing an alternative approach to address the low-reactivity
problem.

2.2. Plasma-enhanced atomic layer deposition (PEALD)

Plasma-enhanced ALD (PEALD), also known as plasma-assisted ALD or radical-enhanced
ALD, is a variation of the classical thermal ALD process, where plasma is used as a co-
reactant during one of the dosing steps during the ALD cycle. An illustration of the PEALD
cycle is given in Figure 2.6, While PEALD may offer advantages over thermal ALD pro-
cesses, it also introduces additional complexity. For this reason, it may be employed only
when the benefits exceed the challenges.
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Figure 2.6: Schematic view of a PEALD cycle. Sketch source: \|

2.2.1. Fundamentals of PEALD: role of plasma species, merits, and limitations

The plasma is a gas with free charged particles—electrons and positive ions—along with
neutral excited and reactive atoms, molecules or fractions of molecules, known as radicals.
At the macroscopic scale (beyond 1 mm) it stays quasi-neutral. The way plasma takes
part in the ALD process is the following. On one hand, the reactive radicals contribute
to surface chemical reactions. On the other hand, ions strike the surface and can lead to
material modifications. Therefore, PEALD represents an energy-enhanced ALD process,
resulting in higher-quality films .

To enable these interactions effectively, PEALD operates in non-equilibrium conditions
or, in other words, PEALD uses cold plasma. This means that the electrons temperature is
way higher than the gas temperature; which is achieved by keeping a low plasma pressure.
The aim is to use electrical fields to heat the electrons enough to dissociate, ionize, and
excite the gas while keeping the gas at a low temperature to prevent substrate heating. In
this way, PEALD offers considerably greater reactivity than thermal ALD. Thus, PEALD
enables reduced deposition temperatures and expands the options for precursors, deposited
materials, and substrates. Meanwhile, PEALD may benefit from the ions-surface interac-
tion by enhancing atomic ordering and facilitating impurity removal. Additionally, plasma
cleaning becomes an option with PEALD as well. Overall, PEALD offers greater versatility
than thermal ALD. However, it also presents certain disadvantages that must be considered:
plasma-induced damage, limited conformality, and additional complexity. These challenges
are addressed next.

Understanding the risk of plasma-induced damage requires insight into the role of ions in
PEALD processes. Initially, ions in the plasma are at low temperatures. As they approach
the substrate, the potential difference in the plasma sheath accelerates them towards the
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surface. As a result, the ions become energetic and directional upon striking the substrate.
In Figure it is represented the formation and the influence of the plasma sheath. Note
that the plasma sheath is not affected by microscopic features on the substrate. Therefore,
the accelerated ions hit mostly the horizontal surfaces—top and bottom of the trenches—and
less the lateral sides. This is important, as it may affect the film deposition. However, since
surface reactions—and thus deposition—are driven by radicals, the shape of the plasma
sheath generally does not impact conformality, although it can influence material properties.
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Figure 2.7: The illustration represents the formation and the influence of the plasma sheath.
Electrons, with higher velocity than ions, reach the substrate faster, establishing a potential
difference known as plasma sheath. With a thickness dgpeath ~ 1 mm, the plasma sheath
remains unaffected by microscopic features on the substrate. Sketch source: [44] (modified
version).

An overview of the influence of ions in relation to their energy is given by Figure [2.§
In PEALD, the ion energy can be reduced—by increasing the plasma pressure—or in-
creased—Dby substrate biasing . Without biasing, the ions energy is on the order
of 10! eV—too low for implantation/sputtering, high enough for desorption/adatom mi-
gration (See Figure . Thus, low energy ions may cause densification and improved
crystallinity . Further, electrons accelerated by substrate biasing have greater influence
on the deposited films—the energy range of 25-75 eV might be the most interesting .
An example of this is given by Faraz et al. that reported improved TiN film properties
with increasing the bias voltage. In particular, the TiN film conductivity improves with
ion-driven oxygen removal . Therefore, as illustrated in Figure C2, moderate ion
energies can be beneficial, enhancing the atomic ordering and contributing to impurities
removal . However, when ions are too energetic (Figure C3) can lead to implan-
tation or sputtering. The more energetic the ions or the higher their flux, the stronger their
influence. This would depend on the plasma system and the process conditions. Therefore,
the ion energy dose, i.e., plasma time X ion flux X mean ion energy , may be used to
universally quantify the influence of ions in PEALD, regardless the setup conditions.
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Figure 2.8: Influence of ion energy on plasma-based processes. In PEALD, the ion energy
can be reduced by increasing the plasma pressure or increased by substrate biasing. The
ion density increases with the plasma power. Sketch source: ||
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Another factor that may contribute to the plasma-induced damage is radiation. The
excited atoms in the plasma emit light in the visible and ultraviolet range, whose energy
can reach up to 10 eV , leading to surface damage. Indeed, in PEALD, radiation
damage can be even more detrimental than ion damage. As an example, radiation can can
break some of the bonds at the interface—often hydrogen bonds Si-H and Al-H 51].
Thus, the radiation damage can be reduced by tuning the gas pressure and plasma power
[50], and by the use of a quartz filter to block the UV radiation [44].

Lastly, in PEALD there is a potential limitation in conformality due to the recombination
of plasma species. All plasma species are subject to recombination, however, due to its
high reactivity radicals are the most prone. Recombination may occur to plasma species
when striking the substrate surface—even if saturated—or the reactor walls. Recombination
through gas-phase collisions is less likely since PEALD operates with cold plasma. Therefore,
after collision with another surface atom, a more stable and non-reactive molecule forms.
This phenomenon have two detrimental implications in PEALD. On one hand, reaction
products—from surface and reactor walls—can dissociated again by the plasma and re-
deposit, incorporating impurities into the film. This can be reduced by pumping out faster,
using purging gas, and heating the reactor walls. On the other hand, as illustrated in Figure
radicals flux decreases with (1 — r)N, where 1 is the recombination probability and N
the number of collisions. Since radicals are the specie that contributes the most to surface
chemistry, and thus to deposition, the reduced flux of radicals caused by recombination can
limit the conformality of PEALD. Although the recombination probability depends on each
process and the specific deposition conditions. Generally speaking, PEALD films are more
conformal at higher temperatures and pressures (r is lower), and at longer plasma doses
(sufficient radical flux). Moreover, it has been demonstrated that PEALD can ensure high
conformal deposition , up to an extremely high aspect ratio of ~900 . Therefore, for
most of the applications and in particular for the one investigated here (a single-cell TESLA
SRF cavity has an aspect ratio ~5) PEALD may provide a conformal deposition.
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Figure 2.10: Illustration of the plasma species recombination and how can affect the flux of
species inside of trenches. Sketch source: [44].
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2.3. Alternative cycles: deposition of ternary compounds

The deposition cycle—whether ALD or PEALD—above described correspond to the sim-
plest sequence. Generally, this process involves two surface reactions and results in a binary
compound film. Although, choosing the right chemistry, single-element films, e.g. Ti, Ag
or Pt, can also be deposited. For the deposition of ternary compounds different deposition
sequences are possible. These are shown in Figure On one hand, one can stick to the
regular ALD deposition sequence, sketched in Figure a), which alternates two precur-
sors and their corresponding purging steps, and it is normally expressed as (AB)™. In this
case, one must use precursors or co-reactants which supply two of the three components
into the film, e.g. bimetallic precursors which incorporate two metals into the film [54]. On
the other hand, it is possible to alternate more than two precursors within a cycle. This
sequence model is often known as multistep process. It is sketched in b) and expressed
as (ABC)™. Lastly, the so-called supercycle approach expressed as ((A;B1)™(A2B2)")P and
sketched at c¢). It merges separate binary sequences, hence its name. In such a way,
stoichiometry can be easily tailored by adjusting the number of times that each individual
binary cycle is repeated.
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Figure 2.11: Schematic illustration of different ALD cycles: a) representation of the most
basic ALD cycle where two precursors (A and B) are alternated. The variable m refers to
the times this cycle is repeated; b) multistep cycle constituted of three precursors (A, B,
and C). This process often results in a ternary compound; c¢) merge of two regular cycles
into one supercycle. This approach is often used for depositing ternary compounds or doped
films. By adjusting the variables m and n one can achieve the targeted composition and
structure for the deposited films. This sketch is an adaptation from [39].

Additionally, ALD allows for the deposition of multilayers by performing different process
sequences. The thickness of each layer is precisely controlled by adjusting the number of
cycle repetitions. This feature is of particular interest for tailored SIS SRF cavities.

2.4. Materials achievable via thermal ALD and PEALD

The first PEALD process reported dates back to 1991 and involved GaAs deposition using
a multistep cycle (ABC)™ with three precursors: GaMes, AsHs, and hydrogen radicals
generated by a remote microwave-induced plasma source in a quartz tube [55]. Using
radicals in ALD was patented in 1996 [56]. Since then, the interest in PEALD has been
growing, boosted by new ALD applications emerging within and outside the semiconductor
industry, and the rising desire towards crystalline materials—one of the PEALD assets. The
yearly number of publications highlights its ascending trend (see Figure .
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Figure 2.12: Number of publications per year about PEALD and ALD up to 2017. At a
glance, one can discern the upward trend in the number of publications per year for both
rankings over the last two decades. This graph is obtained from .

Moreover, PEALD has been integrated into high-volume manufacturing processes. In
particular, PEALD has been of particular interest for applications that desire high-quality
and conformal deposition on temperature-sensitive substrates. An example of this is PEALD
of SiO4 for self-alignment patterning, which has proven to be an effective method and is
applied on an industrial scale .

In addition, a wide range of materials have been synthesised, as PEALD offers higher
reactivity at lower temperatures, expanding the options for process chemistry. Figure
presents an overview contrasting the deposited films using thermal ALD, PEALD, or both.
The deposition of oxides is the most commonly studied, in particular binary metal oxides
such as AlsOs, TiO2, Zn0O, and TasOs, among others. Here, PEALD offers advantages
in achieving lower deposition temperatures and shorter cycle times . Besides oxides,
various metal nitrides such as TiN, TaN, and NbN have been synthesised. Notably, PEALD
nitrides have attracted considerable interest, with nearly all nitrides deposited by thermal
ALD also achievable via PEALD, as shown in Figure (b). Additionally, PEALD paved
the way for the deposition of pure metals—Au deposition was achieved prior by PEALD
than by thermal ALD . Deposition of pure metals with thermal ALD may be sometimes
challenging due to the lack of suitable chemistry , e.g. Ti or Ta. In these cases, the high
reactivity of PEALD is beneficial . Further, for single-element deposition a multistep
process (ABC)™ is preferable. Among the sulphides, fluorides, and phosphates thermal
ALD prevails over PEALD. Generally speaking—and excluding radioactive and gaseous
elements—compounds for all elements have been deposited by thermal ALD and PEALD,
with only Cs and T1 as exceptions . In conclusion, it has been proven that the stepwise
approach of ALD/PEALD is suitable for the deposition of multi-compounds, mainly binary,
but also ternary and quaternary compounds, and single-elements.
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Figure 2.13: Periodic tables showing materials synthesised by thermal ALD and/or PEALD.
The materials are clustered in groups: oxides, nitrides, pure elements, sulphides, fluorides,
and phosphates. This figure belongs to Knoops et al. and covers up to 2019.

2.5. State of art of SIS multilayers for SRF cavities by
thermal ALD and PEALD

Nowadays, the R&D of the next-generation thin-film SIS-based SRF cavities with ALD
is been developed at the pioneered CEA Paris-Saclay, and at Deutsches Elektronen-
Synchrotron (DESY) together with Universitdt Hamburg. Given the potential of ALD over
other deposition methods, an ALD reactor for SRF cavities is currently being commissioned
at Fermilab . Below, an overview of the studies conducted is presented.

2.5.1. Overview of the advancements on 1.3 GHz SRF cavities

The first studies of ALD-coated SRF cavities were conducted by Proslier et al. [61]. Specif-
ically, two approaches were investigated. On the one hand, thermal ALD of AlyO3 and
NboOs5 with different thicknesses at 200 °C. Unfortunately, the deposition resulted in signif-
icant field emission which was assumed to be due to defective ALD layers or dust from the
deposition process. High pressure rinsing (HPR) was conducted to clean the coated cavity,
although the next cavity test showed field emission again, indicating ALD layers as the field
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emission source and not the poor cleanliness. Only after a second coating, that buried the
defective layers underneath, the cavity performance could be recovered. The other approach
investigated is the removal of the Nb oxides at the interface of bulk Nb and the thermal
ALD Al,Oj3 layer through high-temperature baking. This was previously investigated on
samples |62, and then incorporated into cavities |61, 63]. However, two cavities showed
multipacting and field emission ~ 20 MV /m. Therefore, it was deduced that defects and
cracks on the Al,Og layer could lead to field emission points. Moreover, these cracks would
disable the barrier layer function enabling oxygen (e.g. from HPR) to diffuse. To know
the cause of these defects would require further investigation, but hypotheses include the
baking temperature and its cooldown, or changes due to oxygen diffusion.

The next experiments were conducted by Eremeev et al. [64] depositing AloO3 at 120 °C.
However, the films deposited were non-uniform and presented discolouration areas, which
was assumed to be due to temperature variations across the cavity surface combined with
an unoptimized process. Therefore, the performance of the cavity degraded.

The next investigation was performed by Kato and Hayano [65] at High Energy Accelera-
tor Research Organization (KEK), using PEALD in a single-cell coupon cavity reactor. This
investigation focused on SIS multilayers, with NbN and AloO3. However, this investigation
was interrupted and only PEALD NbN films were reported. Nevertheless, homogeneous and
smooth films were achieved, although with carbon and oxygen contaminations, and poor
nitrogen content. Further process optimisation and RF performance tests were required.

A new attempt to achieve an AlsO3 ALD SRF cavity was conducted by Kalboussi [66].
The ALD process was performed at 250°C. After deposition, the cavity was annealed at
650°C for 4 hours. Once more, it resulted in multipacting at 18 MV m~!. The cavity
was chemically reset and the coating was repeated. Still, the cavity showed multipacting
at I8 MV m™!. Later, this process was repeated in a new cavity with an additional TiN
layer and subsequent annealing step [67]. The TiN layer suppressed multipacting—although
multipacting onset started ~20 MV m~!, RF processing allowed to increase fields—but the
quality factor significantly degraded. Moreover, Kalboussi [67] investigated SIS multilay-
ers—NbTiN and AIN—by thermal ALD. The deposition was carried at 450 °C and uniform
thicknesses along the cavity were ensured. During the subsequent annealing at 900 °C there
was vacuum degradation [68]; likely because the outgassing step between the initial cavity
surface treatment and the ALD coating missed. This resulted in film delamination and
degraded cavity performance—both quality factor and accelerating gradient |67 68].

Finally, the goal of coating an Al,O3 layer without deteriorating the cavity performance
was achieved by Wenskat et al. [69] at Universitit Hamburg. Specifically, two TESLA
single-cell SRF cavities, with baseline maximum accelerating gradients (before coating) of
~20MVm~! and ~40 MV m™!, were coated without detrimental effect on the cavities’
performance—mneither in the accelerating gradient nor in the quality factor. The deposition
of AlyOj3 of various thicknesses was conducted by thermal ALD at 120°C.

2.5.2. Deposition of nitrides: thermal ALD vs PEALD

The deposition of the nitrides of interest—NDbTiIN and AIN—is feasible with both, thermal
ALD and PEALD (see Figure b). A short overview of the differences between the two
methods is provided below, along with the reasons for selecting PEALD for this work.
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Thermal ALD

The most common thermal ALD process of NbTiN is through metal chlorides—NbCls and
TiCly—precursors alternated with NHg as co-reactant [54]. The thermal ALD reaction for
NbTiN is:

3NbCls + 5NH; — 3NbN(s) + 15HCI(g) + Na(g) (2.1)

2TiCly + 2NH3 — 2TiN(s) + 6HCl(g) + Cla(g) (2.2)

although the metal fluoride precursor NbF5 would be also an option [70]. However, these
processes present the following disadvantages. First, they may introduce small chlorine and
fluorine contaminations in the deposited films [61, |70, 71]. Furthermore, the reaction by-
products HCI and HF are highly corrosive and detrimental, which has been found to corrode
the reactor walls, leading to the inclusion of iron impurities in the deposited films [72]. In
addition, the thermally driven surface reactions require high process temperatures (>400°C
[54, |68]). Despite the high temperature, the reducing power of NHj is insufficient 71} 73].
This might degrade the superconducting properties of the nitride, which are highly sensitive
to variations in stoichiometry and contaminations [61, 74-77]. Therefore, especially with
chlorides, an additional Zn pulse as a reducing agent is needed to obtain high-quality films
[71, |73], which has the drawback of incorporating a source of Zn contaminants. Lastly,
the stoichiometric control over film composition is limited by the NbCls etching nature
[68, |71]. Conversely, an alternative ALD process using metalorganic alkylamide-based pre-
cursors avoids halogen residues [78]. However, these precursors have low decomposition
temperatures [54] which can result in CVD growth for thermal ALD.

The most common thermal ALD process of ALN is:

AICI; + NH; — AIN(s) + 3HCI(g) (2.3)

which requires high deposition temperatures (450 °C [68]), as thermal ALD of AIN does not
lead to good quality at low temperatures [57].

PEALD

The most common PEALD process for NbTiN employs metalorganic alkylamide-based pre-
cursors—tetrakis(dimethylamino)titanium(IV) (TDMAT) [78-83] and (t-butylimido)tris
(diethylamino)niobium (V) (TBTDEN)|79} 84-91]—and Hs/Ns plasma. Although others
metalorganic precursors such as tetrakis(ethylmethylamido)titanium(IV) (TEMAT) [92]
and tert-butylimidotris(ethylmethylamido)niobium(V) (TBTMEN) [93], or metal chlorides
precursors 89,94} 95], and plasma gases, Ar and NHs, can also be used. Next is the PEALD
reaction for NbTiN, although less comprehensive than for thermal ALD, since plasma acts
as a "black box" and the whole reactions are unknown.

Nb(NtBu)(NEty)3(TBTDEN) + plasma Hy /Ny — NbN(s) 4+ by-products(g) (2.4)

Ti(NMeg)4(TDMAT) + plasma Hy /Ny — TiN(s) + by-products(g) (2.5)

where, for simplification, Me represents the methyl group (—CHjs), Et represents the ethyl
group (—CsHj), and tBu represents the tert-butyl group (—C(CHz)s).
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Among the benefits of using PEALD over thermal ALD is replacing chloride precursors
with metalorganic alkylamide-based precursors. This prevents undesired contaminations
and by-products. Further, nitrogen from alkylamide reactants often becomes part of the
film, sometimes acting as the main nitrogen source [54]. This is feasible because PEALD
offers reduced deposition temperatures, preventing precursor decomposition, with higher
reactivity. See Appendix for further details on metalorganic alkylamide-based precur-
sors decomposition. In general, the additional energy from the ions improves crystallinity,
results in denser films, and reduces the impurity levels. This is crucial for the NbTiN
superconducting properties. Thus, high-quality nitrides can be achieved with PEALD at
temperatures <300 °C.

On the other hand, AIN can also be deposited with PEALD. The deposition process
alternates trimethylaluminum (TMA) and Hy /Ny plasma:
Al(Me)3(TMA) + plasma Hy /Ny — AIN(s) + by-products(g) (2.6)

Thus, PEALD offers for AIN films higher quality at lower temperatures |57, 96]. In partic-
ular, PEALD AIN results in smooth, continuous and pinhole-free films [59]. These charac-
teristics are crucial for good dielectric films and its implementation into SIS multilayers in
SRF cavities.
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3. Fabrication process: deposition of
AIN-NDbTiN multilayers by PEALD and
post-deposition annealing procedures

This section details the fabrication process of SIS multilayers on planar substrates for its
use in SRF cavities, including the PEALD deposition process and post-deposition annealing
procedures. It includes information on the PEALD setup, the substrate preparation, and
the specifics of the deposition and annealing processes.

3.1. Overview of PEALD system

The PEALD system used in this thesis is the GEMStar XT-DP™ from ARRADIANCE.
The deposition reactor is shown in Figure 3.1 with more in detail in Figure[3.2] This system
extends the capabilities of the thermal system GEMStar XT™ by incorporating a plasma
processing, enabling both thermal and plasma-enhanced ALD.

The additional components for plasma generation are: the RF power supply (SEREN
R301 RF generator), the matching network, and the plasma head, which includes an induc-
tive plasma coil and four plasma gas inputs. The RF power supply delivers up to 300 W
at an operating frequency of 13.56 MHz into a 502 load. This field ignites the plasma as
gas flows through the coil. The coil, made of silver-plated copper, surrounds an air-cooled
20 mm quartz tube, which confines the plasma within a stable and controlled environment.
This setup allows the use of up to four gases—argon, hydrogen, nitrogen, and oxygen—for

Figure 3.1: General visualization of the GEMStar XT-DP™ system from ARRADIANCE,
utilized in the present thesis. This device enables both thermal and plasma-enhanced ALD.
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Figure 3.2: Overview of the GEMStar XT-DP™ reactor with the key components high-
lighted. Visualisation of the gas manifold assembly (left), deposition chamber (centre), and
plasma generation components (right).

plasma processing. The reactor includes two gas manifolds, with capacity for up to eight
precursor bottles. One of the precursor ports is equipped with a boost system, also known as
pulsed vapour push. This system introduces inert gas into the precursor bottle through an
additional valve, enhancing the delivery of the precursor. This is often used for precursors
with low vapour pressure. The GEMStar precursor containers are cylinders made of stainless
steel with a filling capacity of 125 mL and a heating temperature of up to 150 °C (see Figure
in Appendix .

Argon is used as the carrier gas due to its inert nature. The gas flow goes from right
to left while the plasma species move downward from the plasma head (see Figure .
The operating pressure is in the 50-500 mTorr range, which is equivalent to 10~! mbar.
The reactor—including walls to prevent condensation—can be heated up to 300°C. More-
over, the reactor accommodates substrates up to 200 mm in diameter and 17 mm in height
(using the sample holder) or 39 mm (without sample holder). However, one must consider
potential plasma-induced side effects—such as etching, see Appendix[A-T}—when using large-
dimension substrates.

3.2. Substrate selection and pre-deposition preparation

This subsection provides details on substrate selection and preparation process prior to de-
position. It presents the criteria for choosing the substrates and describes the pre-deposition
preparation methods applied to each substrate.

Two different substrates were used: silicon and niobium. The substrates were selected
based on their compatibility with the characterisation technique used to analyse the thin
film properties. For instance, Nb roughness limits the effectiveness of characterisation tech-
niques that rely on reflection and scattering interactions. Therefore, silicon was used for
studies with ellipsometry, X-ray reflectivity (XRR), and X-ray diffraction (XRD). Moreover,
silicon was chosen for electrical transport measurements because it allows for the necessary
electrical contacts, which is challenging with niobium due to its soft, ductile, and malleable
nature. In this work, using niobium was found to lead to deformation and breakage of the
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thin films as a consequence of electrical contact integration. For contactless inductive mea-
surements, both substrates were used; although in some cases Nb may overshadow the thin
film properties. Another factor to consider is the degree of impact that the substrate may
have on the properties under investigation. Thus, both substrates were employed for surface
morphology analysis, e.g., when assessing thin film interfaces. Conversely, the price, time,
effort, and resources involved in the substrate preparation, were also considered. Thus, sili-
con was chosen for surface compositional analysis, such as X-ray photoelectron spectroscopy
(XPS).

The silicon substrate is a wafer of 100 mm diameter, 525 pm thickness and (100) orien-
tation. It is single-sided polished and has a native silicon dioxide layer, a few nanometers
thick. Before deposition, the wafer was cut and cleaned in an ultrasonic bath in isopropanol
for 2 minutes. Conversely, various niobium substrates were used: foils and sheet substrates
(with conical and rectangular shapes). The Nb foils, were purchased from HMW Hauner,
are 0.1x40x40 mm? and have a RRR of 10-25. The Nb sheets were cut from leftovers from
the European XFEL cavity production (RRR > 300, grain size ~50 pm). The conical-shaped
substrates are 2.8 mm thick, 13.23 mm bottom outer diameter, and 10 mm top inner diam-
eter. While the rectangular-shaped substrates are 11x35x 1xmm?®. Before deposition, the
niobium substrates were treated following the standard cavity procedure, described below.

3.2.1. Niobium surface treatments

Niobium substrates were treated as closely as possible to cavities. This is important to grow
the thin films in comparable conditions and mimic the cavity environment. A smooth and
clean inner surface cavity is critical to reach high accelerating fields and quality factors.
Therefore, the European XFEL recipe [97] has been followed, using an established setup
designed for samples to ensure identical treatment to that experienced by the surface of
cavities.

The first step is surface polishing, which removes machining-induced damage and the
native NboOj5 oxide layer—although this oxide will later regrow upon exposure to air. It
consists of a coarse electropolishing (EP) which aims to remove ~140 pm. The EP acid is a
mixture of hydrofluoric acid (HF, concentration 48%) and sulphuric acid (H2SOy4, concen-
tration 96%), with a volume ratio of 1 to 9 parts, respectively. The EP operates at 14V
and the acid is kept at 20-25°C. After the coarse EP, the Nb surface looks smoother and
shinier as shown in Figure To remove acid residues ethanol rinsing is conducted. The
next step is 800 °C annealing in ultra-high vacuum (UHV) for two hours because the HF
acid introduces hydrogen into the niobium. Degassing the hydrogen is essential; otherwise,
cooling to cryogenic temperatures causes hydride precipitation, which has been proven to
cause a characteristic Q-drop [98]. In addition, mechanical stress is relieved. However,
based on the annealing environment, the niobium surface is susceptible to re-incorporating
interstitial impurities. Thus, a fine EP is performed, which removes 10-40 pm. Finally,
the niobium undergoes a 48-hour annealing at 120°C in UHV to mitigate the Q-slope at
high-field [99].

In the case of the rectangular-shaped niobium substrates, the chemical surface treatment
faced modifications since the sample geometry did not fit into the EP setup (see Figure .
Therefore, the EP is replaced by another standard polishing procedure known as buffered
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AfterEP

Figure 3.3: Photographs of the substrate chemical process: (from left to right) Nb conical-
shaped substrates before and after EP; EP sample holder made of polytetrafluoroethylene
to support conical-shaped substrates inside the acid; and BCP for rectangular-shaped sub-
strates. Both EP and BCP are conducted inside a fume hood.

chemical polishing (BCP). This chemical treatment is also qualified for Nb based SRF
cavities, as half of the XFEL cavities have been treated with BCP, and the other half with
EP. Nonetheless, the preferred cavity surface treatment is EP, since it has been demonstrated
that EP cavities can achieve higher accelerating fields than BCP cavities [100]. BCP uses
an acid mixture with a volume ratio of 1 part HF(48%), 1 part nitric acid (HNOgs, 85%),
and 2 parts phosphoric acid (HsPOy, 96%). The acid is kept at 15°C. The two annealing
steps were carried out as described above.

The final step of Nb SRF niobium cavity preparation, and thus for the Nb substrates as
well, is an ultra pure high-pressure water rinse, known as HPR . It aims to further en-
hance surface cleanliness by removing any remaining dust, particles, and chemical residues.
For an optimal result, this step is conducted in a cleanroom class ISO 4 at DESY facilities.
The HPR is performed in a vertical orientation with a specific sample holder, shown in Fig-
ure[34] A lance at a distance of 60 mm from the substrates ejects the ultra pure water with
a pressure of about 100 bar onto the niobium surface. The water temperature should be
above 18 °C, but must not exceed 60°C. For the conical-shaped niobium substrates seven
rinse cycles are repeated.

[ &

Figure 3.4: Adapting the high-pressure rinse (HPR) to the conical-shaped niobium sub-
strates.
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3.3. Experimental details of the SIS multilayer deposition
process by PEALD

The following subsection introduces the PEALD deposition process for the SIS multilayers.
Note that the PEALD working principle is explained in Section [2} here, only the experi-
mental details are provided. It starts with the deposition details of the individual layers,
followed by the multilayer deposition process.

3.3.1. Depositing NbTiN thin films

To deposit NbTIN by PEALD the supercycle approach—detailed in Section [2}—is used. A
supercycle combines two binary ALD cycles—in this case, PEALD cycles—alternating them
within an outer loop, hence the name. A visual representation of a supercycle is given in
Figure[2.11|c) and expressed by ((A1B1)™(A2B2)")P, where A; and B; represent the exposure
plus purge for each precursor, and m, n, and p the number of times each loop is repeated.
For NbTiN, the alternating ALD sequences within the supercycle correspond to TiN and
NbN. In this way, the ratio of Ti to Nb within the ternary compound can be tailored by
adjusting the ratio of the individual ALD processes, or in other words, the ratio of m to
n. Therefore, thermal ALD and PEALD provide a level of control on the composition of
NbTiN that exceeds other deposition techniques. Below, the separate PEALD sequences,
as well as the entire supercycle sequence, are elaborated.

The TiN sequence follows (A1B1)™, where A; and B; represent respectively the precursor
and plasma exposure, both including purge. The Ti precursor used is tetrakis(dimethyla
mino)titanium(IV) (TDMAT). It is a metal-organic precursor and was purchased in liquid
form from Strem Chemicals. TDMAT exhibits a yellowish colour. The plasma gas is a
mixture of hydrogen and nitrogen. The NbN deposition follows the same sequence structure.
The precursor used is (t-butylimido)tris(diethylamino)niobium(V) (TBTDEN) purchased
from Strem Chemicals as well. TBTDEN is also a metal-organic and liquid precursor, of
brownish colour. During this study, differences in the colour of the TBTDEN precursor
were apparent across various bottles—see Figure at Appendix [A.1}—despite the 98%
purity stated by the manufacturer. It was observed that this could have an impact on the
T, of the NbTiN films (<0.5K). Furthermore, TBTDEN exhibits low vapour pressure and
low decomposition temperature [54]. Hence, it has been connected to a vapour push port
or boost to enhance the transport from the precursor cylinder into the reactor. Similarly
to TiN, the plasma gas for NbN deposition is a mixture of hydrogen and nitrogen. A
NbTiN supercycle alternates m-times the TiN cycle and n-times the NbN cycle. The p-
times supercycle repetition controls the total NbTiN deposited thickness. More specifics of
the PEALD sequence are detailed below.

Optimising the deposition parameters for improved NbTiN film characteristics

Process parameters can significantly affect the properties of the deposited films, including
the deposition rate, composition, crystallinity, and electrical properties. In particular, the
PEALD process parameters have to do with the plasma, such as plasma power or flow of
gases, or with the precursor, e.g., dosing time or precursor temperature, or with the reactor
conditions, such as deposition temperature. During this study, the deposition parameters
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for the NbTiN PEALD process were optimised concerning the electrical properties of the
films and their application into SRF cavities. Below, are given the optimised recipe values.

The deposition is carried out at 250°C, which is the highest temperature recommended
for the GEMStar XT-DPT™  although, this high deposition temperatures result in fast o-
ring degradation (see Appendix [A.1.1]). The substrates are kept at this temperature for 20
minutes before deposition starts, to ensure that they match the reactor’s temperature. The
precursors are also heated, TDMAT to 70°C and TBTDEN to 90°C. An argon flow of
10 scem circulates continuously through the precursor manifold and the deposition chamber
during the entire deposition process. Before the deposition begins, the plasma is ignited to
further clean the substrate surface. Afterwards, the supercycle for depositing a "monolayer”
of NbTiN is started, commencing with the TiN cycle. The TiN sequence was previously
optimised [101]. Furthermore, the precursor manifold is also heated to prevent precursor
condensation in its path into the reactor. The TDMAT dose is a 500 ms pulse, followed
by a 40s purge. Note that, during each precursor dose, an argon flow of 70sccm passes
through the plasma head to prevent the accumulation of precursor on the quartz tube. The
plasma gas is a mixture of hydrogen and nitrogen, with respective flow rates of 45sccm and
20 sccm, and a power of 300 W. The plasma is exposed for 60 s and followed by 120s purge.
Then, the supercycle continues with the NbN cycle. A boost of argon for 20 ms precedes the
500 ms of TBTDEN, followed by a 40s purge. The plasma gas uses flow rates of 45 sccm for
hydrogen and 12sccm for nitrogen, a power of 300 W, and a duration of 90s. It is followed
by a 120 s purge. The supercycle closes with the NbN cycle being rerun three times. These
supercycle parameters are listed in Table

3.3.2. Depositing AIN thin films

The AIN PEALD process also follows the layout (AB)!. The precursor used is trymethylalu
minum (TMA), also purchased from Strem Chemicals. TMA is a metal-organic precursor,
colourless, and liquid, widely used in the ALD community. It is kept at room temperature
during the process. The TMA dose is of 21 ms followed by a 30s purge. After purging, the
plasma is ignited for 10s. The plasma gas is also a mixture of hydrogen and nitrogen, in
this case with flow rates of 30sccm and 30scem, respectively. The plasma power is again
300 W. Then, a 100s purge concludes the cycle. The AIN PEALD process parameters are
also listed in Table 3.1

The AIN deposition is conducted at 250 °C. However, it was observed that depending on
the film thickness, AIN films occasionally suffer from blistering. To overcome this problem
the AIN deposition has been investigated at different deposition temperatures. The results
of such an investigation are shown in Section [6]

3.3.3. Depositing AIN-NbTiN multilayers

In a similar fashion that a supercycle alternates separate ALD cycles to deposit ternary
compounds, the deposition of multilayers follows the same procedure. Figure illustrates
the PEALD sequence for depositing AIN-Nb,Ti,«N multilayers. The details of the individ-
ual AIN and NbTiN PEALD processes are given above and summarised in Table The
process starts with the AIN cycle which is repeated [-times to reach the desired thickness.
Subsequently, the PEALD supercycle of Nb,Ti;_4«N is conducted. The cycle ratio m to n
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Figure 3.5: Schematic illustration of the PEALD sequence for depositing AIN-Nb,Ti;«N
multilayers. The films thicknesses is controlled by the supercycle [ and p. The ratio of Ti
to Nb is controlled by the ratio of m to n. The outer loop number s dictates the number of
multilayers deposited. The colours are meaningless, their purpose is purely visual guidance.

for TiN to NbN, respectively, is adjusted to the targeted composition. The NbTiN film
thickness is controlled by the p-times the supercycle is repeated. Finally, the number of
AIN-Nb, Ti;_xN multilayers deposited is defined by the number s of the outer loop. The
total deposition time depends on the selected film thicknesses, Nb,Ti;_«N composition,
and number of multilayers deposited. To provide insight, the deposition of AIN-NbTiN
multilayers, with thicknesses of 15nm and 60 nm, takes approximately 100 h.

Table 3.1: PEALD process parameters for AIN, TiN, NbN, and NbTiN deposition

Process parameters AIN TiN NbN NbTiN
Precursor dose (ms) 21 500 (with pre-boost) 500 —
Purge (s) 30 40 40 —
Plasma dose (s) 10 60 90 —
Purge (s) 100 120 120 —
Plasma power (W) 300 300 300 —
Plasma gases: Hy /Ny (sccm) | 30/10 | 45/20 45/12 —
Precursor TMA | TDMAT TBTDEN —
Supercycle ratio m:n — — — 1:3

3.4. Post-deposition annealing procedures

It has been demonstrated that SIS multilayers deposited by PEALD, following the process
described above, do not meet the SRF demands [102, 103]. This section will not delve
into those requirements but will instead describe the post-deposition annealing procedures
shown to enhance the multilayers sufficiently to still consider them as candidates for next-
generation SRF cavities based on tailored thin films. Various annealing procedures have
been investigated, including different annealing durations, temperatures, ramping and cool-
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ing rates, and annealing atmospheres. Moreover, three different furnaces were employed.
In the following, the technical characteristics of the furnaces are presented along with the
annealing procedures undertaken, which are listed in Table [3.2]

Firstly, the MC-050 system by Annealsys has been employed for post-deposition annealing
processes. Its halogen lamps provide fast management of the process temperature reaching
up to 1100 °C. Therefore, high ramping rates for annealing processes were conducted within
this furnace, compared to the other two furnaces presented below, which had slower ramp-
ing times. As a result, the processes performed were classified as rapid thermal annealing
(RTA) or slow thermal annealing (STA). Apart from that, the MC-050 offers a vacuum
of 1 x 103 mbar and supports various annealing atmospheres, including nitrogen, a mix-
ture of hydrogen and nitrogen, and a mixture of hydrogen and argon. Its relatively poor
vacuum level—compared to the SRF requirements—and the annealing duration constraints
imposed by the halogen lamps, made this furnace suited exclusively for early-stage material
assessments.

Secondly, a ceramic tube furnace by Carbolite Gero GmbH & Co. KG is entirely ded-
icated to SRF sample R&D. Hence it is referred as sample furnace, enabling treatments
under vacuum and nitrogen atmosphere. Among other treatments, this furnace is used in
the annealing steps of the Nb surface preparation, Nb nitrogen infusion treatments, and the
annealing of SIS multilayers on Nb and Si substrates. In order to accomplish the cleanliness
prerequisite essential in this area, the sample furnace was subject to modifications, improv-
ing the base pressure down to 2 x 10 ®mbar [21]. A residual gas analyzer examines gas
constituents and ensures the cleanliness. A vacuum pump-stand by Edwards, consisting of
a nEXT240D turbomolecular pump and a nXDS6i scroll pump, is used. Besides, the sample
furnace features a ceramic tube Pythagoras Type C 610, with a length of 1000 mm, and
an outer and inner diameter of 90 mm and 80 mm, respectively. It has three heating zones
that provide a temperature gradient along the tube length. A temperature control system
by GERO consisting of a CrFeAl heating coil is used for heating up to 1350 °C.

Lastly, another furnace, the so-called single-cell furnace [104], due to its capability of
fitting a 1.3 GHz TESLA single-cell cavity inside, was also employed for SIS multilayers
investigation. This furnace was manufactured by Xerion Berlin Laboratories GmbH. It is
also dedicated to SRF cavity and sample R&D and is located in an ISO 5 cleanroom to
minimise particle contamination. Featuring three heating zones, the single-cell is capable of
reaching a maximum temperature of 1100°C. Furthermore, it is equipped with a vacuum
system that combines a turbomolecular and a cryopump, achieving a base pressure of 2 x
10~8 mbar at room temperature after 8 h of pumping. Additional information on this furnace
is given here [104].

In all cases, the substrate cooled down naturally without any additional cooling. Generally
speaking, whenever in the present thesis a post-deposition thermal treatment is referred to
exclusively as annealing it means STA, either inside the sample furnace or the single-cell
furnace.
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Table 3.2: Details of post-deposition annealing procedures for the various furnaces.

Furnace details

MC-050 furnace

Sample furnace

Single-cell furnace

Temperature range (°C) 800 — 1000 1000 — 1100 700 — 1100
Heating rate (°C/min) 60 3.3 3
Cooling rate (°C/min) 20 1 1.5—-2

Duration (h) 5 — 50 (*min) 1 1-5
Base pressure (mbar) e—3 106 — 108 108
Annealing atmosphere | Hya/Ng — Hy/Ar — Ny Ny — vacuum vacuum
Annealing procedure RTA STA STA
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4. Characterisation methods:
experimental details

This section presents the experimental setups and procedures employed for each of the
characterization techniques used for the investigation of the SIS multilayers grown by
PEALD. The aim is not to delve into the operating principles of each characterization
method but instead to provide information about the measurements and analyses per-
formed. The characterizations were performed at the Center for Hybrid Nanostructures
(CHyN) Universitdt Hamburg, unless mentioned otherwise.

4.1. Thickness evaluation
4.1.1. X-ray reflectivity (XRR)

X-ray reflectivity (XRR) is a surface-sensitive, non-destructive technique utilised for char-
acterising thin films and multilayers, which can be amorphous, single-crystalline, and poly-
crystalline [105]. It gives information on film thickness, surface and interfacial roughness,
and density, relying on X-ray elastic scatter off electrons. The measured curves show the
variation of reflected X-ray intensity as a function of the incident angle () relative to the sur-
face. These curves display characteristic oscillations, known as Kiessig fringes [106], caused
by interference effects when X-rays reflect off interfaces with different electron densities.

The XRR measurements were conducted at NanoLab (DESY Hamburg, Germany) [107],
in a 6-circle diffractometer with Cu X-ray source under ambient conditions with the primary
objective of assessing film thickness. Various layers and multilayers (AIN, NbN, TiN, NbTiN,
AIN-NDbTiN) deposited on silicon substrate were investigated. The results of the character-
ization are presented in Section [3] Additionally, multilayers of AIN-NbN and AIN-NbTiN
in their as-deposited and annealed states were studied. The results are presented in Ap-
pendix[B.I] No XRR measurements were performed using Nb as the substrate, as its surface
roughness is rather large, which comprises the feasibility of XRR measurements since diffuse
reflections increase the background noise.

Film thickness from XRR curves was determined by fitting the rocking curves to a model
using the GenX software and by the analysis of the period of the Kiessig fringes, for single-
layer systems. The intensity oscillations are caused by constructive and destructive inter-
ference between X-rays reflected from the top surface of the film and those reflected from
the interface the film and the substrate. Thus, the change in the scattering vector in the
specular direction can be related to the path difference for the X-rays reflected from the top
and the bottom of the film by

2
AQ ~ % (4.1)
where @ is the scattering vector in the specular direction defined by
4
Q=""sind (4.2)
A
Therefore, the film thickness is given by
A
d~ — 4.
A20 (4.3)
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4.1.2. Spectroscopic ellipsometry (SE)

Spectroscopic ellipsometry (SE) was also employed to evaluate the film thickness. It is an
optical technique widely used due to its non-destructive nature, rapidity and ease of use.
Unlike XRR, SE does not measure the intensity of light instead, it measures the relative
phase and amplitude change of reflected polarized light [108]. The measured data is fitted
by a model that includes the sample’s layer structure (single films and multilayer stacks)
and dispersion formulas to evaluate the material’s optical properties and thickness.

The ellipsometer employed is a SENpro from Sentech Instruments GmbH. It measures
in the wavelength range of 370-1050nm. All data were recorded at a fix incident angle.
The software SpectraRay was utilized for data acquisition, modelling, fitting and reporting
data. The sample structure model accounts for the silicon substrate, the SiOo native layer of
fixed thickness, and the layer or layers under examination. Generally, all parameter except
thickness were fixed. The dispersion model chosen for the fit depends on the type of material
under investigation: a Cauchy model for SiOq, Lorentz for the AIN, and Drude-Lorentz using
two Lorentz oscillators for TiN. The results are given in Section

Transition metal nitrides, which combine metallic and ceramic properties, present a com-
plex electronic structure which leads to strong changes in their optical properties, i.e. di-
electric function, absorption, reflectivity, etc., at low-energy or high-energy regions |109].
Additionally, the optical properties of transition metal nitrides can be highly sensitive to
factors like film thickness, composition, and microstructure, making SE on NbN and NbTiN
specially challenging |110].

4.2. Morphology
4.2.1. Scanning and transmission electron microscopes (SEM and TEM)

Scanning electron microscope (SEM) and transmission electron microscope (TEM) were
used for high-resolution imaging of the multilayer surface and cross-section, respectively.
Scanning transmission electron microscopy (STEM) was also used. Single layers and mul-
tilayers deposited on Si and Nb were examined. Various of the acquired images are shown
in Section @ It is possible to distinguish between SEM/STEM images and TEM images
by the contrast between the layers. SEM and STEM, when using backscattered electrons,
provides contrast based on the atomic number, with heavier elements resulting in brighter
regions.

The SEM systems used were the Crossbeam 550 by Zeiss (at Universitdt Hamburg) and
the Nova NanoSEM 450 by FEI [107]. While the TEM systems used were the Talos F200X
by Thermo Fisher at Technische Universitdt Hamburg (TUHH) and the Tecnai Spirit 120
kV by FEI at Ecole polytechnique fédérale de Lausanne (EPFL).

For TEM analysis, it is necessary to prepare lamellas. Lamella refers to a thin slice
or layer of material, as the electron beam must pass through the sample to ensure ade-
quate transmission and resolution. The lamellas were fabricated by focused ion beam (FIB)
milling, with a top protection layer of Pt or Ga, using the Helios Nanolab G3 UC by Thermo
Fisher at Technische Universitdt Hamburg and the FIB-SEM XB 540 by Zeiss at CERN
(EN-MME-MM).
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4.2.2. Atomic force microscope (AFM)

Atomic force microscope (AFM) was used to examine the surface topography of single layers
and multilayers grown on Si and Nb. The sample surface is scanned by a tip mounted on
a cantilever. Interaction forces between the tip and the sample surface cause the cantilever
to detect, which is detected to create the surface map.

The AFM study was performed using the Dimension 3100 AFM by Veeco. Scan size varies
from 2x2pm to 20x20 pm, scan rate was kept <1 Hz, and the pixel resolution was 512x512
and 1024x1024. WSxM software was used for image processing and surface roughness
analysis.

4.3. Composition
4.3.1. Energy dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) is a quick and non-destructive technique used
in chemical analysis that enables both the identification and the quantification of the ele-
mental composition of a sample [111},112]. EDX is often coupled with electron microscopes
since a high-energy electron beam is needed for both. The electron beam impacts the atoms,
it ionizes them. Subsequently, an electron transition from a higher to a lower energy level
results in the emission of an X-ray whose energy is unique to each element, allowing for
their identification. Note, detection of light elements is limited in EDX.

Elemental identification and quantification was conducted by the EDX coupled to the
Crossbeam 550 by Zeiss (at Universitdt Hamburg). The results are shown in Section
While elemental maps were taken with the Talos F200X by Thermo Fisher at Technische
Universitat Hamburg (TUHH) and by the Tecnai Spirit 120 kV by FEI at Ecole polytech-
nique fédérale de Lausanne (EPFL), for AIN-NbTiN multilayers deposited on Si and Nb,
respectively. The elemental maps are present in Section [6]

4.3.2. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is used to determine the elemental composition
and chemical state of materials. Monochromatic X-rays irradiate the sample, and the pho-
toelectrons emitted are detected. By analysing their energy, the elements and their chemical
state can be determined. The XPS spectrum shows the number of detected electrons per
energy interval versus their kinetic energy. The peaks in the spectrum correspond to the
electrons from the top tens of angstroms; electrons generated deeper in the material con-
tribute to the background signal. Therefore, XPS is surface-sensitive; although combined
with ion bombardment or angle-resolved XPS (ARXPS) measurements, it enables depth
studies.

XPS measurements were performed at Nanolab (DESY) [107] using the SPECS™ spec-
trometer shown in Figure XPS spectra were recorded in fixed transmission mode in a
vacuum of 1 x 107 mbar. As-deposited and annealed AIN-NbTiN multilayers deposited
on Si were evaluated at their surface and after 40 min 40 minutes of argon ion bombard-
ment (energy 1keV, emission 6mA, and Ar pressure 5 x 10~% mbar). The thickness etched
remains unknown. XPS sputtered analysis is presented in Section [7], while surface analysis
is included in Appendix For element identification, an initial survey (pass energy 50 eV
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Figure 4.1: XPS spectrometer at NanoLab [107]. The system consists of the X-ray source
and monochromator, the energy analyser, the ion gun, a micromanipulator stage, and the
vacuum chamber.

and step size 0.5eV) was conducted for the binding energy (BE) range 0-1200eV. High-
resolution scans (pass energy 30 eV and step size 0.1eV) were taken for each of the detected
peaks.

The deconvolution of the spectra was performed using the CasaXPS software. The de-
convolution of each peak considers the contributions of other peaks. The background was
subtracted using a Shirley background. The O 1s, C 1s, and N 1s peaks were fitted using
a Gaussian/Lorentzian (G/L) peak shape with a 30% G/L mixing ratio, typically used for
symmetrical spectra. The Ti 2p peak for TiN is challenging to fit [113H115]. The width
of the spin-orbit components is different, being much broader for the 2p; /, than the 2p; /5.
Shake-up satellites—additional peaks that appear near the main peak as result from an
energy-loss process during the photoemission of electrons—are visible. To reduce its com-
plexity, only the 2p3/, peak was fitted. Ti 2p spectrum has different peak shapes: Ti metal
is asymmetric, TiO9 is symmetric, and TiN has a complex peak shape. Consequently, the Ti
2p spectra were satisfactorily fitted by using a 70% G/L, along with a term for asymmetry
or tailing T(2). For the Nb 3d line the two spin-orbit peaks were fitted. The model used
to fit the peak shapes were: 50% G/L for symmetric Nb oxides and 70% G/L along with a
tailing T(2) for asymmetric conducting Nb components . The area ratio for the
spin-orbit doublets was fixed to 1.5 and the energy distance to 2.7 eV. For Nb oxides the
full width half maximum (FWHM) of the doublets is the same; while for Nb nitrides and
oxynitrides, the Nb 3d3/, peak is much broader than the Nb 3d5/, peak . Additionally,
Nb oxide peaks were kept broader than the rest of the contributions.

4.4. Crystallinity:X-ray diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique used to investigate the crystallo-
graphic structure of materials (e.g., identifying the crystalline phases or estimating the
average grain size) by measuring the intensity of the diffracted X-rays as a function of 26,

51



where 6 is the incident angle. In XRD measurements using the Bragg-Brentano geometry,
the sample stays fixed while the X-ray source and detector rotate. The diffraction pattern
is obtained by scanning 6. Peaks result from the constructive interference of X-rays, which
occurs when the Bragg’s law:

nA = 2dsinf (4.4)

where n is an integer, \ is the X-ray wavelength, d is the lattice plane spacing, and 6 the
incidence angle at which X-rays are diffracted, is satisfied.

The PANalytical Empyrean diffractometer at Universitit Siegen with a Cu k, source in
the Bragg—Brentano geometry was used. The intensity of the diffraction peaks produced
by the thin films is weak, due to their reduced thickness, compared to the high intensity
substrate contribution. Grazing-incidence XRD (GIXRD) offers a solution by increasing the
X-ray interaction with the thin film, enhancing its diffraction signal. The evaluated samples
consist of thin-film AIN-NbTiIN and AIN-NbN multilayers grown on Si, as-deposited and
annealed (for both, RTA and STA treated). The scans sweep 26 from 25° to 95°. Peak
identification was performed by comparing the measured peak angle to reference data from
the inorganic crystal structure database (ICSD). The lattice constant (a) was derived from
the lattice plane spacing and the Miller indices (hkl) of the lattice planes, using the relation

for the cubic phase is:
a

Akt = ey
The average grain size (D) in the direction perpendicular to the lattice plane (hkl) is given
by the Scherrer equation:

(4.5)

KX
Dy = — 4.6
hkl ﬁhkl COS@ ( )

where K is the Scherrer constant shape related, A is the X-rays wavelength, fni is the
FWHM of the diffraction peak, and 6 is the Bragg angle.

4.5. Cryogenic characterisation
4.5.1. Four-probe points electro- and magneto-transport measurements

Electro- and magneto-transport measurements were conducted in a physical property mea-
surement system (PPMS) DynaCool from Quantum Design, using the electrical transport
option (ETO). Figure provides an image of this setup which holds temperatures from
1.8 to 400 K and magnetic fields up to +9T. The measurements were performed in AC
standard four-probe configuration.
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Figure 4.2: PPMS Dynacool. Image taken from Quantum Design Europe [118§]

For the measurements the electrical current was set to 0.01 mA and the frequency to
6.1 Hz. On one hand, the electrical resistance was measured as a function of temperature:
from 300 to 20K in 0.5 K steps and from 20 to 2K in 0.05K steps. On the other hand, the
resistance was measured as a function of perpendicular (out-of-plane) magnetic field from -9
to 9T in 5mT steps. The scope of these measurements was to determine the temperature
T, and width AT, of the superconducting transition, the residual resistance ratio (RRR)
and the upper critical field Heo. The T, was defined as the peak position of the derivative of
resistance as a function of temperature and AT, as the peak width. The RRR was defined as
the ratio of the resistance at 300 to 20 K. It is useful since allows for a direct comparison of
the structural quality and purity level between films. The Heo was determined analogously
to the critical temperature from the resistance vs magnetic field measurements.

4.5.2. Contactless inductive measurements

There are cases where having electrical contacts is not feasible. This would be the case
when evaluating SIS multilayers grown on Nb. Using Nb as a substrate, which is softer
and more malleable than Si, causes the thin multilayers to break. Therefore, contactless
methods for evaluating the superconducting transition of NbTiN films are required. Two
different methods were used depending on the Nb substrate dimensions. In the following,
their details are given.

For Nb foils: Vibrating sample magnetometer (VSM)

Magnetometry was conducted using the vibrating sample magnetometer (VSM) option for
the PPMS Dynacool (see Figure. This technique enables to study the magnetic moment
of the sample in relation to temperature and applied magnetic field. Thus, for type II
superconductors as it is the case of Nb and NbTiN, it is possible to explore the SC—Meissner
and mixed—and NC states.
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Figure 4.3: Parts of the VSM option for the PPMS Dynacool: superconducting solenoid,
linear motor, and pickup coils. Image adapted from Quantum Design Europe [118§]

The working principle of VSM relies on the Faraday’s law induction. A superconducting
solenoid generates a vertical magnetic field. The sample is mounted in a sample holder
placed inside the solenoid and connected to a linear motor that makes the sample oscillate.
This creates an oscillating field which induces a voltage in the pickup coils which can be
linked to the magnetic moment of the sample (m) and the amplitude (A) and frequency (w)
of the oscillations by:

Veoit = —(il—(f =— (f{f) (Z) = CmAwsin(wt) (4.7)

Thick Nb substrates are not feasible for this measurement option; thus, Nb foils were
employed. To emulate the environment of a SRF cavity, the samples were placed with the
applied magnetic field orientated parallel to the sample surface (in-plane). Despite this,
experimental limitations rule out the applied field from being entirely parallel to the sample
surface. Additionally, to prevent trapped flux the samples were cooled down below T, with-
out an externally applied field, named zero field cooling (ZFC). In addition, a warming-up
procedure, above T, was also executed to release the trapped flux between each measure-
ment. Moreover, the VSM operates at an oscillation amplitude of 2 mm and a frequency of
40 Hz.

Magnetic moment measurements were conducted in two ways: as a function of tempera-
ture under a constant magnetic field, and the opposite, as a function of the applied field at
a fixed temperature. On one hand, the m(T) curves were taken from 4.5 to 20 K in steps of
0.5 K in an applied field of 50 Oe. The T, was defined as the onset of the magnetic moment
change. On the other hand, for the m(H) curves the magnetic field was increased from 0
to 1500 Oe in steps of 50 Oe at six different constant temperatures. Because of the defects,
the m(H) curve shows a rounded rather than a sharp maximum, which makes Hc; difficult
to identify. Instead, the first penetration field (Hg,) was determined. The Hg, represents
the magnetic field at which the first magnetic flux penetrates the superconductor. In the
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m(H) curve the Hg, corresponds to the field at which the magnetic moment deviates from
the linearity characteristic of the Meissner state. Thus, Hg, was defined using the criterion
Am = 1.8 x 107° emu, being Am the magnetisation curve after subtracting the Meissner
line 119, [120]. Moreover, demagnetisation effects caused by the sample geometry [121],
which lead to early flux penetration, were considered. Thus, an approximation of H¢; was
obtained.

For bulk Nb

SIS multilayers grown on bulk Nb samples of size 11 x 35 x 1 mm? were evaluated at the
central cryogenic laboratory at CERN. The measurement station consists of a contactless
two-coil system operated in a cryostat. Its measurement principle is based on an inductive
technique that detects the magnetic field expulsion as the sample turns superconducting, a
result of the Meissner effect.

A schematic of the measurement setup is given in Figure [£.4] The two coils are parallel
with opposite orientations. The sample to be measured is placed between the two coils with
its faces parallel to the coil planes. The coated side faces the so-called drive coil, through
which an AC current is driven, generating an alternating magnetic field which induces a
voltage in the pickup coil, at the opposite sample side. The measure starts at 4.5K to
prevent flux trapping while cooling down. Later the drive coil is turned on. Because the
sample is in SC state, the screening currents prevent the magnetic field from penetrating it,
so the pickup coil detects only a base background noise sum of the external noise and the

temperature
sensor

dip stick

0|0

drive pickup;
. coail coil |

film -

inlet ¥ electrical
heater (EH)

vapour

Figure 4.4: Schematics of the contactless inductive station for measuring the supercon-
ducting transition of films at CERN for SRF applications. The schematic of the complete
experimental setup is given by Fonnesu et al. [122]. The measurements were conducted by
Lea Preece (UHH) and Daniel Turner (CERN).
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field leaking around the sample. The temperature then is ramped up. When temperature
achieves T the transition from SC to NC state causes a jump in the detected signal, as a
result of the magnetic field entering the sample and reaching the pickup coil.

One limitation of this method is that it is not possible to detect a film T. below the T,
of Nb. The substrate, still in its SC state, blocks the field lines from reaching the pickup
coil, screening the film SC to NC transition.
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5. Determination of film thickness

This section explores the thickness determination of PEALD-grown films, whose depo-
sition process has been detailed in section The discussion extends to the analysis and
assessment of film thickness. Moreover, the evaluation of various film thicknesses, i.e., dif-
ferent numbers of PEALD cycles performed, enables GPC determination. The investigation
covered various films: NbN, TiN, NbTiN, and AIN, along with multilayers, before and after
post-deposition annealing.

5.1. Transition metal nitrides: NbN, TiN, and NbTiN thin
films

This section introduces the thickness studies conducted on NbN, TiN, and NbTiN thin films.
The results presented here are based on measurements performed on thin films deposited
on silicon substrates, rather than niobium substrates. This is due to the significant surface

roughness of our Nb conical substrates after the surface preparation process detailed in
Section [3] which limits XRR analysis.

5.1.1. Evaluating NbN thin films: thickness and GPC determination

Four different NbN thin films were measured by XRR. These films were deposited under
identical conditions with the only difference being the number of cycles conducted, resulting
in different film thicknesses. The evaluated films correspond to 200, 300, 400, and 1000
PEALD cycles deposited on different silicon substrates; therefore, different samples. As
observed, a greater number of cycles implies increased thickness evidenced by shorter periods
of oscillations—demonstration in Equation The thickness of the films was evaluated
using two different approaches: Analysis of the Kiessig fringe period and fitting of the
reflectivity curves. For the fitting, the elements considered were: The Si substrate, the native
SiO9, and the layer under examination. Neither Nb surface oxides nor oxynitrides, additional
interface, and hydration layers were contemplated. Thus, the analysis is simplified, although
it limits its accuracy. Note, the aim here is to deduce the GPC of the NbN PEALD process.
Hence, the investigated samples are as-deposited.

The reflectivity curves at low angles for the four NbN samples are shown in Figure [5.1
It is noticeable that the 400 cycles sample reveals a larger critical angle in comparison to
the other three samples. The critical angle, which establishes the limit to X-rays from total
reflection to penetrate the material undergoing refraction, can be written using Snell’s law
as

0.~ V20 (5.1)
where the real part of the refractive index is related to the scattering properties by
2
0= ;—repe (5.2)
0
with pe the electron density of the material. Hence, a larger critical angle indicates higher
electron density. Therefore, the 400 cycles sample exhibits a different film structure and/or
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composition, just as uniform critical angles across the other samples—200, 300, and 1000
cycles—suggest that these samples are consistent with each other. The analysis software
GenX uses the density of each layer expressed in units formula per cubic angstrom (FU A_g).
As a result, the fitted mass density is between 4.9 and 5.4 gcm ™3 for all samples except the
400 cycles sample, which is 7.8 gcm ™. The bulk NbN density is 8.47 gcm ™3 [123]; however,
for NbN thin films, it varies with the deposition technique and conditions. For PEALD-films
grown at 250 °C the reported densities are: 6.5gcm™3 [90], 7.6 gcm ™3 [87], and 7.9 gcm ™3
[79], while for thermal ALD (deposition temperature is 450°C), is 7.5gcm ™3 [68]. In the
case of reactive magnetron sputtering is 6.8 gcm ™3 [124]. Compared to these values, the
densities obtained in the current study—except for the value corresponding to the 400 cycles
sample—are notably lower. Indeed, the values are more consistent with the densities of Nb
oxides (NboO5=4.6 gcm ™3 [125] and NbOy=5.9gcm ™3 [126]) rather than with NbN. It is
well known that NbN oxidises when exposed to air, with nitrogen being replaced by oxygen
to form Nb oxides at its surface [113]. Considering this, incorporating additional layers of Nb
oxides, oxynitrides, or both into the XRR fitting model is beneficial for more comprehensive
results. The distinct behaviour of the 400 cycles sample may be attributed to a reduced
interval between deposition and XRR analysis; however, since it has not been systematically
investigated, it remains speculative. Additionally, as shown in Figure the 400 cycles
curve exhibits larger amplitude oscillations at low angles. It indicates that the 400 cycles
film may have not only a higher electron density but also smoother interfaces or greater
homogeneity, than the other samples. Rougher interfaces cause X-rays to scatter in various
directions, leading to a reduction of the amplitude of oscillations. This observation aligns
with the assumption of the 400 cycles film having none or less oxidation compared to the
other measured samples.

107 L — 200 Icyclesl
—— 300 cycles
400 cycles
10°
—— 1000 cycles

Intensisty (a.u.)
2

L L AN
15 20 25 30
26 (°)

05 1.0

Figure 5.1: Reflectivity curves at low angles for four different NbN films. Notably, the
orange curve which corresponds to 400 cycles, exhibits a shifted critical angle and a larger
amplitude. It suggests a notable difference in electron density relative to the other films.
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Figure 5.2: X-ray reflectivity profiles for four NbN films with different thicknesses, corre-
sponding to deposition cycles of 200, 300, 400, and 1000. Film thickness increases with the
number of cycles as evidenced by the shorter period of oscillations. The colour solid lines
represent the experimental data while the black solid lines are the fits. To improve the fit,
more layers may be added to the model. This change would primarily impact oscillation
amplitude, driven by roughness and electron density, with only slight effects on thickness,
which depends on fringe spacing.

The thicknesses of the NbN films were determined from the four rocking curves shown in
Figure[5.2] through both fitting and analysis of the Kiessig fringes. The obtained values are
presented in Figure [5.3] as a function of the number of cycles. There are small deviations
between thicknesses obtained from both methods, turning slightly more pronounced when
increasing the number of cycles. The result for 400 cycles deviates from linearity towards
lower thickness, indicative of a reduction in its GPC, suggesting a denser film. This obser-
vation aligns with the film densities mentioned above, obtained from fitting. The obtained
average—excluding the 400 cycles sample—GPCnpn is 0.050 £+ 0.001 nm/cycle, which is
slightly lower than our estimate of 0.06 nm/cycle [102, 103|. This prior estimate was de-
rived from the composition ratio of Nb to Ti in NbyTi;_«N films (measured by EDX) and
the supercycle ratio m:n (see Table , using the known GPC for TiN. An explanation for
the variance in the GPCypy could be the influenced growth within the supercycle vs the
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Figure 5.3: Linear relationship between NbN film thickness and the number of PEALD
cycles completed. Data points extracted from XRR curves: Kiessig fringes analysis (black
squares) and fitting (red circles). The blue line fits y = mx with R? = 0.998. The slope is
0.050 £ 0.001 nm/cycle and represents the GPCnpn. The values corresponding to the 400

cycles sample were excluded from the fit due to the deviation from linearity. This deviation
suggests a decrease in GPC, suggesting a denser film.

NbN cycle. Furthermore, the obtained GPCnypy is consistent with PEALD films deposited at
the same temperature [87,91] and at 300 °C [79]. Although, other studies report higher GPC
values of 0.064 — 0.069 nm/cycle [84, [85, |87, |88] and lower values 0.015 — 0.04 nm/cycle [89,
90] GPCnpy using also TBTDEN as the precursor. Conversely, a GPC of 0.025 nm/cycle is
reported for thermal ALD using chlorine precursor at 450 °C [68]. Hence, the GPC strongly
depends on the chemistry and deposition conditions.

5.1.2. Evaluating TiN thin films: thickness and GPC determination

The study comprised the analysis of six different samples which exclusively differ in the
number of TiN PEALD cycles conducted, ranging from 100 to 300 cycles. The film thickness
was assessed using XRR—only for the films with 200 and 300 cycles—and spectroscopic
ellipsometry (SE). Two rocking curves—corresponding to 200 and 300 cycles—are shown
in Figure It is visible that the period of the oscillations shortens when increasing the
number of cycles. The film thickness was derived from the analysis of the Kiessig fringes.
These reflectivity profiles show well-defined oscillations at lower angles, but a pronounced
damping as the incident angle increases. The strong attenuation suggests a low electron
density contrast between the TiN layer and the substrate, indicating a poorly defined and
less sharp interface. This observation suggests the presence of an interfacial layer between
the TiN and the native SiOs. Previous studies have shown that plasma can cause the
formation of an interfacial layer between the PEALD deposited layer and the substrate. An
analysis of this effect for the various layers under investigation—NDbN, TiN, NbTiN, and
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Figure 5.4: X-ray reflectivity profiles corresponding to two TiN films with 200 and 300 cycles.
Film thickness increases with the number of cycles as evidenced by the shorter period of
oscillations.

AIN—is given in the conclusions of this section. On another note, a closer look at the
low-angle regions in Figure indicates increased roughness for the 300 cycles film relative
to the 200 cycles film, evident in the blurred oscillations caused by the rougher surface.
As films grow thicker, i.e., with more cycles, the surface can become rougher due to the
accumulation of growth imperfections.

The GPC for TiN deposited by PEALD at 250 °C is given by the slope of the fit in Figure
The obtained value is 0.069 & 0.001 nm/cycle. For comparison, literature values for
GPCrin using TDMAT are in the range of 0.035 — 0.077 nm/cycle |[78-80} 82, 127, since

25 T T T T T
4 TiN-Ellipsometer (over time)
e TiN-Ellipsometer "
20+ = TiN-XRR-Kiessig .
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o

—_
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Figure 5.5: Relationship between TiN film thickness and the number of PEALD cycles
completed. Six different samples were studied.. The thickness was evaluated via SE, after
deposition and over time, and with X-ray reflectivity, derived from the analysis of the Kiessig
fringes. The blue line fits all data points by a linear relationship which intercepts at the
origin. The slope, which gives the GPCry, is 0.069 4 0.001 nm/cycle and R? = 0.995.
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the GPC is influenced by the deposition conditions. For TiCly as alternative precursor,
lower GPC is obtained, ranging from 0.026-0.06 nm/cycle for PEALD [94, 95|, and of
0.019nm/cycle for thermal ALD [68].

5.1.3. Evaluating NbTiN thin films: thickness and GPC determination

Six NbTiN films were measured by XRR: three corresponding to 100 supercycles and three
to 243 supercycles. Two XRR profiles—one for 100 supercycles, the other for 243—are
compared in Figure [5.6] The increase in thickness and surface roughness with the number
of supercycles is indicated by shorter periods and damped oscillations. Furthermore, these
curves exhibit a pronounced flattening when increasing 20 above 2 ° (see Figure for
comparison). It is due to diffuse scattering and low electron density contrast, resulting from
a non-sharp interface between NbTiN layer and substrate, a behaviour also observed for TiN
but not for NbN. Formation of interfacial layers between NbTiN and substrate can be the
origin of flattening. Another hypothesis could be the presence of non-uniformities or voids
at the bottom of the PEALD deposited layer. Indeed, PEALD, at the early stages of the
nucleating phase, is associated with island growth before coalescing into a continuous film.
However, this hypothesis is dismissed, as the observed flattening is too pronounced to result
from minor anomalies. Moreover, it would also occur for NbN, which is not the case (see
Figure . Given the significant degree of flattening observed the previous explanation is
more plausible.

107 —— 100 supercycles 3
’3-‘ 108 — 243 supercycles |

20 (°)

Figure 5.6: Comparison of XRR profiles for NbTiN films with 100 and 243 supercycles.
Film thickness increases with the number of cycles as evidenced by the shorter period
of oscillations. Surface roughness also increases with the number of cycles, indicated by
dampened oscillations at low angles. Both curves exhibit significant flattening at angles
above 2 °, indicating interfacial roughness or non-sharp electron density boundaries.
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Figure 5.7: NbTiN film thickness versus the number of PEALD supercycles. Data points
are obtained from the Kiessig fringe of the XRR curves. The slope of the blue fit gives the
GPCnprin of a supercycle, which is 0.229 4= 0.006 nm /supercycle. R? = 0.996.

The film thickness was derived from the analysis of the Kiessig fringes in Figure [5.6]
The obtained values, plotted as a function of the number of cycles, are shown in Fig-
ure The derived GPCnprin is 0.229 + 0.006 nm/supercycle. It is worth noting that
the optimised NbTiN supercycle includes 1 TiN cycle and 3 NbN cycles. By comparison,
the calculated GPCyprin from the growth rates of the individual PEALD processes, i.e.,
1 x GPCrin + 3 x GPCnpn;, is 0.219 4 0.004 nm /supercycle.

5.2. Investigating thickness of AIN thin films

This subsection presents the thickness evaluation of the other layer of interest for SIS mul-
tilayers, i.e., the AIN. The AIN films were examined via XRR and SE. Six different sam-
ples—with the number of PEALD cycles ranging from 150 to 350—were examined, of which
only one was studied with XRR. SE was chosen for its more rapid execution over XRR. Fig-
ure [5.8] shows the reflectivity curve where the Kiessig fringes, particularly at low angles,
appear blurred. It suggests irregularities at the surface and interface such as roughness
and intermixing material, as discussed before. The fringe period was examined, yielding
to a GPCan of 0.070 + 0.001 nm/cycle. Conversely, thicknesses obtained via SE are dis-
played in Figure[5.9 as a function of the number of PEALD cycles, resulting in a GPCan of
0.069+0.001 nm/cycle. Both results are consistent with each other and align with literature
values |128].
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Figure 5.8: XRR curve for 182 PEALD cycles of AIN film grown at 250 °C. Blurred oscilla-
tions suggest a low electron density contrast at the interface with the substrate and surface
roughness.
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Figure 5.9: AIN film thickness, measured through ellipsometer, as a function of the number
of PEALD cycles, ranging from 150 to 350. Films deposition was at 250°C. The blue
line represents y = mx, with the slope 0.069 +0.001 nm/cycle representing the GPCajx and
R? = 0.997.
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5.2.1. Impact of deposition temperature on AIN thin film thickness

As earlier mentioned in Section [3, PEALD of AIN was studied at different temperatures to
overcome blistering. Additional information can be found in Section[6] Here, the focus is the
thickness evaluation of AIN films deposited at temperatures between 80 °C and 250 °C. The
deposition temperature plays a significant role in the film growth. It influences both surface
chemistry and the kinetics of surface reactions; hence, its impacts on the growth rate [87].
Typically, higher deposition temperatures result in denser films, hence reduced thickness
and lower GPC, as revealed in Figure Conversely, a dramatic thickness increase at
high deposition temperatures would be a sign of precursor decomposition, resulting in CVD
growth. However, it is not the case here, as TMA starts to decompose around 370 °C [129)].
On the other hand, a prominent increase in thickness at low deposition temperatures would
indicate either precursor condensation or deposition of chemically non-inert films which can
drastically oxidise [96].
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Figure 5.10: Thickness as a function of deposition temperature for AIN films deposited by
PEALD. Thickness was determined via SE.

5.3. Impact of post-deposition thermal annealing on
AIN-NDbTiIN multilayers

The final part of this section is dedicated to a brief analysis of the target multilayers through
XRR. In particular, the samples investigated consist of AIN-NbTiN and AIN-NbN multi-
layers, deposited in vacuo, with the dielectric first, followed immediately by the supercon-
ductor. The multilayers are comprised of 200 cycles of AIN and 100 supercycles of NbTiN
or 400 cycles of NbN, resulting in a stack with two layers of roughly 15nm and 25nm,
respectively. The samples were investigated as-deposited and after the two post-deposition
thermal treatments namely RTA and STA—described in Section [3] The goal is to see the
effect of post-deposition annealing on the multilayers. This investigation proved complex
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Figure 5.11: Comparative of XRR profiles for AIN-NbTiN multilayers: as-deposited (left)
and after STA (right). Strong damping occurs due to STA, suggesting poor electron density
contrast at the interfaces, indicating interface mixing.

due to several factors. On one hand, unknown oxidation layers on the surface and limited
knowledge of interfacial layers on the substrate and between layers limited fitting accuracy.
On the other hand, the XRR profiles revealed blurred Kiessig fringe, making fitting essential
for film thickness analysis. Finally, silicon substrates introduced interface variations rela-
tive to niobium, which is the relevant substrate for multilayer applications on SRF cavities.
Hence, considering the fitting complexity and the used of silicon as substrate, an elaborate
analysis was not conducted. Consequently, the study is a qualitative examination of mul-
tilayer XRR profiles before and after annealing, while addressing potential reasons for the
observed changes.

For AIN-NbTiN, Figure[5.11]includes the rocking curves from the multilayers as-deposited
and annealed (STA). On one hand, for the multilayers as-deposited, the profile shows pro-
nounced oscillations, indicating uniformity and distinction between the NbTiN and AIN
layers. Although, the flattening at angles above 3° suggests blurred substrate-AIN inter-
face, as discussed before. On the other hand, after annealing, the oscillations are damped
and blurred, indicating substantial interfacial changes and reduced smoothness. This ob-
servation is validated by cross-sectional TEM studies, which show layers intermixing (see
Section[6). Intermixing between AIN-NbTiN multilayers due to high temperature (>600°C)
was also observed by Valente-Feliciano et al. [130]. This effect, however, seems to be more
significant for AIN-NbTiN than AIN-NbN multilayers (see Figure in Appendix .
This could be explained by the higher affinity of Ti for the multilayers components over Nb.
Lastly, a shift to larger angles in the critical angle after annealing suggests an increase in
density which agrees with Sowa et al. [87], and indicates changes in the surface oxides.

5.4. Summary and conclusions

The conducted survey allowed the thickness determination for each of the layers under study,
essential for deriving the GPC for each PEALD process. The obtained values are listed in
Table [5.1] Moreover, XRR has proven to be a powerful tool for investigating the layers and
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Table 5.1: Values of growth per cycle (GPC) obtained for each PEALD process at 250 °C.
*Growth per supercycle, where the supercycle comprises 1 x TiN + 3 x NbN cycles.
PEALD Layer AIN TiN NbN NbTiN*
GPC (nm/cycle) | 0.069 £ 0.001 | 0.069 £ 0.001 | 0.050 £ 0.001 | 0.219 £ 0.004

multilayers. It provides valuable information on thickness, surface roughness, and interfacial
properties.

The potential appearance of interfacial layer between the deposited layer and the substrate
can be attributed to a plasma-induced effect. The ions may transfer their kinetic energy
to the surface at impact, inducing surface modification. The increased energy can enhance
diffusion at the interface, resulting in interface layer formation. Furthermore, the reactive
radicals can diffuse beneath the surface, possibly affecting the bonding structure. The
presence of interfacial layer between the deposited layer and the substrate is suggested for
the XRR profiles of AIN, TiN, and NbTiN, although not for NbN layers. For AIN, the
presence of interfacial layers is confirmed by complementary cross-sectional EDX analysis
presented in section [6} Figures and point to the presence of three layers: AIN, Al,O,
or Al;OyN,, and SixNy or SixOyN,. Previous studies of AIN deposited by PEALD have
shown the high affinity of AIN for oxygen and the appearance of interfacial layers—oxidation
of PEALD layer or nitridation of silicon—when using silicon substrates |131-133]. For
TiN, NbTiN, and NbN complementary analysis are still required. Previous studies for TiN
PEALD have shown the formation of SiNy, SiOxNy, TiO2, or TiOxN, depending on the
experimental conditions [94} 95| |134]. However, for the interface between the NbN PEALD
layer and Si, higher oxygen concentrations are reported, but no evidence of interfacial layer
formation has been found in the literature.

To understand why interfacial layer forms at the TiN/SiOq interface but would not at the
NbN/SiO2 interface, various potential explanations are addressed. First, from thermody-
namic point of view. The Gibbs free energies were not calculated, as the plasma introduces
complexities that make the precise chemical reactions unknown. However, comparing heats
of formation provides valuable insights into the relative stability of each compound. The
values—obtained from (135} |136]—are sorted from most negative to least negative:

AH?(heat of formation)
NbyO5 < Als03 < TiO9 < SiOg < NbOgy < SigN4 < NbTIN < NbO < TiN < AIN < NbN

The AH? indicates that from the Nb oxides only NboOs would be more stable than SiOs.
While for AlsO3 and TiOs both are more stable than SiOs. However, since the exact
interfacial compounds are unknown, this remains speculative. Another hypothesis could
consider differences in oxygen solubility between TiN and NbN; however, this has been
dismissed due to the amorphous nature of the films during the initial ALD cycles, i.e., at
the interface. The next assumption account on the affinity with oxygen. Oxygen shows
stronger affinity with TiN than with NbN |137]. Hence, it would tend to form TiO2 at the
SiOs interface, which would act as an oxygen barrier. While for NbN, Nb oxide species could
still form, although they would not be capable of stopping oxygen diffusion, preventing a
defined layer from forming. This hypothesis would be support by the observation of TiO9
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acting as a better diffusion barrier than Nb oxides [138,139]. However, further studies, e.g.,
XPS depth profiling or synchrotron-based XRR, are need to shed more light at interfaces.

Lastly, XRR profiles for post-deposition annealed multilayers point to layers intermix-
ing—more prominent for NbTiN than NbN-—and rough interfaces. See Appendix for
further details.
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6. Microscopic analysis of thin films and
multilayers morphology

Understanding the specifics of the morphology of PEALD coated thin films and multilay-
ers is crucial for assessing their potential for SRF cavity applications. Surface roughness and
localised defects have been shown to cause degradation of SRF cavity performance |4}, 140,
141]. This section explores the study of cross-section and surface morphology. It includes
the evaluation of the layers of interest—individual layers and multilayers—as well as the
influence of Si or Nb as substrates. Furthermore, the impact of the post-deposition anneal-
ing on the sample morphology is also investigated. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) combined with energy dispersive X-ray spec-
troscopy (EDX), as well as atomic force microscopy (AFM) were utilised.

6.1. Interfaces examination through cross-section view

The purpose of this analysis is to shed light on the interfaces of the multilayer systems
studied. Cross-sections of AIN-NbTiN multilayers grown on Si and Nb have been examined,
before and after annealing. Lamellas were fabricated using a focus ion beam (FIB) and
analysed through SEM and TEM at the Technische Universitdt Hamburg, using the systems
Talos F200X and Helios Nanolab G3 UC, both from Thermo Fisher. The fabrication of
the lamella includes depositing ~2pm of a Pt layer to avoid any multilayer damage, for
improved cross-section view, and easier welding and transfer of the lamella to the TEM
grid. Before imaging, the Pt layer was milled to a thickness of ~200nm. Subsequently,
elemental mapping via EDX was performed.

6.1.1. Multilayers grown on Si substrate

The images in Figure [6.1] show the cross-sectional view of the multilayers in their as-
deposited state and after annealing. For the as-deposited multilayer (Figure a), a crys-
talline and well-adhered NbTiN film is observable. However, in the case of AIN, multiple
layers are observed instead of a single AIN film. At the AIN-NbTiN interface, a pronounced
layer is visible; while at the AIN-Si interface, another layer or intermixing of layers is sug-
gested. This observation is consistent with the XRR analysis (see Section . A potential
explanation for this behaviour is the diffusion of oxygen from the native silicon oxide present
on the silicon surface. To investigate this further, elemental analysis was performed using
EDX. As for the annealed multilayers (Figure b), darker areas within the AIN film
suggest intermixing and a blurred NbTiN/AIN interface as a consequence of the high tem-
perature. The XRR analysis in Section [5| supports this observation. Elemental mapping
was also performed for the annealed multilayers. The elemental mappings are shown in Fig-
ures [6.2] and for the as-deposited and annealed multilayers, respectively. The measured
elements are: Nb, Ti, Al, N, O, and Si.
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Figure 6.1: Cross-sectional view of Si-AIN-NbTiN multilayers: a) as-deposited and b) an-
nealed. a) Crystal grains and planes reveal the crystalline nature of NbTiN. In place of AIN
film, various layers are visible. b) Annealing results in blurred AIN-NbTiN interface and
intermixing, evidenced by the darker areas within the AIN film. Markers serve as guides to

eye.

The observations derived from Figure [6.2] for the as-deposited Si-AIN-NbTiN multilayers
are as follows. The presence of a NbTiN film is obvious. It shows a native oxide layer on its
surface and some oxygen traces within. The interface AIN-NDbTiN is observed to be sharp.
In addition, the pronounced layer at the AIN-NbTiN interface—also visible in Figure[6.1}—is
identified as AIN; while aluminium oxide may form beneath it. Furthermore, nitrogen and
silicon signals suggest the nitridation of the substrate. Both phenomena—formation of in-
terfacial oxide and nitridation of the substrate—may be plasma-induced as earlier explained
(see summary and conclusions in Section . Previous studies of PEALD AIN have shown
the appearance of an oxide interfacial layer and nitridation of silicon [131-133]. Lastly,
Figure [6.2] suggests good adhesion between the deposited layers and the substrate, as no
voids are visible at the interfaces.

For annealed multilayers, Figure [6.3] displays the elemental mapping. The oxygen signal
indicates that the native oxide persists with annealing. XPS studies suggested increased
surface oxidation caused by annealing (see surface XPS analysis in Appendix . The
oxygen within the NbTiN film persists despite the high-temperature annealing. In place
of the AIN layer, the elemental mapping confirm the presence of Al, O and N, presumably
forming AlOxNy. Furthermore, Figure[6.3|reveals that the dark areas seen in Figure[6.1] are
Ti, suggesting that annealing causes Ti diffusion into the AIN film. Moreover, Al diffusion
into the overlying layer. The finding aligns with the observations extracted from the XRR
analysis (see Section [5) and agrees with the work done by Valente-Feliciano et al. ,
which indicates AIN-NbTiIN intermixing at high temperatures (>600°C). Lastly, annealed
multilayers exhibit partial delamination, presumably due to different thermal expansion
coefficients between the substrate and thin films. This observation is demonstrated for mul-
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Figure 6.2: EDX elemental mapping: Cross-sectional view of as-deposited AIN-NbTiN
multilayers grown on Si. The O signal reveals the formation of a native oxide layer on the
NbTiIN surface. In place of AIN, Al,; O, and N are present; with higher Al concentration at
the interface with NbTiN. A close look at N and Si signals suggests substrate nitridation
and lower densification of the substrate.

Figure 6.3: EDX elemental mapping: Cross-sectional view of annealed AIN-NbTiN mul-
tilayers grown on Si. Native NbTiN oxides are present. The arrows indicate Ti and Al
diffusion into the other layer. Al, O, and N signals suggest the formation of AIONy.
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Figure 6.4: EDX depth profile for Si-AIN-NbTiN: as-deposited (left) and annealed (right).
As-deposited: AIN is present at the interface with NbTiN; while aluminium oxide forms
beneath it. The Al, O, N, and Si signals indicate a diffuse interface with the substrate. The
N peak points to substrate nitridation. The drop in the Si signal (also visible in Figure
indicates reduced densification of the substrate surface. Annealed: Surface NbTiN oxides
become more pronounced. The overlapping Nb, Ti, N, Al, and O signals indicate a burred
interface between NbTiN and the underlying layer. The Ti peak confirms Ti diffusion into
the layer beneath it. The colour code is consistent with the elemental mappings. Markers
serve as guides to the eye.

tilayer deposited on Si (see Figure and [6.15)) and will be further discussed later in this
Section.

Figure [6.4] contrasts the EDX depth profile for Si-AIN-NbTiN multilayers in their as-
deposited and annealed states. It corroborates the observations derived from Figures 6.2
and [6.3] Further, it aligns with the observation extracted from the XRR analysis, demon-
strating that annealing causes a blurred interface between NbTiN and the underlying layer,
as indicated by the overlapping signals. In addition, the elemental depth profile corroborates
the film thicknesses; although, it is not the most suitable technique for this purpose. By ex-
amining the x-axis of Figure[6.4] film thicknesses of 15.5nm for AIN and 52.9 nm for NbTiN
are determined. These values are consistent with the calculated thicknesses—derived from
the number of PEALD cycles and the corresponding GPC—for AIN and NbTiN respec-
tively 12.6 nm and 53.2nm. After annealing, film thicknesses vary respectively to 16.6 nm
and 50.7 nm, supporting the observation of Ti diffusion into the underlying layer.

6.1.2. Multilayers grown on Nb substrate

Multilayers grown on Nb were examined, aiming to contrast them with those deposited
on Si, particularly regarding AIN. Figure displays cross-sectional view of as-deposited
Nb-AIN-NbTiN multilayer. It can be noted the crystalline character of both deposited films
by the presence of planes differently oriented. Moreover, the films exhibit good adhesion
to the adjacent layer and the Nb substrate with smooth interfaces. The mild interface
roughness is attributed to the original substrate Nb surface. Contrary to Figure[6.1]a, a
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Figure 6.5: Cross-sectional view of as-deposited Nb-AIN-NbTiN multilayers. The interface
roughness is attributed to the mimic substrate roughness. The deposited layers are crys-
talline (see grains and planes) and exhibit good adhesion. Furthermore, unlike to deposition
on Si, only a single layer is discernible at place of AIN. On top of NbTiN, there is the pro-
tective Pt layer. Markers serve as guides to the eye.

single layer seems to form in place of the insulating layer. Figure shows the elemental
mapping of as-deposited Nb-AIN-NbTiN multilayers. As for multilayers grown on Si, oxygen
is present in the AIN layer when grown on Nb. It is assumed that O diffuses from native
Nb oxides, potentially forming aluminium oxides or oxynitrides. Further, the layers appear
well-defined with no signs of intermixing. Nitrogen is detected in both the AIN and NbTiN
layers, although its concentration is lower in the AIN layer. Conversely, Figure [6.7] shows
the elemental mapping of annealed Nb-AIN-NbTiN multilayers. Annealing causes Al to
diffuse into NbTiN layer. This observation aligns with the findings for multilayers grown
on Si and with previous studies . However, unlike for annealed multilayers grown on
Si (see Figure , no signs of Ti diffusion into AIN are visible. Lastly, Figure suggests
a reduction in nitrogen content in the AIN layer due to annealing.
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Figure 6.6: EDX elemental mapping of as-deposited Nb-AIN-NbTiN multilayers. The in-
terfaces are well-delineated, with no signs of intermixing, and smooth. The roughness is
attributed to the Nb substrate. Nitrogen is detected in both layers, although at a lower
concentration in the AIN layer. Oxygen potentially diffuses from Nb oxides into the AIN,
suggesting the formation of aluminium oxide or oxynitride. The analysis was conducted
at EPFL in collaboration with CERN. Credits go to Stephan Pfeifer (CERN) for the
Nb-AIN-NbTiN as-deposited and annealed lamellas fabrication and Daniel Turner (CERN),
Alice Moros (CERN), and David Reyes (EPFL) for the STEM-EDX elemental maps.
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Figure 6.7: EDX elemental mapping of annealed Nb-AIN-NbTiN multilayers. Annealing
causes Al to diffuse into the NbTiN layer. Nitrogen is detected in both layers but at an
even lower concentration in the AIN layer after annealing. Oxygen is still present in the
AIN layer. The analysis was conducted at EPFL in collaboration with CERN. Credits
go to Stephan Pfeifer (CERN) for the Nb-AIN-NbTiN as-deposited and annealed lamellas
fabrication and Daniel Turner (CERN), Alice Moros (CERN), and David Reyes (EPFL) for
the STEM-EDX elemental maps.

Figure 6.8: Cross-sectional view of Nb-(AIN-NbTiN)? multilayers in their as-deposited state.
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Lastly, Figure shows the cross-sectional view of Nb-(AIN-NbTiN)? multilayers in the
as-deposited state. The multilayers seem to be well limited. The interface roughness is
attributed to the mimic Nb substrate roughness. In Figure the structure exhibits good
adhesion between films and substrate. However, as discussed later in this Section, that is not
always the case—see Figure Additionally, Figure presents the elemental mapping
for Nb-(AIN-NbTiN)2. It reaffirms the level of layering achieved via PEALD. No voids are
visible between layers; which appear well-defined and delimited. However, Nb and Ti signals
suggest a potential diffusion into the sandwiched AIN layer at certain spots. EDX depth
profile is necessary in order to confirm such observation. Unfortunately, no oxygen signal
has been recorded. The cross-section analysis after the post-deposition thermal treatment
of such a multilayer is missing.

-50nm

Figure 6.9: Elemental mapping of Nb-(AIN-NbTiN)? as-deposited multilayers. The multi-
layers are well-defined and delimited. The interface roughness can be attributed to the Nb
roughness. Nb and Ti signals suggest a potential diffusion into the sandwiched AIN.
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6.2. Investigating blister formation

Topography evaluation of thin films and multilayers reveals the arbitrary presence of blisters
across the surface. The term blister defines a circular protrusion, with a smooth and rounded
top and a base connected to the film, resembling a half-sphere. The blisters emerge on
as-deposited thin films and multilayers. Figure [6.10] shows various examples of blisters
and a cross-section view, which reveals local buckle-delamination. Buckling refers to the
detachment of a film from the substrate or an adjacent layer, typically caused by excessive
stress at the interface . Its circular shape suggests that the stress distribution is the
same around the central axis of the blister. Moreover, blisters exhibit a distinctive dot—mnot
always centred—which can be distinguished via SEM and AFM as shown in b. The
nature of the dot remains unknown, but it is speculated to represent either a defect involved
in blister formation or a region of stress accumulation in the blistered film. The size and
distribution of the blisters are often arbitrary—see Figure [6.10]a and c. Nonetheless, there
seems to be a relation between the size, the density, and the substrate which will be further
elaborated below.

Figure 6.10: Blister characteristics: a) and ¢) show the random distribution and size; b) a
zoom-in reveals its distinctive dot; d) shows a cross-section of a single blister. Note, blisters
emerge on thin films and multilayers in their as-deposited state.
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Figure 6.11: EDX elemental mapping for a blister. The samples, also shown in Figur
consists of Nb-(AIN-NbTiN)? in its as-deposited state. The initial AIN layer is adhered to
the Nb. The successive NbTiN suffers from detachment, resulting in a blister. The layer
exhibits a rupture at the spot where detachment starts. Detachment do not occur for the
successive AIN-NbTiN layers, which are well attached, do not present any anomaly and
mirror the blister geometry. Unfortunately, no oxygen signal has been recorded.

According to EDX (Figure , for Nb-(AIN-NbTiN)?, the blister appears to be voids.
The detachment appears to occur at the NbTiN film while the AIN film remains adhered to
the Nb substrate surface. However, this would not be always the case as blisters are alike
present when a single layer of AIN is deposited

The formation of blisters is a long-known issue in thin-film multilayers [143H145]. In
PEALD, ions and radiation from the plasma can damage the films [50] (see details in
Section . Two distinct plasma-induced blistering processes may occur. On the one hand,
ion bombardment may develop compressive stress on the film, resulting in blistering [146-
149]. It potentially could be mitigated by reducing the ions energy through increasing the
plasma gas pressure [147] or by reducing the ion flux density using lower plasma power
[95, [96]. Another alternative to tune the ions energy would be through substrate biasing
[46]. On the other hand, the formation of blisters can be linked to the accumulation of gas
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desorbed [148-151]. Ions and radiation can break hydrogen bonds [50} 51, 149]. Trapped
hydrogen desorbs in the form of Ho and HoO gas. The films acting as barriers may prevent
the gas from diffusing out, leading to blister formation. This hypothesis may account for the
difference between Nb and Si substrates, as hydrogen likely diffuses more readily into Nb
than Si. Unfortunately, EDX is not suitable for detecting light elements; therefore, it cannot
be ruled out from Figure that the blisters may potentially be filled with hydrogen gas.

Various scenarios have been investigated, including different layers and multilayers (AIN,
NbN, TiN, NbTiN, AIN-NbN, AIN-NbTiN, and (AIN-NbTiN)?) deposited on Si and Nb
substrates. Furthermore, other factors such as the film thickness, the deposition tempera-
ture, the plasma parameters (gases and exposure time), and the substrate position inside
the deposition reactor were examined (see Appendix . However, the occurrence of blis-
ters remains inconsistent, making it challenging to determine the precise conditions under
which they form and thus, their underlying cause.

Nonetheless, there are relevant conclusions that can be drawn from this investigation.
Firstly, there are variations in blister size and density, based on the substrate. For Nb,
blisters exhibit a height and diameter in the order of 300 nm and 1 pm, respectively; in
contrast to 60 nm and 500 nm when it comes to Si. Furthermore, greater blister density
is observed for Nb than for Si. However, blistering is more likely to occur when using
Si as the substrate than Nb. At a deposition temperature of 250°C, for Nb substrates,
blistering is observed only in samples consisting of Nb-AIN-NbN and Nb-(AIN-NbTiN)2.
While for Si substrates, the only combination that does not show blistering is Si-NbTiN.
To determine whether blistering is plasma-driven or thermally driven (thicker film results
in extended exposure to the deposition temperature), the number of deposition cycles was
reduced while maintaining the same total deposition heating time. The observation was
that blistering would be plasma-induced. Thicker films exhibit more blisters, supporting
the hypothesis of ion-bombardment causing blistering, since compressive stress increases
with thickness [142]. Mitigation of ion-induced blistering has been reported by raising
[149] and decreasing [128] the temperature. Deposition temperatures ranging from 80°C
to 250°C were examined, however, inconsistencies make it challenging to draw definitive
conclusions about the optimal deposition temperature (see details in Appendix .

6.3. Impact of post-deposition thermal annealing on the
morphology of thin films and multilayers

The impact of post-deposition thermal annealing on the morphology of thin films and mul-
tilayers was examined. The sample surface was examined under various considerations:
the substrate, the thin film or multilayers deposited, the presence of blisters, the type of
annealing conducted, the furnace used, and the annealing temperatures.

6.3.1. Evaluating the impact of RTA and STA on surface morphology

The morphology changes resulted from the two post-deposition thermal treatments de-
scribed in Section [3F—RTA and STA—are contrasted. Multilayers deposited on Nb and Si
were examined. Figure shows the surface of AIN-NbTiN and AIN-NbN multilayers
deposited on Nb: as-deposited, and after conducting RTA and STA. In their as-deposited
state, the multilayers’ surface is smooth—corresponding to Figure a and d. The grain
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size is quite small, suggesting fine-grain or amorphous structure representative of ALD .
By contrast, both post-deposition annealing procedures induce surface morphology changes.
As evidenced in Figure [6.12] b, ¢, e and f, the surface becomes rougher and textured, with
more distinct grains that seem to have increased in size. This observation suggests an-
nealing induced grain growth and recrystallization; which is discussed further in Section
Bl A consistent behaviour is observed for multilayers of AIN-NbTiN deposited on Si. Fig-
ure [6.13] compares AFM scans of the multilayers in their as-deposited state and after RTA
and STA treatments. The root mean square (RMS) surface roughness increases with the
post-deposition treatments. The values are 0.92nm, 2.42nm, and 1.19nm for as-deposited,
RTA-, and STA-treated multilayers, respectively; while for the plain silicon wafer is 0.5 nm.
The analyses suggest that RTA has a greater effect on surface roughness, regardless of the
substrate. This may be attributed to the higher stress experienced by the multilayers during
RTA, likely caused by the faster ramping and cooling rates.

a) Nb-AIN-NbTiN
As-deposited

c) Nb-AIN-NbTiIN
STA

d) Nb-AIN-NbN

£) Nb-AIN-NBN.
As-deposited Ay

STA

Figure 6.12: SEM images of the surface morphology of multilayers—AIN-NbTiN and
AIN-NbN—deposited on Nb: as-deposited, and after RTA and STA treatments. Post-
deposition treatments lead to greater textured surfaces and grain growth.

10.00 nm 10.00 nm

Figure 6.13: Surface evaluation of AIN-NbTiN multilayers deposited on silicon: as-deposited
state and after RTA and STA treatments. AFM scan size is 2 x 2pm. Both thermal
treatments lead to increased surface roughness. The bare substrate has a RMS of 0.5 nm.
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6.3.2. Assessing annealing-induced defects

After annealing, various features or annealing-induced defects can be observed on the sample
surface. Here, annealing refers to STA (see Section (3| for further details).

Firstly, circular bumps—distinct from blisters—of varying sizes form across the surface,
often resulting in film cracks. An example of this defect is shown in Figure [6.14] a and b,
where cracks are also visible. Additionally, a blister and delamination or peel-off—discussed
later—are also evident in Figure Bump formation is observed across the entire temper-
ature range examined (700 °C to 1100 °C), with higher annealing temperatures leading to a
greater number of bumps. Various scenarios were examined, including Nb and Si substrates,
single layers of NbTiN and NbN, and multilayers of AIN-NbTiN with varying thicknesses.
The findings reveal that bumps occur for multilayers grown on Si, with thicker layers re-
sulting in a greater number of bumps. In contrast, bumps do not form on single layers or
multilayers grown on Nb (see Figures and a). Elemental mapping for a cross-
sectional view of a bump is shown in Figure revealing partial buckle-delamination of
the NbTiN layer from the AIN layer. Here, buckling is a consequence of annealing, driven by
mismatches in thermal expansion across the multilayer structure, which result in compres-
sive stress [142, [153]. Compressive stress occurs when a film tends to shrink more than the
substrate or the adjacent layer during cooling but is constrained. When the stress exceeds
the adhesion strength of the interface, partial buckle-delamination occurs. The coefficient
of thermal expansion (CTE or «) describes the fractional change in size per degree of tem-
perature change for a material. A higher CTE indicates that a material shrinks more during
cooling. The CTE values for the materials under examination are listed in Table with
values for AlsOgz included because EDX elemental mapping revealed high oxygen concen-
trations within the AIN film. The greater thermal expansion mismatch with Si compared
to Nb may explain why buckling occurs with Si substrates. Moreover, the relative stress
(0 < E - aumismateh - AT) of NbTiN is approximately 2.3 times the stress of AIN, to their
underlying material, suggesting, as shown in Figure that buckle-delamination occurs
in the NbTiN film. Finally, film thickness strongly influences buckling, with thicker films
exhibiting more buckling [142]. In conclusion, annealing-induced bumps are assumed to be
buckling, caused by thermal expansion mismatches across the multilayer system grown on
Si. Consequently, buckling can be excluded as a concern for SIS SRF cavities.

Table 6.1: Material properties obtained from [154} [155] *Calculated for a ratio of Ti to
Nb=1/3.

Material Si Nb | AIN | AlbO3 | NbTiN*
CTE (pnmm~—'K™1) | 2642 | 7.3 | 5.7 | 8.4 9.9
E modulus (GPa) | 130-185 | 105 | 350 | 400 513
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Figure 6.14: Annealed Si-AIN-NbTiN in a) sample furnace and b) single-cell furnace. See
details in Section Buckling, resulting in film cracks, is evident for both SEM images.
Different cooling rates may be the reason for blisters to a) be unaffected or b) lead to peel-
off.

Figure 6.15: Elemental mapping for buckle-delamination resulting in film crack. The NbTiN
film partially detaches from the AIN layer.
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Figure 6.16: Annealed Nb-AIN-NbN surface. The annealing was performed in the single-cell
furnace. With annealing, blisters lead to peel-off. No annealing-induced buckling is visible.
Minor cracks are due to recrystallization.

Another annealing-induced defect is film peel-off, as shown in Figures b), and
[6:17 Peel-off has been observed exclusively for samples that exhibit blisters in their as-
deposited state. Elemental analysis through EDX (see Figure confirms that peel-off
occurs for NbN and NbTiN, while the AIN layer remains intact. It is assumed that the
annealing-induced stress, together with the stress already present in the film due to the
blister , exceeds a critical threshold, resulting in peel-off. This hypothesis is consistent
with Figure [6.11], which shows that in a blister the detachment occurs for NbTiN. Addi-
tionally, it was demonstrated that annealing conditions play a role in peel-off. Figure
shows that blisters can a) be unaffected or b) lead to peel-off, under different annealing
conditions.

Element |- ) B
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Figure 6.17: EDX analysis within and out of the peel-off. a) Nb-AIN-NbN: Al EDX
signal confirms that AIN layer remains intact. Peel-off occurs for the NbN layer; b)
Si — (AIN-NbTiN)?: Peel-off occurs for one of AIN and both NbTiN layers. The initial
AIN layer remains intact.

83



6.4. Summary and conclusions

Cross-section evaluation:

Firstly, elemental mapping reveals the presence of Al, N and O at the AIN layer, suggesting
the formation of aluminium nitride and aluminium oxide, or aluminium oxynitrides. It
occurs regardless of whether Si or Nb is used as the substrate. It is assumed that oxygen
is absorbed from the native oxides of the substrate. For the Si substrate, the hypothesis
is that a certain number of AIN PEALD cycles are required to consume all oxygen species
from the substrate before the growth of AIN begins. This idea is supported by Figure a,
which suggests the formation of two layers in place of AIN, and by Figure a, which shows
lower oxygen content at the AIN and NbTiN interface. Conversely, for the Nb substrate,
Figure indicates the formation of a single layer. Unfortunately, an EDX depth profile to
confirm this observation has not been conducted.

Moreover, the elemental mappings show the presence of oxygen within the NbTiN film;
although in a lower amount than for AIN films. For NbTiN, oxygen impurities may originate
from: the deposition environment (note that the base pressure is not low), the quartz tube
ion-induced erosion, the plasma-reactor wall interactions, the impurities in precursors or
process gases, and post-deposition oxidation [44} |L56]. Hence, ultra-high purity conditions
are suggested to reduce oxygen contaminations [157, [158].

Lastly, post-deposition annealing causes intermixing between AIN and NbTiN layers.
The studies show that Al diffuses into NbTiN in multilayers grown on both Si and Nb
substrates. However, Ti diffusion into AIN is only visible in the multilayers deposited on Si.
Ti diffusion is not homogeneous; instead, it appears locally. Thus, it cannot be excluded
that this phenomenon may be an artefact caused by lamella fabrication. Moreover, the EDX
depth profile indicates that annealing reduces interface sharpness. The finding aligns with
the observations from the XRR analysis (see Section [5) and agrees with previous reports
[130].

Surface morphology evaluation:

Firstly, as-deposited and annealed multilayers exhibit smooth surfaces, a characteristic
feature of PEALD. Surface roughness is known to degrade the SRF cavity performance
potentially causing loss of superconductivity due to field enhancement and early magnetic
flux penetration. Surface roughness is the limiting factor for Nb3Sn coated SRF cavities,
which quench at fields ~ 20 MV m~*! [159]. Therefore, achieving a smooth surface is crucial
for SIS-based SRF cavities to reach high accelerating gradients.

Two buckle-delamination defects were observed: blisters and bumps. Blisters arise on
thin films and multilayers in their as-deposited state. Their formation is plasma-induced.
Differences in blistering between Nb and Si substrates could be attributed to the potential
influence of grain boundaries, surface roughness, or surface species. The inconsistencies in
blister formation, which make it challenging to determine the deposition conditions to pre-
vent it, could be attributed to the plasma jitter noted during the experiments. Conversely,
bumps arise due to the post-deposition thermal annealing; thus, they are thermally-induced.
Bumps may be attributed to thermal expansion mismatches across the multilayers. It oc-
curs for multilayers grown on Si, not on Nb. Therefore, bumps annealing-induced are not a
concern for SIS SRF cavities. Lastly, annealing may lead to peel-off for samples exhibiting
blistering in their as-deposited state. It is assumed to result from excessive accumulated
stress in the blistered films.
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7. Compositional analysis

This section explores the chemical composition of NbTiN PEALD-grown films, evaluating
various Nb to Ti ratios and the potential impact of post-deposition annealing.

7.1. Various compositions of NbTiN

Thin films with eight different compositions of Nb,Ti;_«N were deposited. The ratio of Nb
to Ti within the ternary compound can be tailored by adjusting the ratio of the individual
PEALD processes inside the supercycle, or in other words, the ratio of n to m. Note the
PEALD supercycle for NbTiN can be expressed by ((A1B1)™(A2B2)")P, where A; and B;
represent the exposure plus purge for each precursor/plasma, and m, n, and p the number of
times each loop is repeated (see more details in Section . The NbyTi;_xN films, varying
composition from Ti-rich to Nb-rich, exhibit a gold-yellowish colour characteristic of the
nitride cubic d-phase |77, 160]. The greater the Ti content, the more yellow. Figure
shows the ratio of Nb to Ti measured by EDX as a function of the ratio in the PEALD
supercycle. The linear relationship indicates the precise control PEALD offers over the
elemental composition, using the minimum number of cycles. By contrast, due to the
etching nature of the NbCls precursor, thermal ALD does not provide a linear relationship
between composition and ALD ratio [68, |71]. Thus, using NbCls requires more TiN cycles
to achieve Ti-rich Nb,Ti;_«N films. Lastly, EDX analysis revealed no differences in Ti and
Nb content between as-deposited and post-deposition annealed films.
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Figure 7.1: Ratio of Nb to Ti measured by EDX as a function of the ratio in the PEALD
supercycle, for NbyTi;_«N films with eight different compositions. The red line represents
the linear relationship between the elemental composition and the PEALD supercycle with
a slope of 0.941 and R? of 0.999.
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7.2. X-ray photoelectron spectroscopy (XPS)

To explore potential compositional changes in NbTiN films due to the post-deposition ther-
mal treatment, ex-situ XPS was performed on AIN-NbTiN multilayers in their as-deposited
and annealed states. The XPS measurements were conducted on the surface (these results
are presented in Appendix and after argon ion bombardment. The sputtered thickness
is unknown. A preliminary survey was conducted to identify the elements in the sample
(see Appendix , revealing the presence of Nb, Ti, N, C, and O. The absence of Al
or Si peaks indicates that the sputtering depth remained within the NbTiN layer, without
reaching the AIN interface. High-resolution scans of each peak were taken and deconvoluted
by simultaneously fitting all elemental lines for a more comprehensive analysis. The XPS
spectra were analysed qualitatively—identifying elemental composition and chemical states
based on peak positions and separations—and quantitatively—determining elemental con-
centrations from peak heights or areas. The samples evaluated are AIN-NbTiN multilayers
(10nm and 60nm thick, deposited in that order on Si by PEALD), in their as-deposited
and annealed states.

7.2.1. Qualitative evaluation of XPS peaks after depth etching

Surface oxidation of NbTiN films occurs when exposed to air. A continuous substitution
of nitrogen by oxygen from the inner to the surface results in a mixture of Nb and Ti
oxides and oxynitrides, with TiO2 at the outer surface and oxynitrides sandwiched beneath
[113, 116} 161]. Surface XPS spectra of Ti 2p, Nb 3d, and O 1s confirm the presence of Ti
and Nb oxides and oxynitrides (see Figures and in Appendix . After etching,
both Ti 2p and Nb 3d peaks (respectively left and right column in Figure shift from
an oxidised surface to a more pronounced nitride character of the films. Contributions of
nitrides, which increase with annealing, and oxynitrides are observed in both Ti and Nb
spectra. The deconvolution of the as-deposited and annealed Ti 2p spectra (Figure c and
e) shows no evidence of TiOg. TiN [113} 114, |162], TiNOy [162], and a shake-up satellite
|115] are visible. No contributions from metal [113 [162] or carbide [163] were detected, as
there is no peak at 454.0 eV. The deconvolution of the as-deposited and annealed Nb 3d
spectra (Figured and f) indicates the presence of NbN [113} 116, 164, 165], two different
oxynitride NbN,Oy [113] and NbN Oy [116, 165], and NbyO5 113, |117] |164, |166]. The
presence of NbsOj in the spectra of the sputtered films may indicate that the etching depth
was insufficient to remove the native oxides entirely. Note, no metal |165] or carbide |116]
signals are detected.

Figure[7.3|shows the N 1s, O 1s, and C 1s peaks after etching. The left column highlights
the contrast between the as-deposited and annealed samples, while the right column the
deconvolution of the peaks after annealing. The rise in the annealed N 1s peak, suggests that
annealing enhances the nitride character of the NbTiN films. This observation is consistent
with the annealed Ti 2p and Nb 3d peaks. Its deconvolution (Figure[7.3|b) indicates nitride
(NbN [113, 115] and TiN [162]) and oxynitride (NbNxOy [113]) contributions. Figure
¢ shows no major changes in the O 1s peaks due to the annealing. Two oxynitrides are
identified: NbNOy at lower binding energy [90] and TiN Oy at higher binding energy,
based on the apparent binding energy difference between Ti 2p and O 1s [162]. Lastly, C 1s
peaks (see Figure e and f) point that the etching has successfully removed the surface
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Figure 7.2: High-resolution XPS spectra for the binding energy regions of Ti 2p (left) and
Nb 3d (right) after etching. The first row contrasts the as-deposited with the annealed
sample. In contrast, the second and third rows show the deconvolution of the peaks for the
as-deposited and annealed samples, respectively.
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Figure 7.3: Sputtered high-resolution XPS spectra for the binding energy regions of N 1s,
O 1s, and C 1s peaks. Left: as-deposited vs annealed; Right: deconvolution of the annealed
peaks.
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adventitious pollution [117} 167] (see surface C 1s peak analysis in Appendix . Carbon
may still be present in the as-deposited NbTiN film in low amounts, as indicated by the
weak peak intensity. This carbon likely originates from unreacted or decomposed precursor
fragments |90} |168] or from the vacuum during deposition. Annealing may result in carbon
outgassing, as suggested by the significant decrease in the C 1s signal. While a metal carbide
signal could be present, its weak intensity makes it indistinguishable from the background,
and no carbide contributions are observed in the high-resolution Ti 2p or Nb 3d spectra.

7.2.2. Quantitative evaluation of XPS peaks after depth etching

The XPS quantitative analysis gives the relative concentrations derived from the relative
peak areas. For the elemental quantification, the area considered is the one under the ma-
jor core-level line for each element high-resolution spectrum—including shake-up lines [169].
For a more accurate analysis, one could employ each deconvoluted peak area; however, since
there are some contributions, e.g. metal oxide or metal nitride, that could be attributed to
both Ti and Nb it was not realised. Nevertheless, the relative concentrations for the con-
tributions identified in each high-resolution peak are given in Table in Appendix
Moreover, the XPS raw signal intensities do not directly represent the elemental concen-
trations due to various factors such as the excitation source, photoionization cross-section,
electron mean free path, spectrometer settings, and more. Atomic sensitivity factors, which
relate the measured signal intensity to the actual concentration of an element in the sample,
were applied to correct for these influences [170].

The element concentrations are listed in Table for as-deposited and annealed sam-
ples after depth etching (the surface analysis is given in Table in Appendix . The
most significant observation is the substantial reduction in carbon concentration within the
NbTiN film due to the annealing. It decreases from 15.5% to near the detection limit,
indicating that the presence of carbon in annealed NbTiN films is negligible. By contrast,
no evidence of oxygen degassing is observed, with a concentration around 20%. The nitride
character of the film may be enhanced with the annealing. Moreover, the relative concen-
trations of Nb and Ti maintain the compositional ratio of niobium to titanium established
by the chosen PEALD process (3:1), supporting the observations derived from the EDX
analysis and demonstrating the precise control over the composition of NbTiN films offered
by PEALD. Note, the slight ratio deviation is attributed the use of the element peak areas
instead of the areas of the deconvoluted peak contributions.

Table 7.1: Quantitative analysis of the elemental composition after depth etching for as-
deposited and annealed samples.

% Atomic | As-deposited | Annealed
Oxygen 22.7 21.2
Carbon 15.5 1.2
Nitrogen 28.9 34.7
Titanium 6.7 9.2
Niobium 26.2 33.6

89



Note, for an adequate XPS quantitative analysis all spectra must be recorded under
identical instrument settings. In addition, the quantification depends on relative peak areas,
which are affected by the choice of background function and endpoints; thus, its accuracy
is £5% [170]. Lastly, ion bombardment may produce chemical reduction, atomic mixing,
preferential sputtering, and other effects that modify the surface [162]. Consequently, the
sputtered surface may not necessarily reflect the true composition of the original layer. For
instance, preferential sputtering during etching as well as mixing effects of the compounds
present due to backscattering are found, especially, in the case of alloys |114], which may
provide misleading information. This could be one explanation why niobium oxides are
visible at Nb 3d peaks after etching. Thus, angle-resolved XPS (ARXPS) would offer a
more accurate analysis.

7.3. Summary and conclusions

EDX analysis shows that PEALD offers a precise control of the the Nb to Ti ratio in
NbyTi;_«N films, with no changes caused by the post-deposition annealing.

XPS analysis revealed the presence of the elements: Nb, Ti, N, O, and C. No Al or Si
lines are visible for any of the samples investigated. However, in the additional XPS study
presented in Appendix [B.4] F—likely from the O-ring used for sealing the PEALD cham-
ber—was detected. The most significant finding is that annealing result in C degassing for
the NbTiN films, reducing its signal till the negligible level. Additionally, the deconvolution
of peaks indicates NbTiN oxidation forms oxides and oxynitrides, whose thickness may be
less than 10 nm, since the nitride lines are visible at the surface spectra. After depth etch-
ing, the absence of Ti oxide, while Nb oxide and oxynitrides remain present, suggests Ti
oxide may be outer layer—which agrees with literature—and insufficient material removal.
It could explain the high oxygen content, 20% for NbTiN films after sputtering, and the
lack of Al peak, despite evidence of Al diffusion into NbTiN caused by the annealing (see
cross-section studies in Section |§[) Thus, the removed thickness remains unknown. Ad-
ditionally, annealing may lead to greater surface oxidation—more pronounced for Ti—and
enhance the nitride character within the NbTiN film, as indicated by the increase of the
contributions relative areas.
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8. Crystal structure analysis

This section explores the structural properties of the PEALD-deposited films under in-
vestigation, with a particular focus on NbTiN. The crystallinity of niobium nitrides plays
a pivotal role in their superconducting properties [74]. Thus, in the context of SIS mul-
tilayers for enhancing the performance of SRF cavities, the analysis of the crystallinity of
NbTiIN films is essential. Besides NbTilN, NbN films were also examined. The AIN films
were briefly examined, as the insulating layer in SIS multilayers is less critical to SRF cavity
performance, and the importance of highly crystalline AIN in this context is still unclear.
Furthermore, films produced by thermal ALD and PEALD are often amorphous or have
a nanopolycrystalline character. To counter this, post-deposition thermal treatments are
commonly used to enhance their crystallinity. The impact of post-deposition annealing
procedures on the films was also studied.

Various characterisation techniques were utilised for this analysis. First, TEM and EBSD
confirmed the presence of well-ordered crystalline domains in the films. Lastly, the crys-
talline phases were identified through an XRD analysis. Together, these techniques offer a
comprehensive understanding of the structural quality of NbTiN, which is crucial for ad-
vancing the development of SIS multilayers for SRF cavities. The results of these analyses
are presented in the following sub-sections.

8.1. Evidence of crystalline nature

Figure a) presents a cross-sectional view of SIS multilayers, where the crystalline nature
of the as-deposited NbTiN thin film of about 60nm thick becomes apparent. The inset
shows the electron diffraction ring pattern characteristic of polycrystalline structures with
different orientations [74], generated by the NbTiN structure. For NbTiN films, as part of
SIS multilayers, grown on Si (see Figure crystal grains and planes are also visible. Con-
versely, for AIN films small grains are noticeable when deposited on Nb. It was discussed
in Section [6] that AIN behaves differently when deposited on Si compared to Nb, and that
surface oxides of the substrates may have a relevant impact on the deposited film. From
the crystallinity point of view, it seems that Nb would be a more favourable substrate. The
minimum size required for obtaining a TEM diffraction pattern limits the evaluation of the
AIN layer. Figure b) contrats the EBSD patterns for multilayers in their as-deposited
and annealed states, revealing more prominent Kikuchi lines for the annealed sample. It
demonstrates the effectiveness of post-deposition thermal treatments in promoting crys-
tallinity and grain growth of the PEALD-deposited films. This will be discussed in the
sub-section [8.3.21
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Figure 8.1: a) Cross-sectional view of a SIS multilayer. Randomly oriented grains and
their planes are visible. The inset displays the electron diffraction diagram. The ring
pattern reveals the polycrystalline nature of the films. b) Kikuchi lines observed through
EBSD. The observation of prominent lines—which were assigned to NbTiN—for annealed
Nb-AIN-NbTiN, supports the idea of annealing enhancing the NbTiN crystallinity and grain
growth. In the as-deposited state, Kikuchi lines are not discernible, presumably because
small grain sizes lead to insufficient signal for detection.

8.2. Overview of crystalline phases for the materials under
study

An overview of the various crystalline phases of the films being analysed in this study
is given. It serves as a foundation for phase identification during the upcoming analysis.
Understanding these phases is crucial for accurate phase identification during subsequent
analysis, as it directly impacts the evaluation of their structural and superconducting prop-
erties.

Niobium nitrides

A crucial aspect when investigating the crystallinity of PEALD NbN thin films is to consider
the existence of the various NbN crystalline structures. Indeed, Nb-N presents a complex
system and although a lot of effort has been undertaken for its clarification
, the various proposed phase diagrams are often contradictory . An example of
this discrepancy between diagrams is observable in Figure 8.2 The main reasons for the
inconsistency between the proposed diagrams are the fast phase transformation requiring
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Figure 8.2: Phase diagrams most commonly accepted of the Nb-N system proposed by
Brauer [171] (upper) and Holleck |[172] (bottom).

in-situ investigations [175] and errors in phase identification caused by diffraction peaks
being located at the same positions [176| 177]. Despite this, the following niobium nitride
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crystal structures are generally accepted (see Figure : Nb-rich phases (i) a-NbN a solid
solution of N in a Nb cubic lattice, (ii) S-NbyN hexagonal, and (iii) v-NbyN3 tetrago-
nal; nearly stoichiometric phases (iv) 6-NbN cubic, (v) §’-NbN hexagonal, and (vi) e-NbN
hexagonal; and N-rich phases (vii) NbsNg hexagonal, and (viii) NbyNj5 tetragonal.

A first indication of crystalline phase of NbN films can often be inferred from their colour,
which serves as a visual cue to the specific crystal structure formed. A golden colour in-
dicates cubic or tetragonal phases, while a silver colour indicates a hexagonal phase [178,
179]. This relationship between colour and type of crystal structure also applies to Nb oxyni-
trides [171]. Moreover, it must be considered that the superconductivity of NbN strongly
depends on both the crystal structure and the Nb to N ratio [74]. Among the NbN phases
the d-phase posses the highest superconducting critical temperature with T, =17.3 K |180].
The d-phase has been reported to form at high temperatures, above 1370 °C according to
[181], 1270°C to Oya and Onodera [173], 1230°C to Brauer |171], and between 1070 and
1225°C to Lengauer et al. [175]. Nonetheless, 6-NbN has been prepared at low tempera-
tures: at 200°C by magnetron sputtering without [182] and with substrate biasing [183],
and at 350 °C by PEALD [86]. Lengauer et al. [175] showed that the temperature for phase
transformation varies with the nitrogen content (see phase diagrams in Figure . Fur-
thermore, the NbN, phases exist for different Nb to N ratios. In the case of cubic §-NbN,
it exists at compositions near stoichiometry, with x = 0.88 — 0.98 and x = 1.015 — 1.062
[178]. However, with a nearly stoichiometric composition, it becomes an unstable structure
because it presents a large number of vacancies, both metal and non-metal |74} 173|, re-
sulting in ¢’ hexagonal phase [74]. Thus, J-NbN is limited by its instability, which can be
mitigated by introducing impurities which stabilise the NaCl type structure |74} |183]. One
example is the cubic 6-NbTiN. The addition of Ti to NbN—Ti is a good nitrogen getter
[160, |184]—reduces both types of vacancies and enhances phase stability. Among the NbN

Figure 8.3: NbN crystal structures, excluding N-rich phases. Image taken from [171].
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phases, the next highest T, is associated with the tetragonal phases v-NbyN3 and NbyNs,
though there is a lack of consensus in the literature regarding the T, values. For y-NbyNjs,
Buscaglia et al. [181] reported 12 — 15 K, while Babu and Guo [34] gave 8.5 K. Similarly,
for NbsN5, Babu and Guo [34] reported 15.3 K, Motohashi et al. [185] reported 8 — 10 K,
and Patel et al. |[75] reported up to 7 K. The lowest T, corresponds to the hexagonal phases
B-NboN and NbsNg. For the 3-NboN phase contradicting findings have been reported; either
a wide range of T. or the absence of superconductivity up to 2K [186]. However, Babu and
Guo [34] clarified this, demonstrating that the single S-NbyN was actually composed of four
different structures; all of them are found to be superconductors with T ranging from 0.6 K
to 6.1 K. Similarly with the NbsNg phase, which was reported to be non-superconducting by
Terao [186] and to exhibit a T up to 9.7 K by Patel et al. |[75]. Lastly, the hexagonal §” and
€ phases are reported to be non-superconducting 74} |175] [178]. An important final point is
that the NbN phases can transform into one another by adding or removing nitrogen during
high-temperature (above 1000 °C) annealing |74} (171} [172} |175| |186| |187]. Annealing N-rich
phases under vacuum leads to nitrogen loss, whereas Nb-rich phases gain nitrogen when
annealed in a nitrogen atmosphere. The exact composition depends on the nitrogen pressure
[171]. Both scenarios involve Nb and N atoms rearrangement. Moreover, the temperature
for phase transformation depends on the nitrogen composition, and the temperature rates
in cases involving lattice distortion during the transformation [175]. Finally, it must be
noted, NbN is prone to accumulating oxygen, which can replace a portion of nitrogen [183].
Oya and Onodera [74] observed that Nb oxynitrides, usually referred to as Nb(N,O), form
for the a-, -, v-, and d-phase. Additionally, Brauer [171] reported the existence of the
oxynitride phase e-Nb(N,0). Furthermore, similar to nitrides, the 6-Nb(N,O) phase exhibits
superconductivity, with a T. ranging from 9.6 K to 14.7 K, depending on its composition
[188].

Niobium titanium nitride

In the case of the Nb-Ti-N ternary system only an isothermal section of the phase diagram
is available [172]; this is given in Figure for 1200 °C and 1 bar Ny pressure. Under these
conditions the equilibrium phase of the ternary nitride allows any Ti and Nb content. The
two nitrides, -NbN and J-TiN, are completely miscible resulting in a ternary compound
with a cubic phase stable at room temperature [172} |189] and an intermediate lattice con-
stant [190]. Its lattice constant follows the linear relationship given by Vegard’s law, with
a larger value for the higher Nb concentration and on the contrary, a smaller value for the
higher Ti concentration [160} [172]. Furthermore, NbTiN seems to exist only in the rocksalt
d-phase [161} (172} 189]. A practical conclusion is therefore that the presence of titanium
stabilises the phase of interest. Moreover, NbTiN features a yellow colour characteristic of
the nitride cubic 0-phase [77, 160]. All NbTiN films deposited studied here show a gold-
yellowish colour. It was noted that the higher the Ti content, the more yellowish the films
become. Lastly, NbTiN is superconducting with a Tc up to 17-18 K |160]. In particular, a
Tc =17.5K was reported by Pessall and Hulm [190], T. =17.8 K by Benvenuti et al. [189]
and Tc =17.9K by Buscaglia et al. [77]. Furthermore, as NbN does, NbTiN T, shows a
dependency upon the nitrogen content as well as on the Nb to Ti ratio [32, 160, (190} [191].
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Figure 8.4: Phase diagram for the Nb-Ti-N system [172]. The -(Ti, Nb) alloy undergoes a
nitridation process at 1200 °C and 1 bar Ny pressure. The cubic J-NbTiN phase is formed
at any Ti and Nb content.

8.3. Crystalline phase identification via XRD analysis

This subsection presents the results of the XRD analysis, including phase identification and
the evaluation of the impact of post-deposition annealing on the crystalline structure. The
examined samples are multilayers of AIN-NbTiN and AIN-NbN in their as-deposited and
annealed states. The multilayers were grown on Si substrate, as the roughness of the fine
grain Nb hinders its use. For the examination of SIS multilayers grown on Nb, the use of
a synchrotron beamline is recommended to obtain better signal-to-noise ratios. At the end
of this section, Table summarises the results. Any mention of annealing defaults to the
STA procedure, unless stated otherwise.

8.3.1. Influence of an AIN buffer layer on the crystallinity of NbTiN films

The impact of a 15nm AIN buffer layer on the crystallinity of 60 nm NbTiN was evaluated.
Both samples—with and without the AIN layer—were analysed as-deposited and after an-
nealing. The details of the annealing procedure—in this thesis named STA—are given in
Section 3.4

The motivation for this study arises from reports indicating that an AIN buffer layer en-
hances the superconductivity of NbTiN and NbN [35, (161}, (192}, 193|. Generally, a buffer layer
reduces the lattice mismatch between the substrate and the deposited layer and helps epitax-
ial growth. Ideally, both the buffer and the deposited layer should have the same structure
and similar lattice constants. In the current case, cubic NbTiN (rocksalt) and hexagonal
AIN (wurtzite) have different crystal structures. However, previous studies showed that
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the improvement on T and the resistivity originates from the lattice matching between the
planes (001) of AIN and the (111) of NbTiN or NbN, which promotes a better crystallisation
[193]. The atoms on the rocksalt (111) plane form an hexagonal arrangement
and the distance between atoms closely matches the lattice constant of the AIN wurtzite
structure (see Figure . Consequently, AIN not only would act as a good material for the
insulating layer in SIS multilayers but also as an effective buffer layer that promotes NbTilN
epitaxial growth. Additionally, AIN would also act as a diffusion barrier, preventing oxygen
diffusion from the native oxide at the substrate surface into the NbTiN film.

The obtained XRD patterns are displayed in Figure The highlighted diffraction
peaks confirm the presence of the rocksalt cubic §-NbTiN phase . The 0-NbTiN
peaks lie between the cubic 6-NbN (black dashed lines) and §-TiN (pink dashed
lines) peaks. From lower to higher angles the marked peaks correspond to the planes (111),
(200), (220), (222), and (400). Hence, the diffraction peaks are nearer to those of 6-NbN,
except for the peak at 61.7° which is closer to that of -TiN. Such a peak shift could be
caused by small variations in composition, presence or absence of impurities and vacancies,
or strain . The splitting of ~75° and ~90° peaks suggests the presence of such
irregularities. Furthermore, annealing results in XRD pattern variations. The peaks at
41.7° and ~35° become narrower, indicating grain growth . In addition, the peak
at ~35° shifts to higher angles, suggesting changes in the film’s stoichiometry or in the
impurities and vacancies. Both observations indicate that NbTiN crystallinity enhances
upon annealing. Moreover, annealing also results in the crystallisation of AIN in a hexagonal
wurtzite structure, as indicated by the peak at 33 ° corresponding to the (100) plane .
This peak is only visible for the AIN-NbTiN sample after annealing (dark blue). However,

a) Nb/Ti N

V2 . .
TaNbTiN ~ 3.1A agy = 3.1A

Figure 8.5: Crystal structures: a) Rocksalt NbTiN. The Nb and Ti atoms are non-
differentiated; b) Wurtzite AIN. The red lines outline the (111) and (001) planes. Images
modified from FIZ Karlsruhe - ICSD [200]
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Figure 8.6: X-ray diffraction patterns of NbTiN films deposited with and without an AIN
buffer layer, comparing both as-deposited and annealed states. Highlighted peaks demon-
strated the presence of the ternary cubic 6-NbTiN. Its peaks lie between cubic §-NbN (black
dashed lines) and 0-TiN (pink dashed lines). The bottom x-axis indicates the corresponding
planes.

the (002) AIN peaks at ~35° is masked by the overlap with the (111) NbTiN peak. Be-
sides NbTiN and AIN peaks, some additional peaks are visible. At low angle ~29° the
AIN-NDbTIN samples have a peak, both as-deposited and after annealing. This peak is
slightly discernible for the single NbTiN film exclusively after annealing. The nature of this
peak remains unclear. The current hypothesis is that it may arise from a compound formed
at the interface with the Si substrate. This assumption is supported by cross-sectional
studies referenced in Section particularly Figure Consistent with this observation,
this peak position aligns with the diffraction peak of various compositions in the Al-O-N
system and Al-Si-O-N system [202]. In the case of annealed NbTiN, a cross-sectional
analysis is needed to clarify and understand the types of compounds that might be forming
at the interface, which could account for this peak. Lastly, note the silicon peaks located
at 47.7°,56.3°, 76.5° and 69.2° . The nature of the peaks at 54.5° and 90.0 ° remains
unidentified.

Furthermore, since the cubic 0-NbN and §-TiN phases are miscible [172 - the lattice
constant for NbyTi;_ 4N can be predicted by the Vegard’s law:

anb, Ti,_,N = & axpN + (1 — ) amin (8.1)

which relates the lattice constant to the ternary compound composition and the bulk lat-
tice constants of NbN and TiN, 4.39 A and 4.23 A, respectively |204]. The ternary Nb-Ti-N
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system has been shown to follow this linear relationship with a slight positive deviation
from linearity [160, [172]. The predicted lattice constant in this study is 4.35 A. The lattice
constant obtained from the XRD analysis using equations and for the as-deposited
NbTiN film is 4.374+0.01 A. Within uncertainties, it closely matches both the predicted
value and the reported value for PEALD-films with similar Nb to Ti ratio, 4.36 A [79].
Other deposition methods, like thermal ALD and sputtering—also for similar Nb to Ti ra-
tios—obtained values of 4.29 A [67] and 4.30-4.33 A [205], respectively, below the predictable
value. In addition, the conducted annealing reduces the lattice constant to 4.35+0.02 A,
matching the predictable value.

No discernible differences were found in the crystallinity of the PEALD-deposited NbTiN
films with or without AIN as a buffer layer, regardless of their state, i.e., as-deposited
or annealed. The XRD patterns display the same NbTiN diffraction peaks, and the lattice
constants are not influenced by the buffer layer. The main hypothesis is that the as-deposited
AIN is amorphous, which prevents the epitaxial growth needed to NbTiN crystallinity.
Nonetheless, T of NbTiN film was still enhanced by the presence of the AIN layer. Previous
studies already showed increased T, when depositing NbTiN on AIN [35] 161, 192]. Their
hypothesis is that reduced lattice mismatch increases T.. However, Krause et al. [193]
observed a degradation of the superconducting properties for better lattice match when
comparing various buffer layers. Thus, the NbTiN superconducting properties might also
depend on other factors like strain [206] or AIN grain tilt and twist [192]. For the case
studied samples in this work, the slight improvement of T. is attributed to the AIN layer
acting as a barrier layer [207], preventing oxygen diffusion from the native silicon oxide into
the NbTiN.

8.3.2. Influence of different post-deposition thermal treatments on the crystallinity of
AIN-NbTiN films

The previous subsection pointed out that post-deposition annealing, concretely STA, en-
hances the crystallinity of PEALD-deposited NbTiN films. This subsection further explores
the effects of two annealing procedures: RTA and STA. The details of both annealing pro-
cedures are given in Section The XRD patterns of AIN-NbTiIN films as-deposited, and
RTA- and STA-treated samples are given in Figure The identified peaks, in line with
Figure correspond to hexagonal AIN and cubic NbTiN phases. Annealing may facilitate
atomic mobility, leading to the annihilation of growth-induced defects and grain boundary
migration [208], which results in impurities outgassing, stress release, and grain growth
[176, |182) [187]. Upon annealing, the peak at ~35° shifts and notably reduces its FWHM,
suggesting grain growth and changes in the film’s stoichiometry or impurities and vacancies
levels. The rise of the peak at ~33° is also visible, which corresponds to AIN, and the
emergence of the peak ~41°, which corresponds to §-NbTiN. RTA and STA processes sig-
nificantly enhance the crystallinity of the films. This observation aligns with the occurrence
of Kikuchi patterns in the EBSD analysis and agrees with previous studies on NbN deposited
by PEALD [90] and NbTiN deposited by thermal ALD [67], which reported improvement
in film crystallinity after thermal treatments at 1000 °C and 900 °C, respectively.
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Figure 8.7: XRD patterns of NbTiN films deposited on AIN by PEALD in their as-deposited,
after RTA, and after STA states. Both post-deposition processes enhance the crystallinity
of the AIN and NbTiN films. The arrows highlight the peak shift and the reduction in
FWHM.

The shift of the diffraction peaks towards higher angles translates into decreased lattice
constants. Indeed, the as-deposited sample has a calculated lattice constant of 4.37+0.01 A.
However, the RTA- and STA-treated samples exhibit smaller values of 4.3340.03 A and
4.3540.02 A, respectively. These lattice constants are within uncertainties the same, al-
though they suggest a slight downward trend upon annealing. Shifts in the diffraction
peaks, and consequently the changes in lattice constant, result from strain due to the pres-
ence or absence of impurities and vacancies, offering information about the film stoichiome-
try. Hence, the lattice constants of §-NbN and §-TiN, and thus of §-NbTiN, are often used
as an indication of the stoichiometry and vacancy or impurity content of the films [160} [L78§].
The slightly higher value for the as-deposited NbTiN, can be an indicator of the presence
of impurities, as larger lattice constants indicate a larger amount of oxygen and carbon in
the nitride films [74, |76, 185]. The reduction of the lattice constant observed with both
annealing procedures suggests the outgassing of impurities. This assumption aligns with
the findings of the XPS analysis on the impact of annealing on NbTiN film composition.
These results are presented in Section [ and indicate annealing causing outgassing, primar-
ily carbon. No direct correlation between the lattice constant obtained and the measured
T, was found for the NbTiN films in their as-deposited, RTA, and STA states. A detailed
report on the T, of the examined NbTiN films is given in Section [0] The same observation
was made by Tian et al. [90] for NbN films, highlighting that factors such as strain [206],
grain tilt and twist [192] may also play a role. The smaller lattice constant of RTA-treated
samples compared to STA-treated can be explained by a larger nitrogen content in the film
168]. It is worth remembering that RTA is conducted under nitrogen atmosphere, while
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STA is under vacuum. This would align with our findings which show that RTA-treated
samples present lower T. than STA-treated samples, given that T, depends on both lattice
constant and nitrogen content [209].

Lastly, NbTiN grain size has been calculated from Scherrer’s equation (Equation 4.6)
based on its diffraction peak at ~35°. The choice of a single peak is justified by the high
variability in the mean grain size obtained from all peaks, a common issue in polycrystalline
materials where grain orientation and size can vary significantly. Because the scope here is
to reflect annealing induced grain growth, single peak values are enough. Thus, grain size
increases from 8.5nm for the as-deposited sample, to 24.4nm and 24.4 nm with RTA and
STA treatments, respectively.

In summary, it has been demonstrated that both annealing procedures promote the
diffraction peaks indicating enhanced film crystallinity and grain growth. Lastly, the re-
duced lattice constant upon annealing sustains the notion that impurities are outgassed
with the heat treatment.

8.3.3. Study of the crystallinity of as-deposited and annealed AIN-NbN films

In this section, the crystallinity of PEALD NDbN films is briefly examined. To this end,
15nm AIN and 60 nm NbN layers grown on Si were analysed in both their as-deposited and
annealed states.

In contrast with NbTiN, whose stable crystalline configuration is the rocksalt cubic struc-
ture [161}, |172], NbN holds eight different crystal structures (see its phase diagrams in Figure
8.2) including cubic, tetragonal and hexagonal structures. Moreover, it must be noted that
the phase identification of NbN films requires special care. The individual assignment of the
diffraction peaks is difficult due to the overlapping from different phases |[176} 177]. Gener-
ally, for XRD patterns with angles below 90 ° the distinction between the different hexagonal
NbN structures, and between the cubic and the tetragonal structures is not possible in most
cases [176].

The XRD pattern, shown in Figure reveals the absence of peaks at 41°, ruling out
the presence of cubic and tetragonal NbN phases. This observation aligns with the silver
colour observed in the NbN film, which, as mentioned earlier, is a signature of its hexagonal
structure. Furthermore, the position of the diffraction peaks matches the hexagonal struc-
ture although differentiation between the phases NboN [210], 6’-NbN [211], e-NbN [212],
and NbsNg [213] is not achievable. This finding aligns with the poor superconductivity of
the NbN films. A greater T, is expected for the cubic and tetragonal NbN phases; while low
T. or even lack of superconductivity down to 2 K has been reported for the NbN hexagonal
phases. No significant structural changes were observed in the NbN films due to anneal-
ing. Additionally, the peak located at ~54° could be assigned to Nb oxynitrides [214} 215].
Lastly, as discussed earlier, the peak at 33 ° indicates AIN crystallisation and the peaks at
47.7°,56.3°, and 69.2° belong to the silicon wafer [203].
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Figure 8.8: Diffraction peaks of AIN-NbN films deposited on silicon wafers. It presents a
comparison between as-deposited and annealed samples. The x-axis displays angles ranging
from 30° to 70° for a better view of the lack of peak at 41°.

8.4. Summary and conclusions

The findings of the crystal structure analysis are summarised in Table [8I] It is worth to re-
call that this study was conducted using Si as substrate. Both as-deposited NbTiN and NbN
thin films were found to be polycrystalline, exhibiting respectively rocksalt and hexagonal
crystal structures. Although the phase of NbN remains unidentified, the grey colour and
lack of a peak at 41 ° are indicative of a hexagonal structure. In contrast, as-deposited AIN
is amorphous; however, with annealing, it crystallises into wurtzite structure. Furthermore,
the presence or absence of AIN as a buffer layer does not alter the lattice constant of NbTiN.
Moreover, post-deposition annealing was demonstrated to greatly enhance the crystallinity
of NbTiN thin films by promoting crystal growth and reducing the lattice constant.

Table 8.1: Summary of crystallographic findings across the different samples and post-
deposition treatments. Any mention of annealing defaults to STA unless stated otherwise

Sample lattice constant (A) Structure Phase
As-deposited:NbTiN 4.37+£0.01 rocksalt 1)
Annealed:NbTiN 4.35 4+ 0.02 rocksalt 0
As-deposited: AIN-NbTiN 4.37+0.01 amorphous ; rocksalt 1)
Annealed: AIN-NbTiN 4.35+0.02 wurtzite ; rocksalt w0
As-deposited:AIN-NbTiN 4.37£0.01 amorphous ; rocksalt -390
RTA:AIN-NbTIN 4.33 +£0.03 wurtzite ; rocksalt w0
STA:AIN-NbTiN 4.35 4+ 0.02 wurtzite ; rocksalt w0
As-deposited: AIN-NbN - amorphous ; hexagonal | — ; unknown
Annealed: AIN-NbN - wurtzite ; hexagonal | w ; unknown
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9. Evaluation of the superconducting
properties

This section focus on the superconducting characterisation of the PEALD films, a cru-
cial aspect for their potential integration into SRF cavities. The analysis is conducted
through ETO and VSM in the PPMS Dynacool (see Section 4| for further information).
A comparative analysis between NbN and NbTiN films is first conducted, underlining the
advantage of the ternary over the binary nitride. Next, the role of the Nb to Ti ratio
is explored to determine the optimal composition for enhancing superconducting proper-
ties. Given that initial measurements show relatively low transition temperatures (T.), the
study further investigates the effect of post-deposition thermal annealing on improving the
T.. Additional factors affecting the superconducting performance of NbTiN films, such as
film thickness, deposition temperature, substrate type, and the use of an AIN buffer layer,
are also analysed. Finally, magnetisation curves are presented, comparing the performance
of AIN-NbTiIN multilayers under different conditions and on different substrates. These
evaluations offer valuable insights into optimising NbTiN films for SIS multilayers on SRF
cavities. Some of the presented results were already reported [102, [103].

9.1. NbN vs NbTiN thin films deposited by PEALD

The earlier discussion addressed the benefits of partial substitution of Nb atoms with Ti
atoms for stabilising the crystalline phase of interest. It was demonstrated that NbTiN films
crystallise in the cubic §-phase, whereas NbN films form in a hexagonal structure. Here, the
discussion centres on the advantages that the incorporation of Ti offers in terms of electrical
transport properties.

For the implementation of SIS multilayers in SRF cavities, NbN appears as a suitable
option because of among other factors its high T.= 17.3 K [181]. However, it has been
widely reported that NbIN exhibits high residual and room temperature resistance, a nega-
tive temperature coefficient of resistance and low RRR [216-220], resulting in high surface
resistance and a low quality factor in SRF cavities. There are two reasons behind such
anomalous resistance of NbN thin films. On one hand, the lack of long range order plus the
presence of strong grain boundary scattering play a significant role. The NbN grains are
separated by boundaries that consist of voids, normal conducting areas, and non-conductive
areas, presumably oxides [184]. This issue is particularly pronounced in polycrystalline films.
On the other hand, NbN exhibits a high density of N vacancies, along with Nb vacancies,
contributing to its resistance [32, [184].

The resistance of NbN thin films as a function of temperature is displayed in Figure[9.1] In
the as-deposited state, the NbN film exhibits a high negative temperature coefficient, which
becomes positive after annealing, suggested to arise from a reduction on the amount of grain
boundaries and impurities outgassing. The RRR improves with the annealing however, none
of the films exhibit a superconducting transition. This observation is consistent with the
above XRD analysis regarding PEALD-NDbN films, both as-deposited and annealed, which
exhibited hexagonal phase, which correlates with non-superconductivity or low T. (see
Section |8 for more details about XRD analysis and NbN T, for its various structures).
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Figure 9.1: Temperature dependence of the electrical resistance of NbN thin films in their
as-deposited and annealed states. Note the y-axis is plotted on a logarithmic scale. There
is an important reduction in both the room temperature and the residual resistance with
annealing; nonetheless, the films do not exhibit superconducting transition.

Alternatively, NbTiN emerges as an interesting substitute, since it combines the super-
conducting properties of NbN and the good metallic properties of TiN. Both nitrides are
miscible and result in a ternary compound which offers higher T.= 17.8 K [189], despite the
low T.= 5.4 K of TiN [32] and T.= 9.5 K of the NbTi alloy [160], and lower resistance than
NbN. The decrease in resistance is the consequence of two factors First, heat of formation
is larger for TiN (80kcalmol™!) than for NbN (56 kcalmol™!) [189], being less prone to
react with impurities and thus limiting the formation of undesirable compounds at grain
boundaries, reducing the strong grain boundary scattering issues. Second, Ti is a good
nitrogen getter [26, 160, 184], reducing the effect of nitrogen and metal vacancies. It must
be noted that since NbTiN is a ternary compound its properties are linked to its specific
composition.

9.2. Exploring the role of NbTilN composition

The TiN and NbN systems are indeed miscible |77, 172, leading to the formation of a
stable ternary compound, whose properties are influenced by the concentrations of Nb and
Ti [190, 191, [221]. Basically, it forms the B1 structure with a partial substitution of Nb
atoms with Ti atoms. In this study, the PEALD of NbyTi;_«N is performed in a supercycle
fashion, the details of which are given in Section By adjusting the cycle ratio m to
n for TiN to NbN, respectively, the targeted composition can be tuned. Eight films with
different compositions ranging from Ti-rich to Nb-rich were evaluated, with a fixed thickness
of ~25nm for all samples. It was shown above by EDX (see Section that there is a
linear relationship between the PEALD supercycle and the elemental composition, offering
an advantage over thermal ALD for which this is not feasible |68}, |71].
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Table 9.1: List of the various NbyTi;_xN compositions under examination. The first row
represents the PEALD supercycle ratio while the second is the Nb content.
Nb:Ti (nm) | 1:5 | 1:4 | 1:3 | 1:2 | 1:1 | 2:1 | 3:1 | 4:1
x Nb (in %) | 16.7 | 20 | 25 | 33.3 | 50 | 66.7 | 75 | 80

The various NbyTi; 4N investigated compositions are listed in Table Their electrical
and magneto-transport evaluation is presented in Figure [9.2] The resistance as a function
of temperature for three different NbTiN compositions is displayed in Figure a). In
particular, corresponding to 25% , 66.7% , and 75% of Nb content (represented from lighter
to darker colour). It is evident the variation in the metallic nature of the films. As one
would expect the more Nb content the higher the resistance at low temperatures. This is
reflected in the RRR values, which decrease as the Nb content increases. Still, the eight
NbTiN compositions exhibit superconducting transition. The resistivity at room tempera-
ture follows a similar trend. Taking a broad view it increases with the Nb content; however,
it lowers for the NbTiN film with the highest Nb content. When comparing the resistivity
of the NbTIN film with 75% Nb content to literature values, it is found to be significantly
higher, specifically 2.5 times higher than films of similar thickness deposited by PEALD [79],
suggesting lower films quality. In fact, the obtained T. values do not exceed the 7 K, no
matter the film composition. A possible reason could be the a high amount of impurities in-
corporated into NbTiN films during the PEALD-deposition process. XPS analysis supports
this assumption (see Section . However, as anticipated, T, shows a strong dependence
upon the Nb content. It is visible in Figure c¢) that when increasing the Nb content
T, first increases, reaching a maximum for 50% and 60% Nb content, but then decreases
for higher Nb concentrations. Previous studies reported distinct trends between T, and
NbTiN composition [32} 68} (79} 160, 190, 221-223], with a broad range of compositions over
which the maximum T, is achieved. For example, T, reaches its maximum at 50% [160,
221}, 224], 60% [190], or the 70% [191] of Nb content. These variations can be attributed
to factors beyond just the Nb/Ti ratio, such as nitrogen content, level of impurities, and
strain in the lattice. Lastly, despite the low quality film indicated by the high resistivity
and lower-than-expected T, the superconducting transition is sharp over the whole range of
compositions. Thus, the low AT, less than 0.3 K over all the compositions range, indicates
a good film homogeneity, as expected for PEALD. In addition, the resistance was measured
as a function of the applied magnetic field at a constant temperature close to the T, of the
films. Figure d) provides a visualisation for the same three different compositions, while
Figure e) shows the relationship of the derived Hce with the film composition. The H¢o
increases with the Nb content, following the trend reported by Yen et al. [191].
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Figure 9.2: Electrical and magneto-transport properties as a function of the Nb content
in the NbTiN film. a) Resistance as a function of temperature for three compositions; b)
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as guides to the eye.
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Figure 9.3: Contrast of the electrical-transport properties over the range of compositions
for the as-deposited and after RTA films. RTA greatly improves the film properties, partic-
ularly for compositions above 50% of Nb content. a) T, and T¢, and b) room temperature
resistivity and RRR. Filled circle/square indicate T, and resistivity data, while hollow cir-
cle/square represent AT. and RRR. Green arrows and solid lines serve as guides to the eye.

In pursuit of a better performance of NbTiN films, various post-deposition thermal an-
nealing procedures were investigated, whose details are given in Section The results of
RTA-treated NbTiN films with different compositions are presented in Figure [9.3] The
higher the Nb content is the more favourable the RTA impact. In particular, for composi-
tions above 50%, T, approaches two times its as-deposited value and the resistivity decreases
by a factor of 4 to 5. The optimal composition ratio was found to be 75% of Nb and 25% of
Ti, resulting in T, =14.3K, AT, =0.23 K, p3gox =77.3 p2cm and RRR = 0.64, after RTA
treatment.

9.3. Impact of film thickness and different annealing
procedures

The previous subsection identified the optimal composition for the NbTiN thin films: 75%
of Nb versus 25% of Ti, or in other words a 3 to 1 ratio of Nb to Ti. Here, the impact of film
thickness is evaluated, as well as various post-deposition annealing procedures. Although
further details of both annealing procedures are given in Section [3], it is worth remembering
that the labelling of RTA and STA comes from rapid and slow thermal annealing.

It is well known that the dimensional reduction from bulk to thin films alters the material
electronic properties. For superconducting films with a thickness comparable or less than
the coherence length, the formation and stability of Cooper pairs are affected, causing a
reduction of T and an increase of the resistivity compared to the bulk values. For instance,
for NbTiN thin layers of thickness below 10 nm, a dramatic variation in electrical properties
occurred [209]. In extreme cases, superconductivity can be completely suppressed if the films
are too thin to sustain coherent Cooper pairs. To investigate these effects on PEALD-NbTiN
films, various film thicknesses ranging from 6 to 74 nm were analysed. The film thickness
was controlled by the GPC and the number of PEALD supercycles conducted.
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The resistance over temperature for the various thicknesses evaluated is given in Figure
The thinnest film does not exhibit a superconducting transition down to 2.5 K. The
high disorder level is presumed to be the cause. However, as the film thickness increases, the
films become superconducting and T, increases. The observed thickness dependence of T\
is attributed to an increase in grain size, hence reduced grain boundaries. For films thicker
than 12nm, the transition gets sharper, with a transition width below 0.2 K. Nevertheless,
although T, raises with thickness, it does not improve enough for implementation in SIS
multilayers for Nb SRF cavities, as the T, remains bellow Nb T.. Thus, post-deposition
thermal annealing procedures—RTA and STA—at 1000 °C were applied to the entire range
of thicknesses.

In this study, it has been demonstrated that both RTA and STA promote the grain growth
and crystallisation of NbTiN film (see Section and that STA results in carbon outgassing
(see Section E[) Both events are presumed to positively impact the transport properties
of NbTiN films by minimising scattering events. Figure [0.5 illustrates that both annealing
procedures—RTA and STA—improve the electrical transport properties of NbTiN films
across the entire range of thicknesses. Overall, the room temperature resistivity, Figure [9.5
b, is lowered over the entire range of thicknesses similarly for both treatments. However, at
low temperatures, when electron scattering from lattice defects, such as grain boundaries and
interstitial impurities, significantly affect resistivity , STA has proven more beneficial,
particularly for thicker films, as indicated by higher RRR values (see Figure c¢). The en-
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Figure 9.4: Resistance over temperature for the various film thicknesses: main from 300 to

2K and inset zoom in for low temperatures (normalised). The 6 nm NbTiN layer does not
exhibit superconducting transition down to 2.5 K.
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Figure 9.5: Comparing as-deposited and RTA- and STA-treated NbTiN films across the
range of thicknesses. a) Resistance as a function of low temperature for the 74nm thick
film. The trend over the range of thicknesses in b) resistivity at 300K, ¢) RRR, and d) T.
is shown in black for as-deposited, in red after RTA, and in blue after STA. Solid lines serve
as guides to the eye.

hanced crystallinity of STA-treated films compared to RTA-treated films is assumed to be
due to longer exposure to high temperatures. This hypothesis is supported by observing
more pronounced Kikuchi patterns for STA- versus RTA-treated films. Interestingly, as
seen in Figure d, the thinnest film becomes superconducting after both thermal anneal-
ing procedures with T, above 10 K. This finding could indicate that as-deposited NbTiN
of 6nm thick may be amorphous, becoming polycrystalline only after thermal treatment.
Conversely, thicker films may be already polycrystalline in their as-deposited state, and
exhibit superconducting transition. To conclude, both post-deposition thermal treatments
have proven to significantly enhance T, although STA resulted in a better outcome with a
maximum value of 15.9 K.
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9.3.1. Impact of the annealing temperature

For the results shown above, the annealing temperature was kept at 1000 °C. However, a
prior evaluation of the annealing temperature and duration was conducted. The results are
presented here, first for RTA and then for STA. Note that the labelling of RTA and STA

comes from rapid and slow thermal annealing. See Section [3] for more annealing details.

RTA

The Figure[9.6)shows the T of RTA-treated NbTiN thin films. These films have a thickness
of around 25 nm. Moreover, it must be noted the NbTiN composition, with a ratio of Nb
to Ti of 2 to 1. This composition differs from the rest of the films evaluated, which are
3 to 1. The annealing temperatures performed were 800, 900, and 1000°C. While the
annealing duration ranges from 5 to 50 minutes. Both process parameters were limited by
the furnace capabilities. At 800°C, there is no significant benefit in T. after annealing,
regardless of the duration. However, when increasing the annealing temperature, the films
began to exhibit enhanced superconducting properties. At 900°C, T, oscillates between 9
and 12 K with inconsistent annealing durations. This suggests that the energy provided at
this temperature, across the entire range of examined annealing durations, is insufficient for
stable recrystallisation. Thus, small changes in the annealing parameters were observed to
lead to significant changes. However, at 1000 °C, there is no significant difference in T, for
the various annealing durations, suggesting that this temperature provides enough energy
for stable recrystallisation.
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Figure 9.6: Critical temperature for NbTiN thin films RTA-treated at different temperatures
and durations. The NbTiN films have a ratio of Nb to Ti of 2 to 1.
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STA

NbTiN films with a thickness of 60 nm and compositional ratio of 75% Nb to 25% Ti were
STA-treated. The examined annealing temperatures range from 700 to 1100°C. Between
700 and 800 °C the annealing duration lasts 5 hours, whereas for higher temperatures it is 1
hour. The observations are summarised in Figure a) for T, and b) for resistivity at 300 K
and RRR. The T. and room temperature resistivity follow a similar enhancement trend
across the different temperatures. At 700°C, no remarkable benefit in the T, is achieved
through annealing. However, at 750 °C, T. shows a notable enhancement and at 780°C, it
overcomes the T. values obtained at 1000 °C for the RTA procedure. This indicates that a
low temperature for a longer duration also provides the necessary thermal load to drive the
crystallisation. Moreover, when comparing the same annealing temperatures and durations,
i.e. 900 °C, one realises that the residual heat experienced during ramping and cooling down
also plays an important role. It is worth remembering that the labelling of RTA and STA
comes from rapid and slow thermal annealing. This points to a difference in the ramping
rates, which is 20 times faster for RTA than STA. However, there would be a threshold
in temperature at which the thermal energy provided into the system compensates for the
duration factor. The examination of various ramping rates in both RTA and STA suggested
this temperature to be 1000 °C. Additionally, 1100 °C is revealed to be unfavourable. This
could be because this temperature was found to cause excessive morphology damage in the
sample. Another assumption could be nitrogen outgas or ternary compound segregation.
Further studies are required to clarify these observations.
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Figure 9.7: Effect of the annealing temperature on the electrical transport properties of
STA-treated NbTiN thin films: a) T. and b) resistivity at room temperature and RRR.
The best performance is achieved for 950-1000 °C. Between 700 and 800°C the annealing
lasts 5 hours, whereas for higher temperatures it is 1 hour. Solid lines are guides to eyes.

9.4. Effect of deposition temperature

The deposition temperature is a factor that directly impacts the ALD chemistry and the
crystallisation during film growth. In general, higher deposition temperatures result in
denser films with larger grains. This means having fewer defects such as vacancies, more
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Figure 9.8: Evaluation of the impact of the deposition temperature on the low temperature
conductivity. The black squares denote as-deposited values, while blue circles the annealed
ones. a) For as-deposited films, T, increases with deposition temperature. Upon annealing,
this dependence disappears. b) RRR show a similar trend.

compact thin films, and a reduced number of grain boundaries. Higher deposition temper-
atures reduce the impurities within the film, improving the conduction.

Here, NbTiN films were deposited at temperatures ranging from 175°C to 250°C and
examined. The results from their electro-transport measurements are given in Figure
(black squares), showing a) T, and b) RRR. Then, the films were annealed and reevaluated.
The results are also included in Figure (blue circles). As expected, there is an increase
in T, and RRR with the deposition temperature. This suggests a less defective crystalline
structure of the NbTiN films deposited at higher temperatures, resulting in less impurity
scattering and hence, higher T, and RRR values. Moreover, it was investigated whether
post-deposition annealing could compensate for the impact of the deposition temperature.
The results suggest that high-temperature annealing minimize the differences seen in as-
deposited films grown at different temperatures.

9.5. Impact of the substrate and buffer layer on the
superconductivity of NbTiN

Here, the superconducting transition of NbTiN was examined for thin films deposited on
Si and Nb substrates. Moreover, the potential effect of AIN as a buffer layer as well as the
impact of high temperature annealing on both substrates were assessed.

9.5.1. Silicon wafer as substrate

The NbTiN films deposited on silicon were characterised in a PPMS Dynacool from Quan-
tum Design described in Section

The films’ resistance as a function of temperature is displayed in Figure All films
show a sharp superconducting transition, regardless AIN layer is present or not. In both
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Table 9.2: Summary of NbTiN properties for the samples in Figure

Si-NbTiN T, + AT, (K) RRR | Si-AIN-NbTiN T. + AT. (K) RRR

As-deposited 7.7 +£0.2 0.702 As-deposited 8.0 £ 0.2 0.732
Annealed 15.7 + 0.2 0.829 Annealed 16.0 + 0.2 1.033

cases, the transition shifts from near 8 K toward higher temperatures, near 16 K, as a result
of post-deposition annealing. The T. and RRR values are listed in Table[9.2] The obtained
T. values for the samples with and without the AIN layer are within uncertainties the
same, independent of whether the films are as-deposited or annealed. This finding aligns
with the XRD findings presented in Section [§, where it was demonstrated that there are
no discernible differences between the samples with and without AIN as a buffer layer. In
other words, regardless of the presence or absence of the AIN layer, NbTiN crystallises in
its 6-phase and possesses the same lattice constant. Consequently, the slight increase in
T, should not be attributed to AIN enhancing the NbTiN crystallinity [35, (161} [192] but
acting as a barrier layer [207], preventing oxygen diffusion from the native silicon oxide
into the NbTiN. The impact of AIN acting as a diffusion barrier would be more significant
on thinner NbTiN films (here the films are 60nm thick) where T, would be affected
by the larger ratio of oxygen impurities.Under the annealing conditions, the thin native
silicon oxide layer likely initiates or completes its sublimation process through the reaction
Si(s) 4+ SiO2(s) — 2Si0(g) 226} 227]. In this scenario, the gas species could either diffuse
into the NbTiN or escape through it. Nevertheless, despite the absence of an AIN layer,
annealing still enhances the T, of the NbTiN films. The RRR values for annealed samples,
both with and without the AIN layer, support the hypothesis that AIN acts as a diffusion
barrier layer.
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Figure 9.9: Film resistance as a function of low temperature. The superconducting transition
occurs regardless of whether NbTiN is grown directly on silicon or with an AIN buffer layer.
Post-deposition annealing likewise rises the T, of both films.
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9.5.2. Niobium as substrate

The S(I)S multilayers grown on bulk Nb were characterised in an inductive measurement
station at CERN [122]. A contactless measurement method was found to be necessary
during this study. Due to the soft and malleable nature of Nb, it was observed that applying
electrical contacts damage the thin films. The details of this measurement technique are
given in Section [dl In total, four samples were evaluated: Nb-NbTiN and Nb-AIN-NbTiN,
both in their as-deposited and annealed states.

The superconducting transitions are displayed in Figure It is worth noting that,
in their as-deposited state, light green and light blue in Figure [0.10, the NbTiN supercon-
ducting transition cannot be detected since it occurs at a temperature below the T, of Nb
and the magnetic field is blocked by its screening currents. Thus, the observed transition
at 9.5 K corresponds to the Nb substrate. Annealing was expected to rise the T, of NbTiN
above that one of Nb, as occurs for multilayers grown on Si. For the annealed Nb-AIN-
NDbTiN (see Figure dark blue) two transitions are visible: one at 9.5K corresponding
to the Nb T, and another at 1414.2 K corresponding to the NbTiN film. However, an-
nealing does not result in the emergence of a high-temperature superconducting transition
of NbTiN in the absence of an AIN layer (see Figure dark green). Nevertheless, as
studied by Preece [228], the NbTiN film is still superconducting. There are two hypotheses
for explaining this absence of enhanced T. after annealing. One may be the decomposition
of the native Nb oxides and the oxygen diffusion into the NbTiN thin film. This native
oxide is indeed a system of three oxide layers: NbO, NbOs, and NbyoOj, from the Nb-oxide
interface to the surface [229]. During the PEALD process, conducted at 250 °C, the NbyOs5
could have started to reduce into NbOy [229, 230]. However, annealing at high temperature
would dissolve completely the NbaO5 and NbOg layers [229]. The NbO does not dissolve at
temperatures below 1600 °C [229) [231]. It is plausible that the oxygen partially diffuses into
the NbTiN thin film resulting in significantly reduced T.. Thus, in the absence of an AIN
layer, a pre-deposition heat treatment would be essential for removing NbOs and NbyOs
from the
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Figure 9.10: As-deposited and annealed multilayers grown on Nb substrates: Nb-NbTiN
(left) and Nb-AIN-NbTiIN (right). Light colours represent as-deposited states, while dark
colours correspond to the annealed state.
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Nb surface to achieve a high-Tc NbTiN layer. However, the hypothesis of element diffusion
from the NbTiN film into the Nb substrate cannot be excluded. Further investigation is
needed to address this event.

9.6. Magnetisation curves through VSM

Magnetometry and transport measurements allow for the detection of the transition of
materials from normal conducting to superconducting state. However, unlike transport
measurements—conducted by a four-probe method—which evaluate locally the response of
the thin film, magnetometry monitors the behaviour of the entire sample. This means that
not only the thin film deposited on the upper side of the substrate is captured, but also the
partial coating on the bottom side of the substrate, characteristic of ALD, and the substrate.
The magnetisation was studied as a function of temperature and the applied magnetic field.
The findings of these studies are presented in the following subsections.

9.6.1. Curves m(T) for AIN-NbTiN multilayers grown on Si and Nb

First, the magnetic moment of samples consisting of AIN-NbTiN multilayers deposited on
Si and Nb substrates is compared. Due to limitations in the experimental setup, direct
measurements on bulk Nb substrates were not feasible, so Nb foils were used instead. The
examined samples were deposited and annealed together with the ones analysed by ETO
and an inductive measurement station at CERN [122], whose results are reported in the
previous section [9.5]

The magnetic moment as a function of temperature is displayed in Figure a) for Nb
and b) for Si substrates. The large difference in magnitude of the magnetic moment between
the Nb foil and the NbTiN thin film, because of the substantial contrast in thickness, masks
the superconducting transition of the thin film. At a glance, the magnetic moment measured
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Figure 9.11: m(T) curves for AIN-NbTiN multilayers on a) Nb and b) Si substrates. The
insert in a) shows a zoom-in which reveals the superconducting transition of the NbTiN
thin film, otherwise indistinguishable in the total signal. The measure was taken at ZFC
and 50 Oe.
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originates from the Nb and only its superconducting transition is distinguishable at
T, =9.2740.04 K. However, the transition of NbTiN is visible at T, = 14.24+0.1K
by zooming in (see Figure insert). Conversely, a single transition takes place at
T. =15.840.1K for the multilayers grown on Si. The fact that a single transition is
observed for the NbTiN thin film, regardless of the substrate, confirms the existence of
a single crystalline phase. The obtained results agree with those obtained for annealed
AIN-NDbTIN multilayers deposited on Si and Nb substrates in Section Lastly, the
small reduction in T, for multilayers grown on Nb substrates compared to those on Si may
be a consequence of the greater roughness of the substrate, which may affect the film’s
superconducting properties.

9.6.2. Curves m(T) for AIN-NbTiN: comparing as-deposited and after annealing

The comparison between as-deposited and thermally treated AIN-NbTiN multilayers on Si
substrates reveals a clear distinction in their superconducting properties, as seen through
the variation in their magnetic moments with temperature, presented in Figure The
idea is to cross-check the results obtained via ETO (and presented in Figure using
VSM.

The analysis shows a significant shift in T, towards higher temperatures due to both
thermal treatments, revealing T of 8.0+0.4 K, 14.5+0.3 K, and 15.54+0.3 K for as-deposited,
RTA-, and STA-treated samples, respectively. These findings are in agreement with the ones
obtained via ETO. Moreover, the difference in the magnitude of the magnetic moments is
remarkable. This is due to microstructural changes within the three samples. The measured
magnetic moment is related to the amount of magnetic field expelled from the supercon-
ductor. This depends on the amount of pinning centers and the strength of their pinning
force [9]. As-deposited films are expected to have a higher number of grain boundaries and
interstitial defects, which can act as pinning centres. While thermal treatments were dem-
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Figure 9.12: Magnetic moment as a function of temperature for a Si-AIN-NbTiN sample in
the states: as-deposited and RTA- and STA-treated. The three curves show the supercon-
ducting transition. The measure was taken at ZFC and 50 Oe.
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onstrated to induce significant surface defects, especially when using Si as substrate (see
Section . Broadly speaking, the larger the dimension of the defect the stronger is the
pinning center [9]. This may clarify why annealed films trap more flux. Lastly, the slight
slope for the RTA and STA curves, points towards pinning weakening while increasing
temperature, so that vortex-vortex repulsion may overcome the pinning force [232]. To
gain a more comprehensive understanding of vortex dynamics in SIS multilayers, further
investigations, specifically involving Nb substrates, are necessary. It will help clarify the
role of substrate-induced defects and their influence on flux pinning and superconducting
performance.

9.6.3. Curves m(H)

The evaluation of the magnetic moment as a function of the applied field at a fixed temper-
ature is shown below.

Magnetisation loop: hysteresis

For a perfect type Il superconductor, the negative magnetisation increases linearly with
the applied magnetic field (Meissner state) till its maximum at He; when sharply starts
decreasing (mixed state) until it becomes zero at Heo (NC state). In addition, when the
field is ramped down to zero the magnetisation curve follows its reverse path. However, for
non-ideal superconductors, defects act as pinning centers that trap flux vortices, preventing
them from moving freely. Additionally, in VSM measurements, applying a uniform and
perfectly parallel magnetic field to the sample’s surface is challenging, especially for samples
that do not have an ellipsoidal shape, which can result in a perpendicular field component.

Lastly, a higher roughness increases flux pinning although because of the small roughness
presented by thin films the surface pinning is diminished [9]. As a result, the magnetisation
curve shows irreversibility, hysteresis, and a round maximum, as shown in Figure The
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Figure 9.13: Magnetic moment vs applied magnetic field loop measured at 4.2 K.
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magnetic moment must be reversed to the magnetic moment be zero again. However, at
zero magnetic field, the existence of trapped flux is evident, since the magnetic moment is
not zero. To release the trapped flux it is needed to warm up above T.. Thus, a warming
up procedure was applied between each measurement. Lastly, the jump observed in the
magnetisation curve in Figure is characteristic of strong pinning [9} [233].

Curves m(H) for AIN-NbTiN: comparing as-deposited and annealed (RTA and STA)

This subsection compares the magnetic properties of AIN-NbTiN multilayers on silicon
substrates, specifically analysing the as-deposited, RTA-, and STA-treated samples. The
focus is on the magnetic moment as a function of the applied magnetic field at a constant
temperature, which helps to understand the flux penetration behaviour of these samples.

Virgin magnetisation curves, describing the initial response of the films to an increasing
external magnetic field, were measured for each of the three samples at six different tem-
peratures below T.. Examples of virgin curves at different temperatures are displayed in
Figure [9.14] The point at which the magnetic moment deviates from linear H, dependence
sets the field at which the first magnetic flux penetrates the superconductor, named first
penetration field (Hg,). In an ideal case with a superconductor free of defects and an ellip-
soid geometry, Hg, would be equal to He¢;. However, in practical conditions, the presence
of defects within the material, along with contributions from non-uniform and non-parallel
magnetic fields, results in flux penetrating the superconductor at lower fields than expected.
This early flux penetration is typically influenced by factors such as the quality of the film,
grain boundaries, impurities, and the sample’s geometry. Therefore, demagnetisation effects
caused by the sample geometry were taken into account.
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Figure 9.14: Virgin magnetisation curves recorded at different temperatures for the multi-
layers sample in its as-deposited state.
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Performing the virgin curves at various temperatures allows to obtain the H¢y(T) trend
for the thin films as-deposited, after RTA, and after STA. Figure [0.15] depicts uoHei as a
function of the reduced temperature 1 — (T/T.)2. The plot illustrates how the H.; varies
with temperature, approaching zero as the temperature gets closer to T.. Through a linear
fit, one can obtain the field value poHc; at the SRF cavity operating temperature (2 K). The
obtained values are respectively 15mT, 81 mT, and 98 mT for as-deposited, after RTA and
STA, respectively. It is demonstrated that the post-deposition annealing significantly ele-
vates poHci. In addition, these findings are close to the previously reported pgHe; =120mT
for ~35nm thick NbTiN (Nb:Ti=3:1) films deposited by PEALD [79] and the values for
sputtered films (thickness unknown) 83 and 200 mT for (Nb:Ti=3:1) and (Nb:Ti=4:1), re-
spectively [234]. Furthermore, bulk NbTiN has a poHe; ~30mT [235]. Thus, it was con-
firmed the enhancement of pgHc; because of the film geometry.

9.7. Summary and conclusions

The evaluation of NbTiN films for SIS multilayers in SRF cavities highlighted their superior
performance compared to NbN. Films of Nby,T;_«N with different compositions were inves-
tigated, with a fixed thickness of 25 nm. However, even for its optimised compositions (75%
of Nb over Ti 25%), as-deposited NbTiN films exhibit a T, below that one of Nb. Further,
NbTiN films of various thicknesses were examined. It is assumed that as-deposited the films
are polycrystalline—unless for 6 nm thick which is presumably amorphous. The highest T,
achieved (for NbTiN films in their as-deposited state) was 8 K, far from TNPTIN=17.8 K. Tt
is assumed that the low T. obtained is mainly caused by the incorporation of impurities
into the films during the PEALD deposition process. XPS analysis, presented in Section 7],
supports this hypothesis. In fact, PEALD-NbTIN films with the same Nb to Ti ratio, similar
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thickness, and the same chemistry (TDMAT, TBTDEN, and Hys/Ny plasma 300 W) were
reported to exhibit a T, of 12.5 K [79]. However, Yemane et al. [79] prepared the films at a
higher temperature (300 °C versus 250 °C) and under a better vacuum (two orders of mag-
nitude lower [236]). A higher deposition temperature would grow denser films, resulting in a
superior crystalline structure with fewer defects and more tightly packed grain boundaries.
Thus, higher deposition temperatures are associated with higher T, and lower residual re-
sistance. Assuming a linear relationship between T, and deposition temperature (as shown
in Figure , NbTiN grown at 300 °C—not feasible due to reactor limitations—would have
a T, <9.5K, still below the value reported by Yemane et al. |[79]. Moreover, the experience
gained from small leaks in the system emphasises the importance of a good vacuum level to
prevent impurities in NbTiN films. Changes in the chemical composition affect the electri-
cal and superconducting properties of NbTiN [188, 191} {206, [237, 238]. Moreover, NbTiN
films deposited by thermal ALD at much higher temperatures (500 °C) revealed similar T
values (7-8K) [68], demonstrating that PEALD produces in general greater quality films.
However, since TRPTIN < TNb it is excluded the use of these as-deposited NbTiN films for
SIS multilayers for SRF cavities.

In pursuit of a better performance, post-deposition annealing was investigated. It was
shown in Section [8] that post-deposition heat treatments improve the NbTiN crystallinity
and, thus, its superconductivity. Indeed, in the present section, it was demonstrated that
high-temperature annealing enhances the performance of NbTiN films, achieving T, values
of 14-16 K. Moreover, annealing resulted in grain growth and outgassing of impurities
(see Sections [7| and , which would enhance the residual resistance. The obtained results
confirmed the improvement in the residual resistance, especially for STA. These results agree
with other studies [68, |74, 90, 187, [239| |240], demonstrating that annealing is essential to
promote T, and lower resistivity.

Moreover, it was demonstrated that using Nb as the substrate, as is the case for the goal
application, requires an AIN layer acting as a diffusion barrier to achieve NbTiN with a
high T.. It is assumed that annealing dissolves the Nb oxides, NbyOs and NbOs. Without
an AIN layer, oxygen partially diffuses into the NbTiN thin film, preventing NbTiN from
achieving a high T, [238]. To address this issue, either an AIN barrier or pre-deposition
heat treatment to remove surface oxides is needed.

Lastly, the evaluation through VSM of AIN-NbTiN multilayers confirms, in agreement
with the XRD analysis in Section [8] the existence of a single NbTiN phase. Moreover, the
T, values obtained for Si and Nb substrates, align with the results obtained via ETO and
the contactless inductive station at CERN. Slightly lower T. values were obtained when
using Nb as the substrate, which may be caused by its higher roughness. The evaluation of
the H¢; was conducted using Si as the substrate because the film magnetic moment response
was masked by the thicker Nb substrate. Finally, it was demonstrated that post-deposition
thermal treatments notably increase H¢1. For a STA-treated multilayer the obtained value
of pupHer =98 mT is in line with previous literature 79, |234]. Moreover, it demonstrated the
thin film enhancement in comparison to its bulk value.
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10. Conclusions and future perspectives

The main purpose of this thesis has been to synthesise SIS multilayers via PEALD, and
to evaluate their potential for use in SRF cavities in pursuit of improving their performance.
Thermal ALD Al,Os-based cavities are proven feasible, achieving conformal coatings with-
out degrading cavity performance [69], recognizing ALD as the most suitable technique for
this application. For SIS multilayers, the superconducting performance of the thin film is
crucial, for which PEALD outperforms thermal ALD. This work aims to pave the way for
PEALD-based SRF cavities.

In this work, the synthesis of multilayers consisting of AIN and NbTiN was conducted
at 250 °C using the precursors TMA, TDMAT, and TBTDEN, and Hs /Ny mixture as the
plasma gas. Sequential deposition was performed without breaking vacuum on planar sub-
strates. Surface roughness, non-uniformity, and porosity are identified as limiting factors
for thin film-based SRF cavities grown via other deposition techniques [33, |159]. Here,
the PEALD-deposited multilayers were found to be smooth, with surface roughness in
the nanometer range. Additionally, the thin films were observed to be homogeneous and
void-free. The XRR and cross-section analyses revealed a sharp and well-defined interface
between AIN and NbTiN films. However, it was observed that during deposition, AIN incor-
porates oxygen from the native substrate oxides. A certain number of AIN PEALD cycles
are required to fully consume the oxygen species. Moreover, it was shown that PEALD
offers precise control of the Nb to Ti ratio, which can be tailored by adjusting the ratio
of the individual PEALD processes inside the NbTiN supercycle. Various NbTiN compo-
sitions were evaluated. The Nb to Ti ratio was set to 3:1 to optimise the superconducting
transition temperature. The superconducting performance of NbTiN films depends on the
crystal structure, although less than for NbN [206], and on the composition. The PEALD-
deposited NbTiN films formed the §-NbTiN phase of interest. However, NbTiN films ex-
hibited a T.<8 K, compromising its suitability for SIS. The low T, observed in as-deposited
NbTiN films is attributed to the incorporation of impurities during deposition, which af-
fects the superconducting properties of NbTiN [188] (191, 206, 238|. Oxygen, carbon, and
hydrogen impurities are known to be incorporated into nitride ALD films arising from the
precursors, the process gases, plasma source erosion, and the deposition environment [57,
134}, 158]. XPS analysis revealed that as-deposited NbTiN contains carbon (~16at.%) and
oxygen (~23at.%).

Post-deposition annealing was proven necessary to obtain NbTiN films suitable for SIS
applications in SRF cavities. XPS showed that annealing reduces carbon to the detection
limit, while oxygen remains nearly unchanged (~21at.%). Moreover, annealing was ob-
served to improve film crystallinity, promoting grain growth—which increases the electron
mean free path—and reducing the lattice constant. As a result, the superconducting prop-
erties of NbTiN films significantly enhanced, achieving a high T ~16 K. The resistivity (at
room temperature) was reduced <70 pn2cm. The entry field was significantly improved. A
maximum of 98 mT was achieved for NbTiN films, higher than the 30 mT reported for bulk
NbTiN [235], supporting the hypothesis that critical fields are enhanced when NbTiN is
prepared as a thin film [241]. XRR and cross-section analysis showed, however, that an-
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nealing results in faded interface between AIN and NbTiN, with Al diffusion into NbTiN.
Additionally, for annealed NbTiN films grown on Nb, it was observed that an AIN layer
acting as diffusion barrier is necessary to achieve high T.. Various annealing procedures
were evaluated. Higher annealing temperatures (900-1000°C), slower thermal ramps, and
lower base pressure were found to result in greater NbTiN film performance.

Moreover, PEALD-SIS multilayers grown on Nb underwent the standard cavity cleaning
procedure, HPR. SEM and EDX analyses confirmed the presence of AIN and NbTiN after
seven HPRs (see Appendix , demonstrating the PEALD-SIS multilayer can withstand
the cavity regular test preparation.

However, although PEALD-SIS multilayers showed promising results, the occurrence of
surface defects, in addition to annealing-induced Al diffusion, could compromise their use
for SRF cavities. Blister of arbitrary size and distribution were found. Their formation
remains inconsistent, which made challenging to determine the conditions under which
they form. Plasma-induced effects—ion bombardment causing compressive stress [146-
149| or ions and radiation breaking hydrogen bonds resulting in gas accumulation [148-H151}
242]—are thought to be the cause of blistering. With annealing, blisters resulted in peel-
off, most likely due to accumulated stress, which would be particularly detrimental for SRF
applications. Thus, preventing blister formation is crucial. It could be mitigated by reducing
ions energy through increasing plasma gas pressure [147], reducing ion flux density using
lower plasma power [95, [96], or tuning ions energy via substrate biasing [46]. Additionally,
annealing induced other surface defects, when using Si as the substrate, caused by thermal
expansion mismatches across the multilayers and the substrate.

This work was carried out with the PEALD GEMStar system using planar substrates.
Further investigations could be conducted in the new PEALD system under commissioning,
which aims to achieve SIS multilayers on 1.3 GHz SRF cavities. To achieve NbTiN films
with a high T, without requiring post-deposition annealing, established strategies could be
applied. First, deposition temperature could be increased. It is known that higher deposition
temperatures result in denser and more crystalline films, which would benefit T. and normal
conductivity. PEALD-NbTIN films deposited at 300 °C exhibit T, =12.8 K [79]. In addition,
based on the experience acquired, reducing the amount of impurities incorporated into the
films during deposition should be addressed. Suggested strategies include improving the
vacuum conditions |57} |[157], replacing the plasma quartz tube with an alumina tube [156],
increasing Hy in the plasma gas mixture [131], ensuring homogeneous heating of the reactor
walls, and using substrate biasing [47], [158]. Moreover, perfluorelastomer o-rings should be
avoided to prevent contamination of the films with fluorine (see Appendix . In-situ
pre-deposition annealing should be investigated to dissolve Nb oxides, prior AIN deposition.

Additionally, to determine the optimal thicknesses of AIN and NbTiN thin films, third-
harmonic measurements with local magnetometer are advised to evaluate H¢; on batches of
samples with varying thicknesses for both layers.

Lastly, a comprehensive evaluation of how PEALD SIS multilayers perform under SRF
cavity conditions is essential to determine their feasibility. Thermal dissipation is crucial
to prevent the cavity to quench. The thermal conductance of SIS multilayers requires
investigation, as the presence of the insulating layer and multiple interfaces may affect the
heat dissipation. Experiments are ongoing at Universitdt Hamburg [243], with results to be
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published soon. In addition, field emission is a concern for SRF, as it can result in power
losses and limit the accelerating gradient. Preliminary secondary electron yield (SEY)
measurements are ongoing at Universitdt Hamburg, revealing lower SEY values for SIS
compared to bulk Nb, suggesting a reduced risk of field emission. The findings are shortly
to be published. Finally, RF characterisation of PEALD-SIS multilayers is still required.
PEALD of SIS multilayers on a 1.3 GHz SRF cavity or on a quadrupole resonator (QPR)
samples would allow for RF tests. Thin film coated cavities are expected to reduce the Rgcs
(even minimise it when the mean free path and the coherence length meet the condition
1~ &y/2). Conversely, the Ryes required assessment. PEALD thin films feature small grains
and thereby, high density of grains boundaries, which are presumed to trap considerable
flux. Additionally, since superconductivity experience weakening at the grain boundaries,
it can be assumed that early field penetration occurs—a vortex typically interacts with
either small clusters of pinning defects spaced around the coherence length or with a dense
distribution of weak pinning centers [9]. Hence, any defect with depleted superconductivity
promotes trap flux and early vortex entry. However, when the crystalline disorder around
the grain boundary extends in the same order of magnitude as the coherence length, as it is
the case for superconducting thin films, it serves as the most efficient trap mechanism. The
Raux results from vortex oscillation. Its minimum is determined by a compromise between
the density of pinning centres and their pinning strength. Flux expulsion studies for PEALD
SIS multilayers are in progress at CERN, with preliminary results already presented [244]
and further results expected soon.
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List of abbreviation

AFM Atomic force microscope.

ALD Atomic layer deposition.

ALE Atomic layer etching.

ARXPS Angle-resolved X-ray photoelectron spectroscopy.

BCP Buffered chemical polishing.
BE Binding energy.

CVD Chemical vapour deposition.

EDX Energy dispersive X-ray spectroscopy.
EP Electropolishing.

FFKM Perfluoroelastomer.
FIB Focus ion beam.
FWHM Full width half maximum.

GIXRD Grazing incidence X-Ray diffraction.
GPC Growth per cycle.

HIPIMS High power impulse magnetron sputtering.
HPR High pressure rinsing.

NC Normal conducting state.

PEALD Plasma-enhanced atomic layer deposition.
PPMS Physical property measurement system.
PVD Physical vapour deposition.

RMS Root mean square.
RRR Residual resistance ratio.

RTA Rapid thermal annealing.

SC Superconducting state.
SE Spectroscopic ellipsometry.
SEM Scanning electron microscope.

SIS Superconducting - insulating - superconducting.
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SNSPD Superconducting nanowire single photon detectors.
SRF Superconducting radio frequency.
STA Slow thermal annealing.

STEM Scanning transmission electron microscope.

TDMAT Tetrakis(dimethylamido)titanium(IV).
TDTDEN Tris(diethylamido)(tert-butylimido)niobium(V).
TEM Transmission electron microscope.

TMA Trimethylaluminum.
UHV Ultra high vacuum.
VSM Vibrating sample magnetometer.

XPS X-ray photoelectron spectroscopy.
XRD X-ray photoelectron diffraction.
XRR X-ray reflectivity.

ZFC Zero field cooling.
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A. Appendix: additional information on
samples fabrication

A.1. Troubleshooting for the GEMStar PEALD system

A.1.1. Concerns about vacuum leaks: chamber door O-ring

The deposition temperature (250 °C) and the chemicals involved impact the durability of the
perfluoroelastomer (FFKM) O-ring responsible for vacuum sealing. It is designed to with-
stand temperatures from —30 °C to 327 °C and provide broad chemical resistance. However,
differences in durability have been observed among O-rings from various manufacturers. O-
ring wear leads to vacuum leaks, causing CVD growth. Figure shows O-ring damages
(worn, flattened, and fissures), which cause poor sealing and consequently vacuum leaks,
leading to CVD growth (as seen in Figure[A.I). Of the three manufacturers tested, ERIKS
Deutschland GmbH supplied the most durable and reliable O-rings. Reducing the deposition
temperature to below 200 °C extends the o-ring durability.

Figure A.1: Worn O-ring from the chamber door of the GEMStar XT-DP™. The occurrence
of CVD growth is a sign of a leak.

A.1.2. Plasma head troubleshooting: quartz tube replacement

To protect the quartz tube from the plasma head some actions have been taken. The
plasma head is air-cooled and the plasma duration has been kept below 120 seconds to
prevent its overheating. To keep the quartz tube clean and prevent precursor backflow,
a 70sccm Ar flow is used during precursor doses. However, residue accumulation in the
quartz tube is inevitable with prolonged use, as visible in Figure [A71] Quartz degradation
causes impedance mismatches, resulting in inefficient plasma ignition, power losses. and
undesirable plasma fluctuations—visible by jittering of UV light; which restricts the system’s
capability to achieve controlled, high-quality, and reproducible depositions.



Figure A.2: Visible deterioration of the plasma head quartz tube

A.1.3. Concerns about precursors

Precursor decomposition

A drawback of the metalorganic alkylamide-based precursors is their thermal decompo-
sition at low temperatures . It may occur even during storage (see Figure right).
Thus, they must be stored in tightly sealed containers (see Figure left) to avoid contact
with water and reduce the risk of decomposition. Precursor decomposition results in im-
purities and non-self-limiting growth contributions. Hence, metalorganic alkylamide-based
precursors are more suitable for PEALD rather than thermal ALD, as the latter often re-
quires elevated deposition temperatures. The onset of thermal precursor decomposition
may depend on temperature (deposition and storage), reactor pressure, and precursor pulse
dose [245]. Previous studies have shown the onset for thermal decomposition is 300 °C for
TBTDEN , 257°C for TDMAT , and 370°C for TMA . However, it has been
shown that for shorter precursor dose (<1s) and low pressure (~mTorr) the impact on pre-
cursor decomposition rate is minimal, and high-quality films have been deposited at higher
deposition temperatures [245).

Figure A.3: Photographs: left a precursor container from the system GEMStar XT-DPT
and right decomposed precursor (handle in a controlled atmosphere inside of a glove box).



Chromatic differences among the TBTDEN precursors
Despite the TBTDEN 98% purity ensured by the precursor supplier (Strem Chemicals),
chromatic differences were noticed among the various bottles of TBTDEN. It has been

observed that it may affect the purity of the deposited films, as indicated by a small variance
in TNOTIN

Figure A.4: Two different TBTDEN bottles showing substantial discrepancy in colour. Both
are 5g of minimum 98% purity TBTDEN however, their colour is notably distinct.

A.1.4. Plasma etching on high substrate

Figure[A.5|shows the plasma-induced damage on TiN layer grown by PEALD on ceramic RF
windows. It is assumed that the plasma ions impact the upper outer substrate surface with
high energy, resulting in etching. Therefore, non-uniform coating is achieved, as evidence
by the colour gradient.

Figure A.5: Plasma-induced side effect: ion bombardment etching during deposition on high
ceramic substrates, resulting in non-homogeneous TiN deposition. The ceramic RF windows
are coated with a thin TiN layer, which suppresses secondary electron emission, as part of
an investigation on conditioning of power couplers at DESY .



B. Appendix: additional characterisation
results

B.1. Supplementary information for XRR studies from
Section [5]

Figure shows the reflectivity profiles for AIN-NbTiN and AIN-NbN multilayers, as-
deposited and after RTA and STA. As-deposited the multilayers exhibit well-defined inter-
faces, indicated by the pronounced and sharp oscillations. After annealing the reflectivity
profiles experience damping, indicating changes and reduce sharpness at the interfaces. This
effect is more prominent for NbTiN than for NbN, suggesting that layer intermixing is more
significant for NbTiN. Moreover, damping seems to be greater for STA than for RTA.
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Figure B.1: XRR curves corresponding to: AIN-NbTiN (left) and AIN-NbN (right), as-
deposited, RTA-, and STA-treated.



B.2. Supplementary information related to the morphology
studies in Section

B.2.1. Impact of thin-film thickness on blistering

The impact of the thin-film thickness on blister density and size was examined for AIN films
grown on Si. The thickness ranges from 10 to 25 nm. The greater the number of PEALD
cycles, and thus the thicker the film, the higher the blister density. This observation supports
the hypothesis that ion bombardment causes blistering, as compressive stress would be
greater in thicker films. Although it also supports the hydrogen accumulation hypothesis,
since the greater the number of PEALD cycles the more hydrogen would accumulate. The
evaluation of blister density is not included, as the limited number of AFM scans and
the significant variability in blister distribution (see Figure a) reduce the statistical
reliability. Blister height and diameter, measured via AFM for different film thicknesses,
are shown in Figure Although both parameters show a slight upward trend with
thickness, blister size varies significantly.
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Figure B.2: Variation in blister size with thickness: blister height and diameter for AIN
films of different thicknesses.

B.2.2. Inconsistencies on blister formation

Blister formation was investigated by varying the deposition temperature from 80°C to
250°C, for 350 cycles of AIN. According to Fischer et al. [128], low temperatures (80°C,
95°C, and 105°C) do not produce blisters, while higher temperatures (125-250 °C) lead to
blister formation. However, Figure [B.3] shows that repeated depositions at certain temper-
atures revealed inconsistencies in this trend.

To address the noted inconsistencies, a comprehensive evaluation was conducted. The
deposition temperature was set at 175°C, and the film thickness was maintained at ap-
proximately 25nm. Various substrate positions within the PEALD reactor were used to
investigate the potential influence of plasma distribution on blister formation; however, no
differences were observed. The evaluation for blistering at the various films and substrates
was repeated at 175 °C. Single-layer films of AIN, NbTiN, NbN, and TiN, as well as multi-



Figure B.3: Inconsistencies on blister formation. The SEM images correspond to 350 cycles
of AIN grown at 105°C and 175 °C. It can be observed that the same deposition temperature
can result in the appearance or absence of blisters.

layer of AIN-NbTiN, AIN-NbN, and AIN-TiN, were deposited on both Si and Nb substrates.
No blisters were observed in any scenario on Nb. However, on Si, single layers do not
exhibit blister while multilayers do. Comparing AIN-NbN and AIN-TiN, blisters are more
pronounced for AIN-NbN, even when using the same plasma process parameters. Reverse
multilayers (NbTiN-AIN) were also examined, showing no blister formation. It is worth
noting that blisters do not emerge under any circumstances in the event of deposition on
Nb, which in this case refers to untreated Nb.



B.3. HPR Tests: Evaluating the compatibility of
PEALD-SIS multilayers with cleaning standard
procedures for SRF cavities

PEALD-SIS multilayers grown on Nb underwent the cleaning cavity procedure of high

pressure rinsing (HPR) described in Section [3| The samples were evaluated with SEM and

EDX before and after the treatment. The SEM inspection did not reveal any sign of damage.
EDX spectra confirmed the presence of AIN and NbTiN thin films before and after seven

HPRs (see Figure [B.4]).
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Figure B.4: EDX spectra taken before and after HPRs. The Al, Nb, and Ti peaks are
visible.



B.4. Supplementary notes on XPS analysis in Section [7]
B.4.1. Preliminary survey for element identification

A preliminary survey (pass energy of 50 eV and step size of 0.5 eV), for a binding energy (BE)
ranging from 0 to 1200 eV is shown in Figure [B.5] was performed to identify the elements
present in the sample. Most elements have major photoelectron peaks below 1100 eV [169],
thus a sweep up to 1200 eV is sufficient to identify all detectable elements. The measured
survey clusters the observed peaks which correspond to the elements Nb, Ti, N, C, and O.
No Al nor Si signal was detected in any of the measured spectra. Auger electrons were
detected at binding energies above 900 eV. Note, that the as-deposited surface spectrum
(green line) has a very low number of counts at the binding energies corresponding to Ti
and Nb peaks. This is due to an inadequate setup alignment, likely adjusted based on the
carbon peak instead of titanium or niobium.
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Figure B.5: Surface and sputtered XPS spectra, both in as-deposited and annealed states.
Ranging from 0 to 1200 eV for element identification. Highlighted areas mark the detected
peaks corresponding to Ti, Nb, N, C, O, and Auger electrons. Note the weak as-deposited
surface survey signal (green line) due to a inadequate sample alignment.

B.4.2. Surface evaluation

It is well known that NbTiN surface oxidised when expose to air. As for NbN and TiN, the
oxidation is a continuous substitution of nitrogen by oxygen [113]. This results in a mixture
of Nb and Ti oxides and oxynitrides [113, 114} [116]. Oxides growth might not be planar;
instead, oxides might serrate the metal surface on the nm scale. The serration was found
to be smaller for hard NbTiN than for the soft Nb [116]. Angle-resolved XPS (ARXPS)
studies concluded that NboOs and TiO9 build up on the surface—TiO5 at the outer surface
[113]—and the oxynitrides are sandwiched between the surface oxide and the bulk nitride
[113,116]. However, no real interface is built between the different compositions [113]. The



evaluation of the XPS spectra conducted at the surface of the as-deposited and annealed
samples is presented here. Figure shows the high-resolution spectra of O 1s and C 1s.
Both signals indicate common surface contamination, resulting from storage, handling, and
water adsorption , which were satisfactorily removed by ion bombardment
sputtering. No titanium carbide or niobium carbide contributions
are identified. TiO2, NbyOs and oxynitrides are visible in the high-resolution spectra of O 1s
and Ti 2p and Nb 3d respectively (see Figure . The O 1s peak confirms the presence
of metal oxides, (attributed to Nb and Ti oxides , ), metal oxynitrides . The
deconvolution of the Ti 2p peak indicates the presence of TiOy [113[{115, [162], TiN,Oy
@H, and TiN. The Nb 3d peak is deconvoluted into four spin-orbit doublets, NboOs5|113,
117, [164} [166], NbaNy_xOs4x 116], NbON 116, [164], and NbN [113] [116],
164, |165]. The N 1s peak is deconvoluted into a metal nitride, which coincides with NbN
[113} [115] and TiN [162], and an oxynitride (TiNyOy , ) contributions. Lastly, it
is visible in Figures [B.6] and [B.7] that annealing increases the surface oxidation of NbTiN
films, in particular enhances TiO2 (see Table . This is further discussed in Appendix
B.44
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Figure B.6: Surface XPS high-resolution lines: O 1s and C 1s. The left column contrast
as-deposited and annealed spectra. While the right column presents the deconvolution of
the annealed lines. The presence of common surface contaminations is evident.
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Figure B.7: Surface XPS high-resolution lines: Ti 2p, Nb 3d, and N 1s. The left column
contrast as-deposited and annealed spectra. While the right column presents the deconvo-
lution of the annealed lines. Nitrides, oxynitrides, and oxides of Ti and Nb are detected.
Annealing increases both the surface oxidation (significantly for Ti) and the nitride charac-
ter of the film.



B.4.3. Details of the XPS high-resolution peaks deconvolution

The details of the XPS analysis presented in Section [7] are given here. Table lists the
binding energies assigned to each contribution identified in the deconvolution of the XPS
high-resolution signals.

Table B.1: Binding energies associated with contributions in the deconvoluted XPS signals

O 1s Wsurface Wsputter WSFsurface WSFsputter
O-Nb/Ti 530.2 - 530.0 -
Nb-oxynitride - 531.4 531.6 531.4
Ti-oxynitride - 532.7 - 532.8

C-O0 532.1 - 932.6 —
C-O-H 533.9 - 533.9 -

C1s Wsurface Wsputter WSFsurface WSFsputter
C-Nb/Ti - 282.3 - -

C-C 285.2 284.8 284.9 -
C-0-C 286.0 - 286.2 —
0-C=0 288.1 - 288.9 -

N 1s Wsurface Wsputter WSFsurface WSFsputter

Ti-oxynitride 394.1 - 396.1 -
N-Nb/Ti 398.1 397.2 397.5 397.9

Nb-oxynitride - 399.5 - 398.8
Ti 2p3/2 Wsurface Wsputter WSFsurface WSFsputter

TiN — 455.0 455.1 455.5
TiNxOy 456.3 455.9 456.4 456.5

TiOq 458.2 - 458.4 -

Nb 3d5/2 Wiurface Wsputter WSFgurface WSFsputter

NbN 204.3 203.9 204.0 203.9
NbN,Oy - 204.6 - 204.6
NbON 205.2 - 205.0 -

NbN,/ Oy — 205.9 - 206.0
NbyoNo_ Oz« 206.7 - 206.5 -
NbsyOs5 207.6 207.6 207.2 207.5

After sputtering, the binding energies of the oxynitride contributions attributed for the
Nb 3d signal shift slightly. It may be attributed to defects introduced by Ar ion bombard-
ment.



Lastly, Table summarise the relative concentration, calculated from the peak areas, for
each of the contributions assigned for the spectra listed in Table Note that for some
high-resolution peaks, a single contribution is assigned where it could potentially be split
into two, one for Nb and one for Ti. This applies to the metal-oxide contribution in the O 1s
peak, the metal-nitride contribution in the N 1s peak, and the metal-carbide contribution

in the C 1s peak.

Table B.2: Relative concentrations for each constituent identified in the XPS spectra. The
quantification has been obtained from the relative peak areas. In the case of Ti 2p line, the
total peak area was considered and the satellites were not included.

Surface After ion bombardment

O 1s As-deposited (W) Annealed (WSF) As-deposited (W) Annealed (WSF)
Metal-oxide 32.9 50.2 - -

NbN, Oy - 29.1 69.2 72.0
TiNxOy - - 30.8 28.0

C-O0 58.8 18.9 - -

C-O-H 8.3 1.8 - -

C 1s As-deposited (W) Annealed (WSF) As-deposited (W) Annealed (WSF)
C-C/C-H 67.5 79.5 90.3 -
0-C=0 6.1 9.9 - -

C-0-C 26.4 10.7 - -
C-Metal - - 9.7 -

N 1s As-deposited (W) Annealed (WSF) As-deposited (W) Annealed (WSF)
TiN, Oy 30.9 32.8 = -
Metal-nitride 69.1 67.2 84.3 79.9

NbN, Oy - - 15.7 20.1

Ti 2p As-deposited (W) Annealed (WSF) As-deposited (W) Annealed (WSF)
TiN - 19.8 45.2 64.5
TiNxOy 18.7 30.1 54.8 35.5

TiOq 81.3 50.1 - -

Nb 3d As-deposited (W) Annealed (WSF) As-deposited (W) Annealed (WSF)
NbN 20.2 34.5 37.6 43.4

NbN, Oy 13.7 19.5 26.3 31.9
NbN, Oy 57.3 22.9 19.7 10.6
NboOs 8.8 23.1 16.3 14.1




Table includes the elemental relative concentrations measured at the surface of the
samples, as-deposited and annealed. The most evident observation is the presence of surface
pollution and oxidation. Moreover, annealing may cause carbon outgassing, further surface
oxidation, and enhance of the nitride character of the NbTiN film. Finally, the concentra-
tions listed for the as-deposited sample, may be taken with caution. It can be observed in
its high-resolution spectra and initial survey (Figures and in Appendix , that
the setup alignment for this measurement was incorrect, likely optimised the carbon signal.
As a result, very low intensities were obtained for the major interest elements.

Table B.3: Quantitative surface analysis of the elemental composition of as-deposited and
annealed samples.

% Atomic | As-deposited | Annealed
Oxygen 10.2 33.6
Carbon 83.4 33.0
Nitrogen 4.8 14.1

Titanium 0.2 4.5
Niobium 1.4 14.9

B.4.4. Additional XPS measurements

Six niobium-coated samples have been surface evaluated by XPS at the Institute of Solid
State Physics Surface Physics from Universitit Bremen. The aim is to evaluate both
nitrides, NbTiN and NbN, as well as, the effect on them of the two different post-deposition
thermal treatments, RTA and STA. The six samples include AIN-NbTiIN and AIN-NbN
multilayers in their as-deposited state and after RTA and STA procedures.The analysis
conducted is less elaborate than the one in Section [7] However, some conclusions can still
be drawn.

Firstly, the presence of a tiny fluorine line is appreciable in the survey of the six samples
(see Figure left). The fluorine originates most likely from the perfluorelastomer o-ring
used for the sealing of the PEALD chamber, which might be deteriorated (see Appendix
and thus, fluorine may be incorporated into the films during deposition.

By comparing AIN-NbTiN and AIN-NbN multilayers, it is eit is evident that the NbTiN
layer contains more nitrogen than NbN (see Figure right). It was observed that anneal-
ing may cause nitrogen desorption, which may be reduced or suppressed by the presence
of titanium in the film. Additionally, annealing enhances the surface oxidation, which is
observed to be more more pronounced for titanium. The same observation was extracted
from the other XPS analysis. Differences between RTA and STA procedures are observed,
but a detailed peak analysis would be required to draw further conclusions.
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Figure B.8: Surface XPS analysis. Left: Binding energy sweep ranging from 0 to 1400eV
for the identification of the elements present in the sample. Note the small fluorine peak.
Right: XPS spectra for the N 1s and Nb 3d lines for AIN-NbTiN and AIN-NbN multilayers,
both in the as-deposited state.
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