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Abstract

Superconducting-Insulating-Superconducting (SIS) multilayers olerd a promising ap-
proach to surpass the accelerating gradients of standard bulk Nb superconducting radio
frequency (SRF) cavities, while enabling more e Lcieht 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 e[edt 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 o [ed 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 e [edtiveness of SIS coatings.



Zusammenfassung

Supraleitende-lsolierende-Supraleitende (SIS) Mehrschichtsysteme bieten einen vielver-
sprechenden Ansatz, um die Beschleunigungsgradienten herkdmmlicher supraleitender
Niob-Radiofrequenz (SRF)-Kavitaten zu Ubertreled und gleichzeitig e [ziehtere und
nachhaltigere Beschleuniger zu ermdglichen. Diese Dissertation tragt zur Erreichung
hoherer Beschleunigungsgradienten und verbesserter Qualitatsfaktoren bei, indem SRF-
Kavitaten gezielt angepasst werden. Der Schwerpunkt liegt auf der Synthese und
Charakterisierung von SIS-Mehrschichtsystemen, um den Weg fur SRF-Kavitaten auf
Basis von Plasma-unterstutzter Atomlagenabscheidung (PEALD) zu ebnen. Eine der
groBten Herausforderungen bei der Entwicklung von SIS-basierten SRF-Kavitéten ist die
Herstellung konformer und gleichmaRBiger Beschichtungen auf den komplexen Kavitaten-
formen. PEALD ist die vielversprechendste Technik, da sie konforme Beschichtungen
auf hochstrukturierten, dreidimensionalen Substraten ohne Schattene [edte und Prazision
im sub-nm-Bereich ermdglicht. Dartber hinaus ist sie eine ausgereifte Technologie, die
bereits in industriellen Prozessen etabliert ist. Die untersuchten SIS-Mehrschichtsysteme
bestanden aus AIN-NbTIN, die auf planaren Substraten abgeschieden wurden: auf Nb,
das kavitatsrelevante Bedingungen darstellt, und auf Si, um Einblicke in die intrinsis-
chen Materialeigenschaften zu gewinnen. Die Optimierung der Synthese von SIS-Dinne
Schichten mittels PEALD wurde durch die Untersuchung der supraleitenden Eigen-
schaften der NbTiN-Dunnschichten durchgefihrt. Fundamentale Studien wurden unter
Einsatz verschiedener Materialanalysetechniken durchgefihrt, 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 fur die Aufrechterhaltung hoher Felder in SRF-Kavitaten essenziell ist, da
Feldverstarkungen minimiert und frihes Quenching oder Verluste verhindert werden. Die
Untersuchung legte einen Schwerpunkt auf die Grenzflache zwischen den supraleitenden
und isolierenden Schichten. Es wurde bestatigt, dass die NbTiN-Zusammensetzung
(Verhaltnis von Nb zu Ti im terndren System) durch den PEALD-Prozess prazise
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 durchgefiihrte thermische
Verfahren forderten das Kristallwachstum und die Ausgasung von Verunreinigungen, was
die supraleitenden Eigenschaften der NbTiN-Dunne Schichten signifikant verbesserte. Der
Prozess der Nachbehandlungsanwarmung wurde optimiert, wobei hdéhere Temperaturen
zu groReren Verbesserungen fihrten. Der Einfluss des Gluhens auf die Mikrostruktur,
Morphologie, Zusammensetzung, Kristallstruktur und supraleitenden Eigenschaften der
SIS-Mehrschichten wurde ausgewertet. Die durch PEALD hergestellten SIS-Mehrschichten
erfullten die notwendigen Kriterien flr eine potenzielle Implementierung in SRF-Kavitaten
und zeigten ihre Eignung fur Vorbereitungsprozesse von Kavitaten. 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 eld pointing towards its travelling direction
and the magnetic eld parallel to the cavity surface. Cavity e ciency is crucial for reducing
the cost impact on large accelerator projects. It is determined by the quality factor Qo),
which quanti es the energy e ciency 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 eld distribution and Rg is the sur-
face resistance as a consequence of the electromagnetic eld 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 aQg of ve orders of magnitude higher than the normal conducting copper
cavities [4]. Additionally, SRF cavities enable higher accelerating elds. 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 Schrie er (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 than2 ,
where is the superconducting gap. This energy threshold can be achieved by increasing
temperature, magnetic eld, or electrical current. Due to the collective nature of Cooper
pairs, which condense into a coherent quantum state with an e ective total momentum of
zero, they ow in coherence and unperturbed, hence without resistance. A simple approach
is given by the two- uid model, that divides the current ow 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:

N =nnc (for T> T¢) ; Nt =nne +nse (for T< Te) ; Ny = nge (for T=0) (1.2)

Since Cooper pairs move frictionless, the whole DC current ows with no resistance through
the supercurrents, shielding the normal conducting electrons from the applied eld. In
addition, superconductors present the feature of expelling magnetic eld. This phenomenon
is known as Meissner e ect. 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 eld opposite to the external applied magnetic eld,
counteracting and cancelling it out from the superconductor. The frictionless nature of the
Cooper pairs ensures the permanent expulsion of the magnetic eld. Nevertheless, even if
supercurrents shield the bulk material, the magnetic eld can penetrate a certain distance
near the superconductor surface, through which it decays exponentially following:

H=Hoexp — ; (1.3)
L

where | isthe London penetration depth and corresponds to the region where supercurrents
are con ned and where the magnetic eld decays. Therefore | is related to the density of

supercurrent carriers (nsc) by:
1

2 :

Lo e’ (1.4)
making evident that the larger the density of Cooper pairs the more e ectively the mag-
netic eld is expelled and its temperature dependence as pointed by Equation 1.2. However,
if a strong enough magnetic eld is applied the screening e ect is overcome and the eld
penetrates into the superconductor. The way this occurs determines the two types of super-
conductors: type | and type Il superconductors. This is dictated by the Ginzburg-Landau
(GL) parameter g :

_ 6L
6L = —
GL
1
type I: gL < P5ie> el (1.5)
1
type Il gL FFQ; 6L < GL;

where ¢ is the GL penetration depth, which has the same meaning as the | but takes
into consideration the presence of defects, andg. is the GL coherence length which is
de ned as the distance over which the superconducting order parameter varies signi cantly.
The distinction between type | and type Il superconductors is that they behave di erently



in their transition from the SC to the NC state under applied magnetic eld. A visual
representation is presented in Figure 1.1. On one hand, type | superconductors shift
from the Meissner state to the NC state with a single phase transition upon a critical
magnetic eld (H¢), which is temperature dependent. This implies that the supercon-
ducting transition takes place at T=T . in the absence of magnetic eld; while in the
presence of magnetic eld the transition would take place atT < T.. On the other hand,
type Il superconductors, likewise temperature dependent, transit three dierent states:
Meissner state, mixed state known as Schubnikov phase, and NC state. Therefore, type
Il superconductors present two critical elds: the lower critical eld ( H¢1) and the upper
critical eld ( He2). The mixed state is delimited by H¢; < H < Heo and indicates the
eld range which is energetically favourable to the entry of quanti ed magnetic eld ux
while maintaining superconductivity in the rest of the regions. Each enter magnetic ux
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 quantied minimum eld possible, thus the density of vortices increases with the
applied magnetic eld until it reaches Hc, 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 eld (Hgn), where Hep < Hgh < Hgz. 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 elds. Consequently,
alternating current (AC) is used in cavities. However, unlike for DC, AC elds 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 eld, in AC both paired and unpaired electrons carry current. This is because by
applying an alternating eld Cooper pairs are forced to constantly change their direction.

In consequence, they are accelerated and decelerated within every cycle of the oscillating
eld. And although Cooper pairs move frictionless. However, they have higher inertia than

Figure 1.1: Applied magnetic eld versus temperature for type | and type Il 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 eld, see the
electric elds leading to dissipation. The power dissipation is proportional to the frequency

squared, resulting from the applied and induced elds. The BCS theory describes this power
dissipation as:

1 2
Recs = A( P—e 1% o I)'?exp (-I-I—-)
where A is a constant which depends on intrinsic characteristics of the material: resistivity
in the normal state ( nc), London penetration depth ( ), Pippard coherence length of
Cooper pairs (o), and the electron mean free path (); ! is the RF frequency and 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
(0) (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 followsRgcs. However, experiments show a di erent behaviour
as is shown in Figure 1.2. Thus, the surface resistance is the sum of the BCS resistance and
a residual term thermal independent:

(1.6)

Rs=RBcs(T) + R res(T): (1.7)

Figure 1.2: Measured RF surface resistance in a 9-cell SRF Nb cavity at DESY [8].

The residual resistance however is not fully understood although it is presumed to be eld

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 ux. In an ideal situation, when
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a superconductor is cooled down in the presence of an external magnetic eld (lower than
Hc1), the ux 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 ux or cause early entry [9]. The trapped
and the early entry of ux vortices remain normal conducting in the Meissner region and
result in dissipation under the RF eld:

H
X RNC: (1.8)

RUX(!):2H2 .
C

It was observed that SRF cavities trap all the eld present during its cool down [4]. Hence, it

is crucial to minimise ux vortices by: shielding earth's or any other magnetic eld, reducing
the sensitivity to trapped magnetic ux a ected by the cool down procedure cool down
velocity and the spatial temperature gradient [10] 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 [9] 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 eld ( H¢p) and Te.
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% [11]), the SRF cavities are 9-cell TESLA shape
and operate at 1.3 GHz and 2 K. A visual representation is given in Figure 1.3. 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 [12].

1.2. Limitations of Nb SRF cavities

The performance of a cavity is often given by itsQg 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 Eacc curves for di erent cavity treatments are presented in Figure 1.4.
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Figure 1.4: Comparison between SRF Nb cavity performance for di erent surface treatments:
Standard [13], doped [14], infused [15], mid-T baked [16], and predicted SIS coated [17]
cavities. The start represents the European XFEL speci cations [18]. Courtesy of Marc
Wenskat.

On one hand, the limit for E,cc is set by the magnetic eld on the cavity surface. For
a TESLA cavity the relation is given by Hpeak=Eacc =4:26 mT MV 'm 1 [19]. There-
fore, for Nb with Hg, = 228 mT the maximum accelerating gradient possible would be
Eacc 55MVm 1. However, reaching such a limit is not viable. The superheating eld
is based on the premise of defect-free superconductors. But in reality, defects a ect the
supercurrents and hence the surface barrier, fostering vortex nucleation [6]. Moreover, the
time necessary for vortex nucleation in the presence of defects &5 10 3s, smaller than
the RF period [6]. Thus, Nb SRF cavities are limited to values lower than55MVm 1.
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 oRgcs and Ryes
(Equation 1.7). Hence, minimising both resistances is crucial, although, at the operating
temperature (2K), losses are dominated by theR.s. The approach to minimise Ryes is
already mentioned in the section above. Conversely, th&kgcs depends among other factors
(see Equation 1.6) on the electron mean free path, |. For a dirty superconductorl( ),
Rgcs decreases with increasing |, reaching a minimum value at =2 [20]. Beyond this
point, a further increase in | risesRgcs, saturating as the clean limit (I ) is approached.
For Nb cavities Rgcs has its limit at I 10 nm, which corresponds to a residual resistance
ratio (RRR) of  4; while the Nb used for SRF cavities hasRRR = 300 [21]. Therefore,
the Rgcs, and in turn the Qg, 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 1.4 and
1.5). Various Nb oxides Nb,Os, NbO,, 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 ’lj'b 40 nm; however, the RF eld penetrates up to 100200 nm
Sketch source: [23].

cavities, native oxides are 5nm thick. However, the RF eld penetrates the rst
100200nm into the Nb surface. Hence, interstitials are also relevant for the cavity
performance.

Several decades of research e orts have pushed Nb SRF technology near the limit of its
capabilities, achieving an exceptional operating performance withQo of 10'° and Eacc up
to 40MVm 1. 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 Ims addressing each of the specic 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 1.6. This
new approach for SRF cavities would allow using as bulk materials with higher thermal con-
ductivity, e.g. Cu, what could reduce signi cantly 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 e cient and with higher gradients SRF cavities. Sketch source: [25]

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 [17]. 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, signi cantly increases the quality factor. Speci cally, 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 [26] (see Figure 1.4). In addition, the cryogenic
costs could signi cantly decrease, as SIS SRF cavities would potentially raise the operat-
ing temperature to 4:2K. The following details this new concept that can be visualised in
Figure 1.7.

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 eld decay through the multilayers.
Illustration adapted from [27].
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On one hand, the top superconducting S-layer is chosen to benet of a loweRgcs. As
indicated by Equation 1.6, this would be the case for superconductors with larger , and
thus high T, and low . at low temperatures. Moreover, it has been empirically found
thatthe Rres/ © ¢ [26]. Therefore one would expect the S-layer to exhibit also loweR¢s.
Although the latter cannot be generalised as many other factors play a role in the residual
resistance. Conversely, superconductors with highl ¢ usually exhibit the disadvantage of
larger and therefore lowerHci, limiting the accelerating gradient. However, a thin Im
superconductor exhibits higherH¢; than its bulk form, as long asd < , whered is the Im
thickness. This is because the magnetic eld penetrates easier in a thin Im; thus, vortices
are energetically unfavourable. For them to form the magnetic eld must be stronger, hence
the H¢1 enhancement, which is given by [17, 28]:

2 d
Hep = Tgln 107
where ¢ is the magnetic ux quantum. This lower critical magnetic eld enhancement,
owing to the thin- Im S-layer, would enable higher accelerating gradients. Further, the RF
magnetic eld penetrates the superconductor surface and decays exponentially through the
S-layer. Hence, upon reaching the Nb interface the eld 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.

(1.9)

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 con nes dissipation
to the S-layer. And second, it must exclude Josephson tunnelling and ensure that the
superconductors behave independently.

The shielding e ect of the SIS multilayer structure would enhance with the number of S
layers, according to:

Nd
HNb =H 0 exXp S

(1.10)

where N is the number of SI layers,ds the S-layers thickness, andHy, the magnetic eld
strength at the Nb interface. The number of Sl layers must be chosen to nd 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 Sl layers.
The S-layer must balance being thin enough to enhancél.1, 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 eld. For
a multilayer structure consisting of a single S-layer and I-layer, vortex-penetration eld,
H\')"pL (ds; s; s;di; nb), depends on the S-layer material and thickness, I-layer thickness,
and material of the bulk superconductor [29] (Figure 1.8 top). Nevertheless, this eld can
be exceed, allowing vortices to form in the S-layer, as long as the eld reaching the Nb in-
terface is below the threshold that would cause vortex penetration [29]. The magnetic eld
limit has been recalculated considering the e ect of surface defects by the suppression factor
[30] (see Figure 1.8 bottom). Figure 1.8 presents a visualisation of the optimal thicknesses
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and the magnetic eld limit provided calculated for a NbN-I-Nb multilayer structure. The
latest model covers the thickness dependence of the thermodynamic critical eld and the
penetration depth [31]. However, so far the theoretical models do not take into account the
I-layer dielectric losses or any perpendicular component of the magnetic eld [26].

For a superconducting material to be a good candidate for SIS multilayers for SRF cavities
it must ful | the following [26]: higher T than Nb; low ¢ (at low temperatures); high

Figure 1.8: Magnetic eld limit dependence on S- and I-layer thickness in SIS multilay-
ers. The calculations correspond to a NbN-I-Nb: NbN ( =200 nm and = 5 nm) and Nb
( =40 nm and H¢, =200 mT). Top graph: achievable peak surface- eld without vortex
dissipations [29]. Bottom graphs: achievable peak surface- eld accounting for eld attenu-
ation in the S-layer and defects e ects including a suppression factor [30].
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critical elds, H¢1 and Hep (this is achieved with d < ); absence of nodes in its gap sym-
metry; not sensitive to radiation damage; and low secondary electron emission coe cient.
Considering these requirements, the most commonly considered superconductors for the S-
layer would be: Nb3zSn, MgB», NbN, and NbTiN . However, among these superconductors
the most favourable is NbTiN. Conversely, the others are discarded due to diverse reasons.
On one side,Nb3Snis an A15 compound, and so it presents a peak in the density of states
near the Fermi energy that makesNbsSn very sensitive to crystalline disorder and radiation
damage [32]. Further, Nb3Sn is brittle, which demands novel tuning methods for cavity
operation [33]. For MgB» 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. MoreoverMgB, Im 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 ,c than NbTiN . In addi-
tion to its RF features, NbTiN presents further bene cial 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:Al,03, AIN, Ta»0s5, and MgO. Among them,
the selected one is AIN. First, AIN is bene cial for the S-layer. It has been shown that AIN
as a bu er layer promotes higher T values for NbN and NbTiN [35]. And further, it can
act as oxygen di usion barrier preventing oxygen di usion 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 Ims 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 ne 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 e ect 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 oAl,O3 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 Ims for electroluminescent displays. However, its most signi cant
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 Ims, 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 ux-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 ux,
although the ux determines how fast the saturation is reached. Thus, ALD ensures precise
Im growth [39]. All this is summed up in Figure 2.1, 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 Ims, 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 nally its industrial application.
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Figure 2.1: Surface controlled vs ux controlled processes and their e ect 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 Im, 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 rst 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 Ims that are ex-
tremely conformal and uniform in thickness, insofar as su cient precursor ux reaches the
surface sites.

Details of an ALD cycle
An ALD cycle is sketched at Figure 2.2 and made up of the following steps:
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Figure 2.2: Schematic view of an ALD cycle. Sketch source: [41].

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 rst 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 nal 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 a ect monolayer formation (see Figure
2.3). Note that this does not a ect the ability to grow closed and dense Ims [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 e ect process parameters should be optimised. On one hand, the cycle steps above
enumerated are adjusted over time. This is sketched in Figure 2.4. 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 in uences 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

Figure 2.4: Cycle steps optimisation to guarantee ALD deposition. For the precursor dose
three di erent scenarios: insu cient time turns into undersaturation; optimized time leads

to saturation; and overtime gives rise to desorption. In the same way, for the purging step:
insu cient 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 Im or adsorbed species, lowering the GPC. Similarly,
at lower temperatures, precursors may condense and physisorb on the surface, increasing
GPC, or insu cient thermal energy reduces precursor-surface reactions and thus decreases
the GPC. For this last scenario, plasma-enhanced atomic layer deposition (PEALD) be-
comes patrticularly 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 o er advantages over thermal ALD pro-
cesses, it also introduces additional complexity. For this reason, it may be employed only
when the bene ts exceed the challenges.
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Figure 2.6: Schematic view of a PEALD cycle. Sketch source: [41].

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 modi cations. Therefore, PEALD represents an energy-enhanced ALD process,
resulting in higher-quality Ims [45].

To enable these interactions e ectively, 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 elds 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 o ers 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 bene t 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 o ers 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 di erence 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 2.7 it is represented the formation and the in uence of the plasma sheath. Note
that the plasma sheath is not a ected 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 a ect the Im 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 in uence material properties.

Figure 2.7: The illustration represents the formation and the in uence of the plasma sheath.
Electrons, with higher velocity than ions, reach the substrate faster, establishing a potential
di erence known as plasma sheath. With a thicknessdgheatn 1 mm, the plasma sheath
remains una ected by microscopic features on the substrate. Sketch source: [44] (modi ed
version).

An overview of the in uence of ions in relation to their energy is given by Figure 2.8.
In PEALD, the ion energy can be reduced by increasing the plasma pressure or in-
creased by substrate biasing [46, 47]. 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 2.8). Thus, low energy ions may cause densication and improved
crystallinity [48]. Further, electrons accelerated by substrate biasing have greater in uence
on the deposited Ims the energy range of 25-75 eV might be the most interesting [44].
An example of this is given by Faraz et al. [47] that reported improved TiN Im properties
with increasing the bias voltage. In particular, the TiN Im conductivity improves with
ion-driven oxygen removal [44]. Therefore, as illustrated in Figure 2.9 C2, moderate ion
energies can be bene cial, enhancing the atomic ordering and contributing to impurities
removal [47, 48]. However, when ions are too energetic (Figure 2.9 C3) can lead to implan-
tation or sputtering. The more energetic the ions or the higher their ux, the stronger their
in uence. This would depend on the plasma system and the process conditions. Therefore,
the ion energy dose, i.e., plasma timeD ion ux O mean ion energy [49], may be used to
universally quantify the in uence of ions in PEALD, regardless the setup conditions.
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Figure 2.8: In uence 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: [44].

Figure 2.9: Overview: A) plasma species; B) PEALD cycle and C) the impact of ions
according to their energy. Sketch source: [40].
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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 [50, 51], 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 [50, 51].
Thus, the radiation damage can be reduced by tuning the gas pressure and plasma power
[50], and by the use of a quartz lter 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 Im. This can be reduced by pumping out faster,
using purging gas, and heating the reactor walls. On the other hand, as illustrated in Figure
2.10, radicals ux decreases with(1 )N, where r 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 ux of radicals caused by recombination can
limit the conformality of PEALD. Although the recombination probability depends on each
process and the speci ¢ deposition conditions. Generally speaking, PEALD Ims are more
conformal at higher temperatures and pressures (r is lower), and at longer plasma doses
(su cient radical ux). Moreover, it has been demonstrated that PEALD can ensure high
conformal deposition [52], up to an extremely high aspect ratio of 900 [53]. 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.

Figure 2.10: lllustration of the plasma species recombination and how can a ect the ux 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 Im. Although, choosing the right chemistry, single-element Ims, e.g. Ti, Ag

or Pt, can also be deposited. For the deposition of ternary compounds di erent deposition
sequences are possible. These are shown in Figure 2.11. On one hand, one can stick to the
regular ALD deposition sequence, sketched in Figure 2.11 a), which alternates two precur-
sors and their corresponding purging steps, and it is normally expressed d&B) ™. In this
case, one must use precursors or co-reactants which supply two of the three components
into the Im, e.g. bimetallic precursors which incorporate two metals into the Im [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 2.11 b) and expressed
as(ABC) ™. Lastly, the so-called supercycle approach expressed &A 1B1)™(A2B2)™)P and
sketched at 2.11 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.

Figure 2.11: Schematic illustration of di erent ALD cycles: a) representation of the most
basic ALD cycle where two precursors (A and B) are alternated. The variablem 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; ¢) merge of two regular cycles
into one supercycle. This approach is often used for depositing ternary compounds or doped
Ims. By adjusting the variables m and n one can achieve the targeted composition and
structure for the deposited Ims. This sketch is an adaptation from [39].

Additionally, ALD allows for the deposition of multilayers by performing di erent 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 rst PEALD process reported dates back to 1991 and involved GaAs deposition using
a multistep cycle (ABC) ™ with three precursors: GaMes, AsHz, 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 2.12).
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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 [57].

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 SiO, for self-alignment patterning, which has proven to be an e ective method and is
applied on an industrial scale [57].

In addition, a wide range of materials have been synthesised, as PEALD o ers higher
reactivity at lower temperatures, expanding the options for process chemistry. Figure 2.13
presents an overview contrasting the deposited Ims using thermal ALD, PEALD, or both.
The deposition of oxides is the most commonly studied, in particular binary metal oxides
such asAl,03, TiO,, ZnO, and Ta;0Os, among others. Here, PEALD o ers advantages
in achieving lower deposition temperatures and shorter cycle times [54]. Besides oxides,
various metal nitrides such asTiN, 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 2.13 (b). Additionally, PEALD paved
the way for the deposition of pure metals Au deposition was achieved prior by PEALD
than by thermal ALD [58]. Deposition of pure metals with thermal ALD may be sometimes
challenging due to the lack of suitable chemistry [59], e.g. Ti or Ta. In these cases, the high
reactivity of PEALD is bene cial [59]. Further, for single-element deposition a multistep
process(ABC) ™M is preferable. Among the sulphides, uorides, 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 Tl as exceptions [57]. 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, uorides,
and phosphates. This gure belongs to Knoops et al. [57] 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- Im 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 [60]. Below, an overview of the studies conducted is presented.

2.5.1. Overview of the advancements on 1.3 GHz SRF cavities

The rst 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 ofAl,O3 and
Nb,Os with di erent thicknesses at 200 C. Unfortunately, the deposition resulted in signif-
icant eld 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 eld emission again, indicating ALD layers as the eld
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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,O3 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 eld emission 20 MV/m. Therefore, it was deduced that defects and
cracks on theAl,03 layer could lead to eld emission points. Moreover, these cracks would
disable the barrier layer function enabling oxygen (e.g. from HPR) to diuse. 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 di usion.

The next experiments were conducted by Eremeev et al. [64] depositingl ;03 at 120 C.
However, the Ims 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, withNbN and Al,O3. However, this investigation
was interrupted and only PEALD NbN Ims were reported. Nevertheless, homogeneous and
smooth Ims 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 Al,O3 ALD SRF cavity was conducted by Kalboussi [66].
The ALD process was performed at250 C. After deposition, the cavity was annealed at
650 C for 4 hours. Once more, it resulted in multipacting at 18 MV m 1. The cavity
was chemically reset and the coating was repeated. Still, the cavity showed multipacting
at 188 MV m 1. 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 20MVm !, RF processing allowed to increase elds but the
quality factor signi cantly 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 @00 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 Im delamination and
degraded cavity performance both quality factor and accelerating gradient [67, 68].

Finally, the goal of coating an Al,03 layer without deteriorating the cavity performance
was achieved by Wenskat et al. [69] at Universitdt Hamburg. Speci cally, two TESLA
single-cell SRF cavities, with baseline maximum accelerating gradients (before coating) of

20MVm ! and 40MVm 1, were coated without detrimental e ect on the cavities'
performance neither in the accelerating gradient nor in the quality factor. The deposition
of Al,O3 of various thicknesses was conducted by thermal ALD atl20 C.

2.5.2. Deposition of nitrides: thermal ALD vs PEALD

The deposition of the nitrides of interest NbTiN and AIN is feasible with both, thermal
ALD and PEALD (see Figure 2.13 b). A short overview of the di erences 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
TiCl 4 precursors alternated with NH3 as co-reactant [54]. The thermal ALD reaction for
NbTIN is:

3NbCls +5NH 3! 3NDbN(s) + 15HCI(g) + N 2(g) (2.1)

2TiCl4+2NH3 ! 2TiN(s) + 6HCI(g) + Cl »(g) 2.2)

although the metal uoride precursor NbFs would be also an option [70]. However, these
processes present the following disadvantages. First, they may introduce small chlorine and
uorine contaminations in the deposited Ims [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 Ims [72]. In
addition, the thermally driven surface reactions require high process temperatures (400 C
[54, 68]). Despite the high temperature, the reducing power oNH3 is insu cient [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 Ims
[71, 73], which has the drawback of incorporating a source of Zn contaminants. Lastly,
the stoichiometric control over Im 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:
AICI3+NH 3! 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(1V) (TDMAT) [78 83] and (t-butylimido)tris
(diethylamino)niobium(V) (TBTDEN)[79, 84 91] and H,=N, plasma. Although others
metalorganic precursors such as tetrakis(ethylmethylamido)titanium(lV) (TEMAT) [92]
and tert-butylimidotris(ethylmethylamido)niobium(V) (TBTMEN) [93], or metal chlorides
precursors [89, 94, 95], and plasma gase&r and NH3, 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)(NEt 2)3(TBTDEN) + plasma H =N, ! NbN(s) + by -products(g) (2.4)

Ti(NMe 2)4(TDMAT) + plasma H >=N>! TiN(s) + by -products(g) (2.5)

where, for simpli cation, Me represents the methyl group ( CH3), Et represents the ethyl
group ( CzHs), and tBu represents the tert-butyl group (  C(CH3)3).
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Among the bene ts 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
Im, sometimes acting as the main nitrogen source [54]. This is feasible because PEALD
o ers reduced deposition temperatures, preventing precursor decomposition, with higher
reactivity. See Appendix A.1.3 for further details on metalorganic alkylamide-based precur-
sors decomposition. In general, the additional energy from the ions improves crystallinity,
results in denser Ims, and reduces the impurity levels. This is crucial for the NbTIiN
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 H>=N, plasma:

Al(Me) 3(TMA) + plasma H 2=N>! AIN(s) + by -products(g) (2.6)

Thus, PEALD o ers for AIN Ims higher quality at lower temperatures [57, 96]. In partic-
ular, PEALD AIN results in smooth, continuous and pinhole-free Ims [59]. These charac-
teristics are crucial for good dielectric Ims 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 speci cs 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 GEMStarXT ™ 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 ta300 W
at an operating frequency of13:56 MHz into a 50 load. This eld ignites the plasma as
gas ows through the coil. The coil, made of silver-plated copper, surrounds an air-cooled
20 mm quartz tube, which con nes 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 lling capacity of 125 mL and a heating temperature of up to150 C (see Figure
A.3 in Appendix A.1).

Argon is used as the carrier gas due to its inert nature. The gas ow goes from right
to left while the plasma species move downward from the plasma head (see Figure 3.2).
The operating pressure is in the50-500 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 t@00 mmin diameter and 17 mm in height
(using the sample holder) or39 mm (without sample holder). However, one must consider
potential plasma-induced side e ects such as etching, see Appendix A.1 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 di erent substrates were used: silicon and niobium. The substrates were selected
based on their compatibility with the characterisation technique used to analyse the thin
Im properties. For instance, Nb roughness limits the e ectiveness of characterisation tech-
niques that rely on re ection and scattering interactions. Therefore, silicon was used for
studies with ellipsometry, X-ray re ectivity (XRR), and X-ray di raction (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 Ims 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
Im 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 Im interfaces. Conversely, the price, time,
e ort, 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 0of100 mm diameter, 525um 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 0.1x40x40nm?3 and have a RRR of 10-25. The Nb sheets were cut from leftovers from
the European XFEL cavity production (RRR > 300, grain size 50um). The conical-shaped
substrates are2:8 mm thick, 13:23 mm bottom outer diameter, and 10 mm top inner diam-
eter. While the rectangular-shaped substrates are 11 x35x1mm3. 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 Ims in comparable conditions and mimic the cavity environment. A smooth and
clean inner surface cavity is critical to reach high accelerating elds 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 rst step is surface polishing, which removes machining-induced damage and the
native Nb,Os oxide layer although this oxide will later regrow upon exposure to air. It
consists of a coarse electropolishing (EP) which aims to remove 140um. The EP acid is a
mixture of hydro uoric acid (HF, concentration 48%) and sulphuric acid ( H,SO4, concen-
tration 96%), with a volume ratio of 1 to 9 parts, respectively. The EP operates at 14V
and the acid is kept at 2025 C. After the coarse EP, the Nb surface looks smoother and
shinier as shown in Figure 3.3. 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 ne EP is performed, which removes 10-40um. Finally,
the niobium undergoes a 48-hour annealing att20 C in UHV to mitigate the Q-slope at
high- eld [99].

In the case of the rectangular-shaped niobium substrates, the chemical surface treatment
faced modi cations since the sample geometry did not t into the EP setup (see Figure 3.3).
Therefore, the EP is replaced by another standard polishing procedure known as bu ered
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