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Abstract

CrossMark

The surface modification of superconducting radio frequency (SRF) cavities is mandatory to
further push the limits in future accelerators. One strategy is the deposition of multilayer
superconducting and insulating materials on top of the inner surface of an SRF cavity. Here, we
report on a successful low-temperature coating of an SRF cavity with insulating Al,O3 by
thermal atomic layer deposition (ALD), without mitigating its maximum achievable accelerating
field of more than 40 MV m~!. Furthermore, an improvement of the surface resistance above
30MV m~! has been observed, which is likely caused by an enhanced oxygen diffusion during
the deposition process. Our results show that ALD is perfectly suited to provide a conformal
coat to the interior of the cavity and to even modify and improve the properties of such devices.
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(Some figures may appear in colour only in the online journal)

1. Introduction

For more than two decades, superconducting radio frequency
systems (SRF cavities) have continued to gain importance as
one of the key technologies for modern accelerators. Research
and development efforts carried out over many years have
led to dedicated recipes for the optimum construction and
treatment of SRF cavities made from pure niobium, yielding
reliable performance and, for typical elliptical 1.3 GHz cavit-
ies, accelerating fields of up to 30 MV m™', as successfully
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demonstrated in large scale accelerator facilities like the
European XFEL or LCLS-II [1, 2]. New treatments have
pushed even further, and individual cavities have achieved up
to 4SMVm~! [3-5, 8]. Yet, a hard limit is inevitable: the
superheating field Hg, of niobium, which translates to an accel-
erating field of 50 —60 MV m~! for this cavity geometry [6, 7].

In order to achieve groundbreaking improvements in SRF
technology, new concepts for further enhancing accelerating
fields and cavity performance have to be conceived, address-
ing the challenging demands posed by the planned upgrades
of existing or the construction of future accelerators [9, 10].
Our approach targets one of the most promising research
directions for advancement, the so-called superconductor—
insulator—superconductor (SIS) or multilayer approach, in
which the inner surface of Nb cavities is coated by alternat-
ing layers of a superconducting and an insulating material (see
figure 1). This structuring was proposed by Gurevich in 2006
[11], and further theoretically developed to derive an optimal

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Left: schematic view of a superconducting cavity. Right:
sketch of a multilayer SIS structure. A single superconducting layer
with thickness ds and a single insulating layer with thickness dj
coating a superconducting substrate, in our case niobium. The y-axis
shows the magnetic field and its decay in the SIS structure.

thickness of the layers needed to improve the RF performance
[6, 12-15].

Coating the inner surface of Nb cavities with thin films or
multilayers of superconductors with higher critical temperat-
ures than niobium, such as NbN or NbTiN, can produce com-
posite accelerator cavities that are expected to outperform the
best Nb cavities and achieve lower RF losses and higher accel-
erating gradients, potentially exceeding 100MV m~! [11].
This goal can be achieved by tailoring the deposited supercon-
ducting film, having a thickness of ds < AL with A being the
London penetration depth of the coated superconductor and
ds less than 100 nm. The higher critical magnetic field H,,
of these multilayers should exceed the superheating field Hy,
of niobium, hence this would allow the application of higher
accelerating fields compared to niobium. Thus, the thin higher-
H, layers provide a magnetic screening of the bulk supercon-
ducting cavity preventing vortex penetration, which is further
enhanced by the insulating layer with d; ~ 5 — 20nm. In addi-
tion, the surface resistance described by the Bardeen-Cooper-
Schrieffer (BCS) theory of superconductivity is also strongly
reduced because the targeted superconducting materials, e.g.,
NbTiN and NbN, have a larger superconducting gap A than Nb
[16]. Hence, by employing such structures, the performance
of superconducting cavities could be significantly increased
compared to values typically obtained for pure niobium.

Experimental studies on samples, proving the field
enhancement properties of SIS layers, and studies on depos-
ition parameters correlating with material properties have
been carried out [17-23]. While these studies were performed
applying sputtering techniques to deposit the SIS films on flat
samples, Proslier et al and Eremeeyv et al used thermal atomic
layer deposition (ALD) to study the impact of an insulating
Al O3 layer on cavities [24-27]. Similarly, Kato and Hayano
coated samples within a 1.3 GHz single cell cavity with NbN
by plasma enhanced-ALD, although no performance test was
reported in this study [28]. Such studies on the deposition of
insulating layers on an RF surface are required to understand
the influence of the general coating process on the RF per-
formance. Hence, it would be an important milestone on the
way, to coat a cavity with a multilayer structure, to achieve

a coating with an insulating layer without deteriorating the
cavity performance.

Earlier studies of the thermal ALD coating of cavities by
Proslier had additional layers of niobium pentoxide Nb,Os
on top of the Al,O3 layer, which was coated at 200°C or
higher, and the cavities underwent various annealing steps
between coatings. They observed a significant increase in
field emission and multipacting, limiting several cavities to
around 20 MV m~' and an increased surface resistance [25].
Later studies with a new setup showed the same issue with
a cavity, after coating it using the same parameters [26].
Although a cavity with an Al,O3 coating and a Nb,Os top-
ping achieved accelerating fields of up to 33MV m™!, this
came with with increased surface resistance [27]. Motivated
by these early findings, Eremeev et al tried to coat a cavity
with Al,O3 using a temperature range of 100°C — 150°C.
After depositing, they observed a heavy discoloration in terms
of a cloudy white color in some regions of the cavity sur-
face. The cavity deteriorated significantly after the coating,
and only after removing the coated layer was the RF perform-
ance recovered [24]. This cloudy white color can be inter-
preted as a consequence of a non-uniform coating, which
was probably due to the temperature variation across the cav-
ity surface in combination with unoptimized process para-
meters, e.g., purge times. Hence, a major aim of our work
was to achieve a uniform coating, to maintain the RF per-
formance after coating and prevent any field emission and
multipacting.

Another question of interest is the actual impact of the
insulating layer. The dielectric loss caused by such a layer
in a SIS structure was estimated to be negligible, even for a
layer thickness d; of 100nm [14]. On the other hand, stud-
ies implicate that the native dielectric Nb,Os layer contrib-
utes to the surface losses by various mechanisms [16, 29-32].
Therefore, it is not obvious if such an additional insulating
layer indeed does not affect the RF performance, even more so
without a superconducting layer on top, and if there might be
a thickness threshold above which a negative impact becomes
measurable.

2. Methods

As summarized in [33]: ‘ALD is a chemical vapor depos-
ition technique based on sequential input of two precurs-
ors separated in each case by an evacuation or purging step
[34]. A sequence of exposure of the substrate to precursor
A, evacuation (purging), exposure to precursor B, and evac-
uation (purging) constitutes a deposition cycle. In a typ-
ical ALD process the adsorption of each precursor is self-
terminating after monolayer coverage.” In combination with
the no-line-of-sight deposition, conformal coatings of three-
dimensional large surface-area substrates with sub-nm thick-
ness control — growth rates of 0.1 — 2A per cycle (GPC)
— can be achieved [35-37]. As a consequence, the complex
shape of our SRF cavity substrate is principally no obstacle to
a homogeneous coating.
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Figure 2. (a) Recorded pressure vs. time for two ALD cycles. One cycle proceeds as follows: a TMA pulse is followed by an exposure

phase during which the TMA is chemisorbed by the exposed surface.

After a purge with the help of nitrogen, an H,O pulse follows, also

with exposure and purge phases. (b) Homogeneity of the thickness is compared for two samples for a temperature range of 50 °C — 200 °C.
Each data point is the average of 12 — 16 measurements across each sample and the errorbar is the rms value from table 1. (c) Left shows an
infrared image taken of a dummy cavity with heating wires wound around it during a parameter scan. The inner surface area of a 1.3 GHz
single-cell TESLA cavity that has to be coated is about 0.11 m?. The height is 392 mm and the inner diameters of the cavity are 78 mm

at the beam tubes and 206 mm at the cell [7]. The Si samples are placed at the bottom and top of the cavity. (d) Homogeneity of the

film thicknesses compared for the top and bottom samples, placed as shown in (c) for the four different recipes described in table 2.

(e) Thickness of the Al,O3 layer along the cavity surface for two coatings according to recipe III. Sample 9 is at the upmost position,

while sample 1 at the lowest position in the cavity.

The deposition of Al,O3; using trimethylaluminum
(TMA)/water cycles is one of the most widely investigated
ALD processes on different substrates such as metals, metal
oxides and semiconductors, e.g. Si and GaAs [34, 38, 39]. In
terms of the used TMA/water process, the reactive surface sites
are —OH and —AI(CH3) for TMA and water, respectively.
Al,O3 deposited by ALD is dense, stable and provides excel-
lent dielectric passivization properties on metallic surfaces
[40, 41]. High quality Al,O3 layers can be deposited using
thermal ALD at a relatively low process temperature, below
250°C. These qualities make Al,O3 a promising material for
use as an insulating layer that has been shown to preserve Nb
superconductivity [42].

Our aims were, first, to reduce the deposition temperature
compared to the 250°C that Proslier et al used, and second,
to achieve optimal properties without a subsequent annealing
procedure. The motivation for the reduced coating temperat-
ure is based on the experience gained in past decades in the
established annealing procedures of SRF cavities. Specific-
ally, long resting duration of several hours, between 3 — 48 h,

at temperatures between 120 °C — 300 °C can already alter the
performance significantly, due to the dissolution of the native
oxide layers and various diffusion processes [43—48]. Hence,
the impact of annealing taking place parasitically while coat-
ing has to be minimized.

The work was divided into three phases: first the recipe
development was performed on samples, then the transfer of
the optimized recipe to a test (dummy) cavity, and finally the
coating of actual cavities. One should note that the cavity is not
within a larger ALD chamber, but rather resembles the ALD
chamber itself, and only the inner surface is coated.

All ALD processes of the Al,O3 coatings were performed
on an in-house developed thermal ALD system with a base
pressure of 10~3mbar, and using TMA and purified H,O as
precursors. After evacuating the cavity down to the base pres-
sure, 20 SCCM of nitrogen 6.0 constantly flowed into the sys-
tem as a carrier/purge gas, which led to an increase in the
working base pressure to ~ 1 mbar. A typical pressure pro-
file of two representative ALD cycles in our system is shown
in figure 2(a).
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The recipe development was first performed on SiO,/(100)
Si wafer substrates and later also on conical shaped fine-grain
Nb substrates. The deposition temperature ranged from 50 °C—
200 °C, with target film thicknesses below 20 nm, being in
agreement with the insulator thicknesses proposed for SIS
structures. Further optimization was performed on a dummy
cavity (see figure 2(c)) by placing reference Si substrates
beneath the cavity and at the top flange while using heating
wires to heat the cavity. In addition, a cavity-fitted sample
holder with reference substrates placed inside the cavity was
used. Note that to further improve the temperature control and
homogeneity during the process, a tailor-made heating jacket
fitting the cavity shape was used.

TMA was pulsed first into the cavity volume. The rotary
vane vacuum pump was disconnected from the deposition
chamber by a stop-valve during a defined exposure time, which
allows for ligand-exchange and the completion of each of the
half-cycle reactions. Each exposure was followed by purging,
in which the pumping line was reconnected to the deposition
chamber and all excess precursors and byproduct gases were
removed. The TMA pulse was followed by an H,O pulse,
which reacts with the surface and results in a hydroxylated
monolayer of Al,Os3.

A detailed characterization study of samples was conduc-
ted using different standard analysis techniques. The thin film
thickness on the samples was measured by spectroscopic ellip-
sometry (SENTECH, SENpro). The surface morphology and
stoichiometry of different samples was analyzed by a high
resolution SEM (Nova Nano SEM 450, FEI Thermofisher)
equipped with an energy-dispersive x-ray (EDX) spectroscopy
unit. The inner cavity surface was optically inspected by the
OBACHT system [49]. The layered structure of the coated
Al,O3 film, the native niobium oxides and the bulk niobium
was investigated by time-of flight secondary-ion mass spec-
troscopy (ION TOF SIMS 1V).

The RF performance of the cavity was measured at the
cryogenic test facility AMTF at DESY [50, 51]. The test
obtains the quality factor Qg as a function of the applied accel-
erating field E,.. and the helium bath temperature. The uncer-
tainties were calculated according to [52]. The quality factor
is directly related to the surface resistance Rs via Qp = I'/R;,
with I as the so-called geometry factor. This geometry factor
I" only depends on the cavity shape and is a constant with the
value of 270 €2 for the TESLA shaped single-cell cavity. The
RF losses of a cavity, given by the surface resistance Rj, is
usually interpreted as the sum of two contributions:

Rs = RBCS (Eacm T) + Rres (Eacc)7

with Rpcs as the contribution derived by the microscopic the-
ory of superconductors [53] and R is the residual resistance
stemming from, e.g., scattering processes on lattice defects or
interstitial atoms, dielectric losses in the native oxide and elec-
tric interface losses or trapped magnetic flux. Since trapped
magnetic flux has a severe and important contribution [54-56],
the magnetic environment of the cryostat is documented (and
below 1 4 T) and monitored during cooldowns [1].

3. Results

In this section, we present our results from the recipe develop-
ment, leading to the successful coating of two superconducting
niobium single-cell cavities with a thin Al,O3 layer.

3.1. Recipe development

The aim of this part of our study was two-fold: (a) to identify
a working set of parameters to achieve a homogeneous coat-
ing by an Al,O3 layer for the large cavity surface, while (b)
at the same time minimizing the associated annealing process
by reducing the thermal budget, which is understood as the
area under the temperature—time-curve, to reduce the impact
of diffusion processes on the RF performance.

3.1.1. Sample studies.  The two important parameters for
ALD processes are the processing times (pulsing, exposure
and purging) and temperature. In our study, the first step was
to identify the temperature range needed for the production
of reproducible films. For this, we fixed the process times as
shown in table 1, the N, flow to 20 SCCM, and optimized
the desired temperature in the range of 50°C-200°C. The
films were grown on silicon wafer substrates with a size of
2 x 2cm?. In order to check the reproducibility, two samples
were placed and analyzed for each applied temperature.

The film thicknesses were obtained using spectroscopic
ellipsometry by taking 12 — 16 measurements for each sample.
Figure 2(b) shows the results of the temperature scan. A stable
region was identified above 100°C, matching the literature
values [34, 57], and an operation temperature of 120°C was
eventually chosen to allow for a certain margin in the temper-
ature distribution on the surface.

The second step was the optimization of the process time
for the individual pulse, exposure and purge steps. For this,
we fixed the operational temperature to 120°C, as it showed
very reproducible films, a N, flow of 20 SCCM, and 100 pro-
cess cycles. Note that, whereas the former study uses a stand-
ard ALD chamber for coating planar substrates, this study was
conducted using a dummy cavity as chamber by itself and
by placing Si substrates at the bottom and top of the cavity
as shown in figure 2(c). These sample positions were selec-
ted to determine the recipe that leads to a full and homogen-
eous coverage of the cavity. For that reason, a series of recipes
were tested, and table 2 summarizes the representatives shown
herein, while figure 2(d) shows the film thicknesses of samples
coated with those recipes described in table 2.

The recipe that had the same film thickness both at the bot-
tom and top of the cavity within the shortest duration per cycle
is recipe IIL.

The final step was to study the homogeneity of the film
thickness within the dummy cavity. For that, a dedicated
sample holder that matches the cavity shape was designed.
Applying recipe III for 84 cycles to the dummy cavity in
two different coating runs yielded a homogeneous coating of
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Table 1. Durations for each process phase used for the temperature scans of 50 °C — 200 °C and a N flow of 20 SCCM. The resulting

thicknesses are shown in figure 2(b).

TMA H,0
Pulse (ms) Exposure (s) Purge (s) Pulse (ms) Exposure (s) Purge (s) Cycles
50 12 40 50 12 60 200
Table 2. Recipes tested for 120 °C and a N, flow of 20 SCCM. Duration is given for each cycle phase figure 2(d).
TMA H,0
Pulse (ms) Exposure (s) Purge (s) Pulse (ms) Exposure (s) Purge (s) Cycles
I 50 12 120 50 12 120 100
I 250 45 120 500 45 120 100
111 500 60 120 500 60 120 100
v 500 60 240 500 60 240 100

(18 £ 1)nm along the cavity surface (see figure 2(e)), prov-
ing the excellent conformality and reproducibility of the ALD
process. To summarize the result of the optimization, recipe
IIT at 120°C was used to coat the niobium SRF cavities with a
constant film thickness of 18 nm along the cavity.

A first study of the interface between the coated layer
and the native niobium oxide and the niobium interface
using secondary-ion mass spectrometry (SIMS) is shown in
figure 3(a). Note that we used fine-grained Nb sheets, which
are the same base material from which the Nb cavities are
made.

The first 10nm consisted of a pure aluminum oxide layer.
An increase of the positive Nb™ ion signal and various sig-
nals from NbO_~ ions with a change of the aluminum ion ratio
between 10 — 25 nm show the convoluted interface. The Nb™
signal rises above the noise level at 18 nm, and it indicated the
start of the niobium oxide surface. The surface roughness of
the sample tends to smear out potential sharp transitions, and
a diffuse transition between 15 — 22 nm, with a change of the
aluminum stoichiometry caused by the native niobium oxide,
is obvious.

In order to obtain a 18 nm thick insulating Al,O3 layer on
a single-cell cavity, kept at 120°C, about 80 cycles are neces-
sary, which resulted in a total time of 8h20* for the coating
process. The deposition temperature is about two times lower
compared to the ALD process applied by Proslier ef al and the
duration is six times shorter compared to the regular 120°C
bake applied to SRF cavities. Hence, we achieved our goal to
minimize the thermal budget.

3.1.2. Mechanical fim stability. ~ To prevent particle contam-
ination, causing electron field emission when an accelerating
field is applied [58], cavities undergo a dedicated cleaning
procedure in an ISO 4 cleanroom before testing [1, 59]. One
step of this cleaning procedure is a high pressure rinse (HPR)
with ultra pure (UP) water [60], which creates a mechanical
pressure on the surface [59]. To confirm that the coated layer
withstands this treatment and to check whether cracks or any
damage appear, coated niobium samples were investigated
with a scanning electron microscope (SEM) before and after

multiple HPR. Results from Proslier et al. indicated that the
layers should withstand the HPR. But since low-temperature
ALD coated Al,Oj3 films have a lower crack onset strain [61],
it was necessary to test whether our films can withstand the
HPR as well. The HPR of the samples was carried out in the
same system, with the same parameters used for cavities, and
with the same distance from the sample surface to the nozzle as
for the cavity surface, to fully mimic the cavity cleaning pro-
cedure. In detail, one sample underwent one HPR, the second
sample underwent seven HPRs. This procedure is equal to the
cavity being ready for assembly (one HPR) or after assembly
and ready for testing (seven HPRs). To help identify the same
region, a dent was made on the sample surfaces as a marker
before the coatings were made (see figure 3(b)).

The SEM inspection could not reveal any obvious defects
(cracks, flakesor delamination) in the layer on both samples
after the HPR, down to a resolution of 60 nm and EDX analysis
confirmed the existence of the Al,O3 layer on both samples
before and after the HPRs (see figure 3(c)). Additional SIMS
measurements on both samples further confirmed the exist-
ence of the Al,O3 layer with a thickness of around 18 nm after
HPR. Hence, we have no doubts that a thin film coated on the
inside of a cavity can withstand the regular test preparation.

3.2. Cavity coating

In this study, the coated cavities were 1.3 GHz single-cell
TESLA cavities made out of high RRR niobium [7] and
provided by DESY. Each cavity was cleaned inside the ISO4
cleanroom located at DESY, followed by the assembly of
the required flanges for the ALD system. The cavity was
then wrapped in cleanroom-foil and transported to the ALD
system. The foil was opened, and the installation onto the
system was done in a regular laboratory environment. Sub-
sequently, a dedicated heating jacket around the cavity was
installed. Local precautions to prevent particle contamina-
tion were taken. After coating the cavity using recipe III, the
cavity was again wrapped in cleanroom-foil, brought back to
the cleanroom, and there prepared for the cryogenic RF test.
This preparation included a cleaning of the RF surface with
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Figure 3. (a) Secondary ion concentration as a function of depth was obtained by SIMS measurement of a coated niobium sample.
(b) Exemplary SEM images of the sample before (top) and after (bottom) undergoing seven HPR. The triangular shaped marker dent can be
seen. No defects in the layer were found. (c) Energy-dispersive x-ray spectra taken before and after seven HPR. The Al peak is obvious.

an ultra-sonic rinse and an HPR with UP water where both
preserve the coated layer as shown before.

3.2.1 Single-cell cavity 1Z1.  To prove that our developed
recipe, cavity handling, and our deposition setup are capable
of successfully coating an SRF cavity, we started with a cavity
with a mediocre maximum accelerating field of ~20 MV m~!.

The cavity was made of fine grain niobium with an RRR
above 300. The treatment before the baseline measurement
was an electro-polishing of 20 ym and a 120°C anneal. The
cavity was limited by a quench, induced by an increased sur-
face roughness [62-64], see the appendix for details. The
accelerating field and the inner surface of the cavity was suf-
ficient for our first test, as it still had a low surface resist-
ance to be sensitive to potential additional losses caused by
the coating.

The cavity underwent a baseline measurement, received a
first 18 nm coating of Al,O3 and was measured again to com-
pare to the baseline. After that, it received another 18 nm coat-
ing, underwent the preparation procedure once more and was
tested again. The comparison of the quality factor at 2 K for the
baseline measurement to the first and second coating showed
no significant difference (see figure 4). Although a trend may
be seen, where a thicker coating results in a higher surface res-
istance, the observed average increase of (0.6+0.6)n< for

4 y
-#Baseline
o 18nm AI203
#36nm AI203
2 3 b
=
\O
g
20 5 10 15 20 25

E_/Mvm?!
acc

Figure 4. Quality factor vs. accelerating field of 1Z1 measured at
2 K. The lines are only to guide the eye. The baseline (black)
compared with the coating of the first 18 nm Al,O3 (blue) and the
second coating in total 36 nm (red).

the second coating is still in the range of the measurement
uncertainty. Note that no field emission was observed for both
coatings.

3.2.2. Single-cell cavity 1DE18.  After confirming the pro-
cess in the proof-of-principle test of 1Z1 that the recipe
and setup worked, we coated a cavity that achieved a
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Figure 5. (a) Quality factor vs. accelerating field of IDE18 measured at 2 K. The lines serve as a guide to the eye. The baseline (black)
compared with the coating of 18 nm Al,O3 (blue). (b) Surface resistance vs. inverse temperature for IDE18 measured at (4 +0.5) MV m .
(c) Quality factor vs. accelerating field of 1DE18 measured at 1.5 K. (d) Frequency shift of the resonance frequency vs. temperature.

maximum accelerating field of 40MV m~' in the baseline
measurement. With this, we intended to show that the coating
maintains high accelerating fields without creating field emis-
sion. Furthermore, we wanted to study other possible addi-
tional loss mechanisms of the coating at higher fields.

The cavity was made of fine grain niobium with an
RRR above 300 and underwent several treatments and tests
before. The treatment before the baseline measurement was
an electro-polishing of 30 um and a 120 °C anneal.

A comparison of the quality factor at 2K for the baseline
measurement before coating to the measurement after the
18 nm coating is shown in figure 5(a). The most important
observation was the preservation of the extraordinary perform-
ance of the cavity. No deterioration whatsoever was observed
due to the coating. To obtain the residual resistance R..s and
the reduced gap A/k,T., the surface resistance as a func-
tion of the temperature was measured, see figure 5(b). Note
that the contribution from Rpcs is suppressed at lower tem-
peratures (i.e., 1.5K) and the measured surface resistance
is dominated by Ry, as shown in figure 5(c). The residual
resistance at (4+0.5)MVm~' remains unchanged: it was
(2.9+£0.2)nQ2 and (2.8 £ 0.3) n{2 before and after the coating,
respectively. In addition, the reduced gap was also unchanged:
the values amount to 1.76 +0.05 and 1.76 & 0.07 before and
after ALD coating, respectively. Noteworthy, and contrary
to the fact that the residual resistance was unchanged within
uncertainty at low accelerating fields, we observed a dis-
tinct difference at higher accelerating fields (>30 MV m~!).
In detail, at low accelerating fields, the measurement almost

equaled the regular Ry vs. T measurement. But the surface
resistance of the coated cavity decreased more slowly with
increasing accelerating field than the cavity before coating. At
30 MV m—!, the surface resistance, i.e., residual resistance at
this temperature, was improved by (0.7 £ 0.3)n{2 due to the
coating. It is obvious that high accelerating fields can be main-
tained with a coating of Al,O;.

Two observations can be made from the measurement of
the cavity frequency as a function of the temperature, shown
in figure 5(d): first, an increase in the frequency shift com-
pared to the baseline and, second, an unaltered 7,. Assuming
the frequency shift solely comes from a change of the reson-
ating volume, the shift can be converted into a change of the
penetration depth A\ of the RF field and an effective penet-
ration depth ). This assumption is modeled by using Slater’s
Theorem and the Gorter—Casimir model [65, 66]. Calculating
the effective penetration depth yields to A\g = (67 & 1) nm for
the coating, meaning the cavity is in the Pippard Limit and the
resulting mean free path is in the range of typical values for
cavity surfaces. In contrast, the effective penetration depth for
the baseline only amounts to A9 = (8 4 2) nm, which is unusu-
ally low. As this value shows an extremely clean surface, no
mean free path can be derived.

4. Discussion

The recipe development was carried out in a systematic way
on reference samples to map out the multidimensional para-
meter space, while keeping some boundary conditions, having
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the cavity surface in mind. To achieve a homogeneous coating
of the cavity, process parameters, such as pulse and exposure
time have to be taken into account, because the precursors
take much longer to fill the large volume of the cavity and to
cover the whole surface, compared to a small sample chamber.
The optimized recipe also reduced the impact of the parasitic
annealing, as it has a lower temperature compared to Proslier
et al. [25]. Furthermore, the resulting Al,O3 layer withstands
the further cavity cleaning and preparation, which is a crucial
prerequisite for a later implementation of the process into real
cavity fabrication.

The first cavity, 1Z1, showed no significant change in the
cavity performance after the first and even second coating
of Al,O3, although a slight increase in the surface resistance
was observed. This would be in agreement with models sug-
gesting defective insulating materials contribute to RF surface
losses, and hence by increasing the thickness, the contribution
increases [16, 29-31]. Pushing further and also motivated by a
report by Bira et al. [26], we then coated a cavity with a max-
imum accelerating field of 40 MV m~'. Bira et al. argued that
their observed cavity limitation at 18 MV m~! by multipacting
arose from an inherent limitation of the Al,O3 layer. Accord-
ing to their reasoning, the surface is more prone to cascading
tunneling effects since the secondary electron yield of Al,O3
is higher than that for niobium [67]. Their simulated emitted
electron distribution peaks at 18 MV m~! [26] as a build up
of the emitted electrons. As no such effect was observed for
1Z1 up to 20MV m~!, we wanted to enforce such an effect
with higher applied fields. Hence, a high accelerating field
cavity, namely 1DE18, underwent the baseline measurement,
received an 18 nm coating of Al,O3 and was re-tested.

As 1DE18 was an excellent cavity before the coating, it was
deemed as the perfect test to measure if the coating has any det-
rimental effect on the RF performance, especially with respect
to field emission by multipacting. However, after the coating
of 18 nm Al,O3 no deterioration was observed. Our findings
are in contrast to the observed multipacting by Bira et al, but
it was also speculated that particle contamination prior to the
coatings triggered the multipacting [25, 27]. Remarkably and
by contrast, an increase of the quality factor above 30 MV m™!
is seen. Such an improvement could arise from two origins:
(a) as Proslier already showed, the native niobium pentoxide
Nb,Os layer is the origin of oxide defects, such as magnetic
impurities, which can impact the residual surface resistance
[30, 68]. As the Al,O3 might modify this niobium pentoxide
Nb,Os during coating, the residual surface resistance might
be improved this way. In the past, a similar effect of oxide-
reduction by ALD-Al,O3 films grown on Sn-doped In, O3 [69]
or on Cu,O/Al,03 films have been observed [70]. In both
cases, the reduction of substrate surfaces, due to the very high
reactivity of the TMA precursors, was observed by in-situ x-
ray photoelectron spectroscopy (XPS) analysis after coating
with =~ 0.5 — 1 nm Al,O3. Thus, during the first few cycles of
the ALD process, TMA takes up oxygen mostly from the sub-
strate surface and results in reduced substrate surfaces. (b) It
is widely accepted that the improvement seen after the regu-
lar 120°C bake is caused by a modification of the mean free
path within the RF surface [16] and a trapping of hydrogen

at interstitial oxygen atoms, preventing the formation of lossy
niobium hydrides at cryogenic temperatures [43, 44, 48, 71—
73]. Hence, a similar process might occur here, and shows how
important the tailoring of the thermal budget is for this process.
An increase of the effective penetration depth compared to the
baseline has been observed for both cavities after the coating,
which goes along with a reduced mean free path, further sup-
porting the oxygen diffusion hypothesis.

To shed light onto the mechanisms, a systematic sample
study on the dynamics of the native niobium oxides during
and after the coating is now underway. At the same time, it
should be mentioned that Al O3 is not the only candidate for
the insulator layer in an SIS structure. Aluminum nitride AIN
has been known to stabilize and improve the superconducting
properties of NbN or NbTiN films if it is used as buffer layer
[74], and our own research has already shown that high 7. are
achievable on layered structures using AIN [75]. Hence, it is
planned to investigate other insulating materials besides Al,O3
for future SIS studies, but also to continue the investigations of
the potential beneficial effect of Al;O3 on the niobium oxides.

5. Conclusion

The RF results of two Al,O3z-coated SRF cavities from our
laboratory, including an Al,O3-coated cavity achieving more
than40 MV m—!, are presented here. We showed that the coat-
ing does not have a detrimental effect on the accelerating field
of the cavities, and even a reduction of the residual resistance
above 25MV m~! is found. The origin of this improvement
can be explained by either an oxide layer reconstruction or an
enhanced oxygen diffusion into the lattice. The studies and res-
ults presented here are proof-of-principle experiments for fur-
ther SIS studies and might pave the way to future experiments
achieving an improved RF performance of cavities.
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Figure 6. Image of the inner cavity surface of 1Z1 at the equatorial
weld taken with the optical inspection system at DESY [49]. The
pronounced grain boundaries, increasing the surface roughness, are
obvious.
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Figure 7. Quality factor vs. accelerating field for 1Z1 measured at
1.8 K. The lines are only to guide the eye. The baseline (black)
compared with the coating of the first 18 nm Al,O3 (blue) and the
second coating (red).

Appendix

Single-cell cavity 1Z1

Subsequent optical inspections of the inner cavity surface after
fabrication and each chemical surface treatment step showed
the origin of the mediocre accelerating field to be a failed sur-
face chemistry. This resulted in an increased surface rough-
ness, pronouncing the grain topology and causing a supercon-
ducting breakdown, most likely due to local magnetic field
enhancement (see figure 6). Also, the comparison of the qual-
ity factor for the baseline measurement at 1.8 K to the first
coating showed no significant difference (see figure 7). The
maximum difference in the surface resistance is an increase
of 0.2n{2, which is below the measurement uncertainty of
0.5n€2. For the second coating, this increase was measured to
be +0.4n(2 and still within the measurement uncertainty. Yet,
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Figure 8. Surface resistance vs. inverse temperature for 1Z1
measured at (4 +0.5)MVm ™', The baseline (black) compared with
the coating of the first 18 nm Al,O3 (blue).
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Figure 9. Quality factor vs. accelerating field for 1DE18 measured
at 1.8 K. The lines are only to guide the eye. The baseline (black)
compared with the coating of 18 nm Al,O3 (blue).

the same trend as for the 2 K measurement is seen, an increased
resistance for the thicker Al,Oj3 layer, but still within the meas-
urement uncertainty.

The quality factor as a function of the temperature was
measured and is shown in figure 8. The residual resistance
remained unchanged at Ryes = (2.5 4+0.5)n{ for both meas-
urements. The same is observed for the reduced gap: before
the coating it was 1.79 4 0.05, while after the coating it was
1.73 £0.06.

Single-cell cavity 1DE18

The measurement at 1.8 K is shown in figure 9.

ORCID iDs
Marc Wenskat @@ https://orcid.org/0000-0001-6546-770X
Robert H Blick @ https://orcid.org/0000-0002-3602-7702


https://orcid.org/0000-0001-6546-770X
https://orcid.org/0000-0001-6546-770X
https://orcid.org/0000-0002-3602-7702
https://orcid.org/0000-0002-3602-7702

Supercond. Sci. Technol. 36 (2023) 015010

M Wenskat et al

References

[1] Reschke D et al 042004 Performance in the vertical test of the
832 nine-cell 1.3 GHz cavities for the European x-ray free
electron laser Phys. Rev. Accel. Beams 20 2017

[2] Gonnella D et al 2018 Industrialization of the nitrogen-doping
preparation for SRF cavities for LCLS-II Nucl. Instrum.
Methods Phys. Res. 883 143-50

[3] Geng R L, Eremeev G V, Padamsee H and Shemelin V D 2007
High gradient studies for ILC with single-cell re-entrant
shape and elliptical shape cavities made of fine-grain and
large-grain niobium /EEE Particle Accelerator Conf.
(PACO7) (Albuquerque, USA) pp 2337-9

[4] Singer W et al 2013 Development of large grain cavities Phys.
Rev. ST Accel. Beams 16 012003

[5] Kubo T, Ajima Y, Inoue H, Umemori K, Watanabe Y and
Yamanaka M 2014 In-house production of a large-grain
single-cell cavity at cavity fabrication facility and results of
performance tests Proc. IPAC2014 (Dresden, Germany)

[6] Kubo T 2021 Superheating fields of semi-infinite
superconductors and layered superconductors in the
diffusive limit: structural optimization based on the
microscopic theory Supercond. Sci. Technol. 34 045006

[7] Aune B et al 2000 Superconducting TESLA cavities Phys.
Rev. ST Accel. Beams 3 092001

[8] Grassellino A et al 2017 Unprecedented quality factors at
accelerating gradients up to 45MV m™~" in niobium
superconducting resonators via low temperature nitrogen
infusion Supercond. Sci. Technol. 30 094004

[9] Valente-Feliciano A-M 2016 Superconducting RF materials
other than bulk niobium: a review Supercond. Sci. Technol.
29 113002

[10] Padamsee H 2019 Future prospects of superconducting RF for
accelerator applications Rev. Accel. Sci. Technol. 10 125-56

[11] Gurevich A 2006 Enhancement of RF breakdown field of
superconductors by multilayer coating Appl. Phys. Lett.

88 012511

[12] Gurevich A 2015 Maximum screening fields of
superconducting multilayer structures AIP Adv. 5 017112

[13] Kubo T, Iwashita Y and Saeki T 2014 Radio-frequency
electromagnetic field and vortex penetration in multilayered
superconductors Appl. Phys. Lett. 104 032603

[14] Kubo T 2017 Multilayer coating for higher accelerating fields
in superconducting radio-frequency cavities: a review of
theoretical aspects Supercond. Sci. Technol. 30 023001

[15] Kubo T 2019 Optimum multilayer coating of superconducting
particle accelerator cavities and effects of thickness
dependent material properties of thin films Japan. J. Appl.
Phys. 58 088001

[16] Kubo T and Gurevich A 2019 Field-dependent nonlinear
surface resistance and its optimization by surface
nanostructuring in superconductors Phys. Rev. B
100 064522

[17] Valente-Feliciano A-M et al 2019 Material and
superconducting properties of NbTiN/AIN multilayer films
19th Int. Conf. RF Superconductivity (SRF2019) (Dresden,
Germany)

[18] Valente-Feliciano A-M et al 2015 Growth and characterization
of multi-layer NbTiN films /7th Int. Conf. RF
Superconductivity (SRF2015) (Whistler, Canada)

[19] Valente-Feliciano A-M 2013 HIPIMS: a new generation of
film deposition techniques for SRF applications /6th Int.
Conf. RF Superconductivity (SRF2013) (Paris, France)

[20] Katayama R et a/ 2019 Evaluation of the superconducting
characteristics of multi-layer thin-film structures of NbN
and SiO; on pure Nb substrate (arXiv:1907.03514)

[21] Smolyaninova V N et al 2016 Enhanced superconductivity in
aluminum-based hyperbolic metamaterials Sci. Rep. 6 1-12

[22] Smolyaninova V N et al 2021 Effect of metamaterial
engineering on the superconductive properties of ultrathin
layers of NbTiN J. Appl. Phys. 130 073901

[23] Valente-Feliciano A-M et al 2022 Next-generation
superconducting RF technology based on advanced thin
film technologies and innovative materials for accelerator
enhanced performance and energy reach 073901
(arXiv:2204.02536)

[24] Eremeev G, Wu A T, Valente-Feliciano A M and Gu D 2012
Exploring the effect of A1203 ALD coating on a high
gradient ILC single-cell cavity Proc. IPAC2012 (Louisiana,
USA)

[25] Proslier T et al 2009 Atomic layer deposition for SRF cavities
23rd Particle Acc. Conf. (PAC09) (Vancouver, Canada)

[26] Bira S et al 2021 Progresses on thin film deposition by ALD at
IRFU/IJCLab Tesla Technology Collaboration Workshop
(TTC21) (Hamburg, Germany)

[27] Proslier T et al 2009 Results from point contact tunnelling
spectroscopy and atomic layer deposition /4th Int. Conf. RF
Superconductivity (SRF2009) (Germany, Berlin)

[28] Kato S and Hayano H 2018 Plasma-enhanced ALD system for
SRF cavity 18th Int. Conf. on RF Superconductivity
(SRF’17) (Lanzhou, China, July 17- 21 2017) (Geneva:
JACOW)

[29] Proslier T, Zasadzinski J F, Cooley L, Antoine C, Moore J,
Norem J, Pellin M and Gray K E 2008 Tunneling study of
cavity grade Nb: possible magnetic scattering at the surface
Appl. Phys. Lett. 92 212505

[30] Proslier T, Kharitonov M, Pellin M, Zasadzinski J and
Ciovati G 2011 Evidence of surface paramagnetism in
niobium and consequences for the superconducting cavity
surface impedance IEEE Trans. Appl. Supercond.

21 2619-22

[31] Kharitonov M, Proslier T, Glatz A and Pellin M J 2021
Surface impedance of superconductors with magnetic
impurities Phys. Rev. B 86 024515

[32] Wenskat M et al 094516 Vacancy dynamics in niobium and its
native oxides and their potential implications for quantum
computing and superconducting accelerators Phys. Rev. B
106 094516

[33] Bayer T J M, Wachau A, Fuchs A, Deuermeier J and Klein A
2012 Atomic layer deposition of Al,O3z onto Sn-doped
InpO3: absence of self-limited adsorption during initial
growth by oxygen diffusion from the substrate and band
offset modification by Fermi level pinning in Al,O3 Chem.
Mater. 24 4503-10

[34] Puurunen R L 2005 Surface chemistry of atomic layer
deposition: a case study for the trimethylaluminum/water
process J. Appl. Phys. 97 9

[35] George S M 2010 Atomic layer deposition: an overview Chem.
Rev. 110 111-31

[36] Wiegand C W, Faust R, Meinhardt A, Blick R H, Zierold R
and Nielsch K 2018 Understanding the growth mechanisms
of multilayered systems in atomic layer deposition process
Chem. Mater. 30 1971-9

[37] Miikkulainen V et al 2013 Crystallinity of inorganic films
grown by atomic layer deposition: overview and general
trends J. Appl. Phys. 113 021301

[38] Groner M D et al 2002 Electrical characterization of thin
Al,O3 films grown by atomic layer deposition on silicon
and various metal substrates Thin Solid Films 413 186-97

[39] Tallarida M, Kukli K, Michling M, Ritala M, Leskeld M
and Schmeisser D 2011 Substrate reactivity effects in
the atomic layer deposition of aluminum oxide from
trimethylaluminum on ruthenium Chem. Mater. 23 3159-68

[40] Jamie W er al 2018 In situ atomic layer deposition and
electron tunneling characterization of monolayer Al,O3 on
Fe for magnetic tunnel junctions AIP Adv. 8 125-218


https://doi.org/10.1103/PhysRevAccelBeams.20.042004
https://doi.org/10.1103/PhysRevAccelBeams.20.042004
https://doi.org/10.1016/j.nima.2017.11.047
https://doi.org/10.1016/j.nima.2017.11.047
https://doi.org/10.1103/PhysRevSTAB.16.012003
https://doi.org/10.1103/PhysRevSTAB.16.012003
https://doi.org/10.1088/1361-6668/abdedd
https://doi.org/10.1088/1361-6668/abdedd
https://doi.org/10.1103/PhysRevSTAB.3.092001
https://doi.org/10.1103/PhysRevSTAB.3.092001
https://doi.org/10.1088/1361-6668/aa7afe
https://doi.org/10.1088/1361-6668/aa7afe
https://doi.org/10.1088/0953-2048/29/11/113002
https://doi.org/10.1088/0953-2048/29/11/113002
https://doi.org/10.1142/S1793626819300081
https://doi.org/10.1142/S1793626819300081
https://doi.org/10.1063/1.2162264
https://doi.org/10.1063/1.2162264
https://doi.org/10.1063/1.4905711
https://doi.org/10.1063/1.4905711
https://doi.org/10.1063/1.4862892
https://doi.org/10.1063/1.4862892
https://doi.org/10.1088/1361-6668/30/2/023001
https://doi.org/10.1088/1361-6668/30/2/023001
https://doi.org/10.7567/1347-4065/ab2f0a
https://doi.org/10.7567/1347-4065/ab2f0a
https://doi.org/10.1103/PhysRevB.100.064522
https://doi.org/10.1103/PhysRevB.100.064522
https://arxiv.org/abs/1907.03514
https://doi.org/10.1038/srep34140
https://doi.org/10.1038/srep34140
https://doi.org/10.1063/5.0057663
https://doi.org/10.1063/5.0057663
https://arxiv.org/abs/2204.02536
https://doi.org/10.1063/1.2913764
https://doi.org/10.1063/1.2913764
https://doi.org/10.1109/TASC.2011.2107491
https://doi.org/10.1109/TASC.2011.2107491
https://doi.org/10.1103/PhysRevB.86.024514
https://doi.org/10.1103/PhysRevB.86.024514
https://doi.org/10.1103/PhysRevB.106.094516
https://doi.org/10.1103/PhysRevB.106.094516
https://doi.org/10.1021/cm301732t
https://doi.org/10.1021/cm301732t
https://doi.org/10.1063/1.1940727
https://doi.org/10.1063/1.1940727
https://doi.org/10.1021/cr900056b
https://doi.org/10.1021/cr900056b
https://doi.org/10.1021/acs.chemmater.7b05128
https://doi.org/10.1021/acs.chemmater.7b05128
https://doi.org/10.1063/1.4757907
https://doi.org/10.1063/1.4757907
https://doi.org/10.1016/S0040-6090(02)00438-8
https://doi.org/10.1016/S0040-6090(02)00438-8
https://doi.org/10.1021/cm200276z
https://doi.org/10.1021/cm200276z
https://doi.org/10.1063/1.5054908
https://doi.org/10.1063/1.5054908

Supercond. Sci. Technol. 36 (2023) 015010

M Wenskat et al

[41] Lin C et al 2017 Lithium metal protected by atomic layer
deposition metal oxide for high performance anodes J.
Mater. Chem. A'§512297-309

[42] Gupta V, Adams M L, Sellers J A, Niedzwiecki N, Rush N,
Tuckerman D B and Hamilton M C 2021 Atomic layer
deposited materials as barrier layers for preservation of Nb
superconductivity in multilayered thin-film structures /EEE
Trans. Appl. Supercond. 31 1-4

[43] Ciovati G et al 2007 Review of high field Q-Slope, cavity
measurements /3th Int. Conf. RF Superconductivity
(SRF2007) Beijing, China

[44] Ciovati G et al 2010 High field Q slope and the baking effect:
review of recent experimental results and new data on Nb
heat treatments Phys. Rev. Accel. Beams 13 22002

[45] Semione G D L et al 2019 Niobium near-surface composition
during nitrogen infusion relevant for superconducting
radio-frequency cavities Phys. Rev. Accel. Beams 22 103102

[46] Posen S, Romanenko A, Grassellino A, Melnychuk O S and
Sergatskov D A 2020 Ultralow surface resistance via
vacuum heat treatment of superconducting radio-frequency
cavities Phys. Rev. Appl. 13 014024

[47] Wenskat M et al 2020 Vacancy-hydrogen interaction in
niobium during low-temperature baking Sci. Rep. 10 8300

[48] Bafia D er al 2021 The role of oxygen concentration in
enabling high gradients in niobium SRF cavities 20th Int.
Conf. RF Superconductivity (SRF21) (East Lansing, USA) p
THTEVO016

[49] Wenskat M 2017 Optical surface properties and their RF
limitations of European XFEL cavities Supercond. Sci.
Technol. 30 105007

[50] Schaffran ] e al 2014 Design parameters and commissioning
of vertical inserts used for testing the XFEL
superconducting cavities AIP Conf. Proc. 1573 223

[51] Polinski J et al 2014 Design and commissioning of vertical test
cryostats for XFEL superconducting cavities measurements
AIP Conf. Proc. 1573 1214

[52] He F 2013 Uncertainty of data obtained in SRF cavity vertical
test (arXiv:1310.3900)

[53] Gurevich A et al 2022 Challenges and opportunities of SRF
theory for next generation particle accelerators (arXiv:2203.
08315)

[54] Romanenko A, Grassellino A, Crawford A C, Sergatskov D A
and Melnychuk O 2014 Ultra-high quality factors in
superconducting niobium cavities in ambient magnetic
fields up to 190 mG Appl. Phys. Lett. 105 234103

[55] Huang S, Takayuki K and Geng R L 082001 Dependence of
trapped-flux-induced surface resistance of a large-grain Nb
superconducting radio-frequency cavity on spatial
temperature gradient during cooldown through T, Phys.
Rev. Accel. Beams 19 2016

[56] Posen S, M Checchin A C Grassellino C, A, Martinello M,
Melnychuk O S, Romanenko A, Sergatskov D A and
Trenikhina Y 2016 Efficient expulsion of magnetic flux in
superconducting radiofrequency cavities for high Qg
applications J. Appl. Phys. 21 213903

[57] Kim S, Wozniak M, Kijek M, Mitrosz P, Szakiel J and Turek P
2022 Influence of growth temperature on dielectric strength
of Al,Os thin films prepared via atomic layer deposition at
low temperature Sci. Rep. 12 1-6

[58] Fowler R H and Nordheim L 1928 Electron emission in
intense electric fields Proc. R. Soc. A 119 173-81

[59] Ciovati G 2008 et al Final surface preparation for
superconducting cavities - an attempt to describe an
optimized procedure TTC-Report 2008-05 Hamburg
(available at: https://bib-pubdb1.desy.de/record/85651/files/
TTC-Report2008-05.pdf)

[60] Bernard P, Bloess D, Flynn T, Hauviller C, Weingarten W,
Bosland P and Martignac J 1992 Superconducting niobium
sputter-coated copper cavities at 1500 MHz Third European
Farticle Accelerator Conf. (EPAC92) (Berlin, Germany) p
1269

[61] Ruoho M et al 2020 Thin-film engineering of mechanical
fragmentation properties of atomic-layer-deposited metal
oxides Nanomaterials 10 558

[62] Knobloch J et al 1999 High-field Q slope in superconducting
cavities due to magnetic field enhancement at grain
boundaries Proc. (SRF1999), (La Fonda Hotel, Santa Fe,
New Mexico USA) vol 77 (Geneva: JACoW, CERN)

[63] Kubo T 2015 Magnetic field enhancement at a pit on the
surface of a superconducting accelerating cavity Prog.
Theor. Exp. Phys. 7 045006

[64] Chen X, Reece C E and Kelley M J 2016 Simulation of
nonlinear superconducting RF losses derived from
characteristic topography of etched and electropolished
niobium surfaces Phys. Rev. Accel. Beams 19 033501

[65] Jo G, C and Casimir H 1934 Zur thermodynamik des
supraleitenden zustandes Z. Tech. Phys. 15 539-42

[66] Maier J L C and Slater J C 1952 Field strength measurements
in resonant cavities J. Appl. Phys. 23 68-77

[67] Guo J et al 2019 Secondary electron emission characteristics
of Al,O3 coatings prepared by atomic layer deposition AIP
Adv. 9 095303

[68] Kharitonov M, Proslier T, Glatz A and Pellin M J 2012
Surface impedance of superconductors with magnetic
impurities Phys. Rev. B 86 024514

[69] Deyu G K, Hunka J, Roussel H, Brotz J, Bellet D and Klein A
2019 Electrical properties of low-temperature processed
Sn-doped In, O3 thin films: the role of microstructure and
oxygen content and the potential of defect modulation
doping Materials 12 2232

[70] Jonas D et al 2016 Substrate reactivity as the origin of Fermi
level pinning at the Cu,O /ALD-Al, O3 interface Mater.
Res. Express 3 046404

[71] Barkov F, Romanenko A and Grassellino A 2012 Direct
observation of hydrides formation in cavity-grade niobium
Phys. Rev. Accel. Beams 15 122001

[72] Barkov F, Romanenko A, Trenikhina Y and Grassellino A
2013 Precipitation of hydrides in high purity niobium after
different treatments J. Appl. Phys. 114 164904

[73] Romanenko A, Barkov F, Cooley L D and Grassellino A 2013
Proximity breakdown of hydrides in superconducting
niobium cavities Supercond. Sci. Technol 26 035003

[74] Shiino T et al 2010 Improvement of the critical temperature of
superconducting NbTiN and NbN thin films using the AIN
buffer layer Supercond. Sci. Technol. 23 045004

[75] Gonzalez D-P et al 2021 ALD-Based NbTiN studies for SIS R
& D 20th Int. Conf. RF Superconductivity (SRF21) (East
Lansing, USA) p SUFDV020


https://doi.org/10.1039/C7TA03116E
https://doi.org/10.1039/C7TA03116E
https://doi.org/10.1109/TASC.2021.3055752
https://doi.org/10.1109/TASC.2021.3055752
https://doi.org/10.1103/PhysRevSTAB.13.022002
https://doi.org/10.1103/PhysRevSTAB.13.022002
https://doi.org/10.1103/PhysRevAccelBeams.22.103102
https://doi.org/10.1103/PhysRevAccelBeams.22.103102
https://doi.org/10.1103/PhysRevApplied.13.014024
https://doi.org/10.1103/PhysRevApplied.13.014024
https://doi.org/10.1038/s41598-020-65083-0
https://doi.org/10.1038/s41598-020-65083-0
https://doi.org/10.1088/1361-6668/aa828b
https://doi.org/10.1088/1361-6668/aa828b
https://doi.org/10.1063/1.4860705
https://doi.org/10.1063/1.4860705
https://doi.org/10.1063/1.4860844
https://doi.org/10.1063/1.4860844
https://arxiv.org/abs/1310.3900
https://arxiv.org/abs/2203.08315
https://arxiv.org/abs/2203.08315
https://doi.org/10.1063/1.4903808
https://doi.org/10.1063/1.4903808
https://doi.org/10.1103/PhysRevAccelBeams.19.082001
https://doi.org/10.1103/PhysRevAccelBeams.19.082001
https://doi.org/10.1063/1.4953087
https://doi.org/10.1063/1.4953087
https://doi.org/10.1038/s41598-022-09054-7
https://doi.org/10.1038/s41598-022-09054-7
https://doi.org/10.1098/rspa.1928.0091
https://doi.org/10.1098/rspa.1928.0091
https://bib-pubdb1.desy.de/record/85651/files/TTC-Report2008-05.pdf
https://bib-pubdb1.desy.de/record/85651/files/TTC-Report2008-05.pdf
https://doi.org/10.3390/nano10030558
https://doi.org/10.3390/nano10030558
https://doi.org/10.1093/ptep/ptv088
https://doi.org/10.1093/ptep/ptv088
https://doi.org/10.1103/PhysRevAccelBeams.19.033501
https://doi.org/10.1103/PhysRevAccelBeams.19.033501
https://doi.org/10.1007/978-94-015-2998-3_7
https://doi.org/10.1007/978-94-015-2998-3_7
https://doi.org/10.1063/1.1701980
https://doi.org/10.1063/1.1701980
https://doi.org/10.1063/1.5113671
https://doi.org/10.1063/1.5113671
https://doi.org/10.1103/PhysRevB.86.024514
https://doi.org/10.1103/PhysRevB.86.024514
https://doi.org/10.3390/ma12142232
https://doi.org/10.3390/ma12142232
https://doi.org/10.1088/2053-1591/3/4/046404
https://doi.org/10.1088/2053-1591/3/4/046404
https://doi.org/10.1103/PhysRevSTAB.15.122001
https://doi.org/10.1103/PhysRevSTAB.15.122001
https://doi.org/10.1063/1.4826901
https://doi.org/10.1063/1.4826901
https://doi.org/10.1088/0953-2048/26/3/035003
https://doi.org/10.1088/0953-2048/26/3/035003
https://doi.org/10.1088/0953-2048/23/4/045004
https://doi.org/10.1088/0953-2048/23/4/045004

	Successful Al2O3 coating of superconducting niobium cavities with thermal ALD
	1. Introduction
	2. Methods
	3. Results
	3.1. Recipe development
	3.1.1. Sample studies.
	3.1.2. Mechanical film stability.

	3.2. Cavity coating
	3.2.1. Single-cell cavity 1Z1.
	3.2.2. Single-cell cavity 1DE18.


	4. Discussion
	5. Conclusion
	Appendix
	Single-cell cavity 1Z1
	Single-cell cavity 1DE18

	References


