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Abstract 
Pushing beyond the existing bulk niobium SRF cavities 

is indispensable along the path towards obtaining more 
sustainable next generation compact particle accelerators. 
One of the promising candidates to push the limits of the 
bulk niobium is thin film-based multilayer structures in the 
form of superconductor-insulator-superconductor (SIS).  In 
this work, S(I)S multilayer structures were coated by high 
power impulse magnetron sputtering (HiPIMS), having in-
dustrial upscaling potential along with providing higher 
quality films with respect to conventional magnetron sput-
tering techniques (e.g., DCMS), combined with (PE)-ALD 
techniques for deposition of the ex-situ insulating layers. 
On the path towards formulating optimized recipes for 
these materials to be coated on the inner walls of (S)RF 
cavities, the research focuses on innovating the best per-
forming S(I)S multilayer structures consisting of alternat-
ing superconducting thin films (e.g., NbN) with insulating 
layers of metal nitrides (e.g., AlN) and/or metal oxides (e.g., 
AlxOy) on niobium layers/substrates (i.e., Nb/AlN/NbN) in 
comparison to the so-called SS multilayer structures (i.e., 
Nb/NbN). This contribution presents the initial materials 
and superconducting and RF characterization results of the 
aforementioned multilayer systems on flat samples. 

INTRODUCTION 
The next generation compact particle accelerators re-

quire higher performances with reduced infrastructural and 
operational costs. In order to realize these goals, innovative 
solutions are needed to overcome the theoretical field limit 
along with the technological challenges set by the existing 
bulk niobium superconducting radio-frequency (SRF) cav-
ity technology, which has been the leading accelerator 
technology for both high-energy and high-luminosity ac-
celerator applications so far [1]. 

One of the promising candidates to push the limits of the 
bulk niobium is coating (S)RF cavities with alternating thin 
film-based multilayer structures in the form superconduc-
tor-insulator-superconductor (SIS). 

According to the theory related to the alternating multi-
layer structures proposed by A. Gurevich [2], especially 
for bulk niobium cavities, the simplest alternating multi-
layer structures (SIS), made of superconductive thin films 
with thicknesses less than the London penetration depth of 

the cavity wall material, are expected to enhance not only 
the quality factor (Q0) with lower surface resistance Rs , but 
also the vortex penetration field by means of the insulating 
layers, leading to sustain the Meissner state at higher ac-
celerating gradients (Eacc), by delaying the RF vortex dis-
sipation, and the related strong RF dissipation beyond the 
thermodynamic critical field of Nb (Bc (Nb)) so as to take 
advantage of higher Tc  superconductors (e.g., B1 and A15 
compounds such as NbN and Nb3Sn, respectively) without 
being penalized by their relatively small lower critical field 
(Bc1) with respect to the Bc1 of Nb (200mT).  

Theoretically, the SIS structure is a stronger candidate to 
increase the theoretical field limit as well as the onset of 
the vortex penetration thanks to the presence of the insulat-
ing layer, provided that the optimum layer thicknesses and 
material combinations are realised, as compared to the SS 
bilayer structure without any insulating layer; yet, the SS 
bilayers are also worth studying as being a simpler struc-
ture with promising RF performance of the SRF cavities by 
enhancing the onset of the vortex penetration to some ex-
tent owing to the SS boundary [3].  

The emergence of the novel scalable sputtering technol-
ogies such as high-power impulse magnetron sputtering 
(HiPIMS) has provided the SRF community another tool 
to improve the quality of the deposited films by providing 
denser microstructures, more uniform morphologies, and 
homogenous crystalline phases in the recent years. Owing 
to its higher peak power magnitudes applied to the sputter-
ing cathode in pulsed modes at certain duty cycles, HiP-
IMS technique yields highly ionized denser plasmas, as 
compared to conventional physical vapor deposition tech-
niques, allowing more effective control of the kinetic en-
ergy of the sputtered species with high ionization fraction, 
arriving onto the substrate surface, by tuning the deposition 
parameters (i.e., substrate bias) [4]. 

Aside from HiPIMS, atomic layer deposition (ALD) has 
also drawn interest from the SRF community recently, es-
pecially for depositing insulating layers in multilayer struc-
tures [5].  

The first investigations of the novel parameter space for 
HiPIMS-coated S(I)S structures, incorporating also (PE)-
ALD-coated insulating layers as well as the further devel-
opments of the previously studied SIS structures, based on 
the QPR sample tests, are detailed in this paper. 
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EXPERIMENTAL METHODS 
The multilayer S(I)S structures in the form of Nb/(AlN/ 

AlxOy)/NbN, as illustrated in Fig. 1, were coated mainly 
onto silicon as witness samples in order to study in detailed 
the deposition parameters as well as onto the bulk Nb and 
the OFHC Cu substrates for comparison of the substrate 
material effects on the deposited films. 

 

 
Figure 1: The schematic representation of the designed 
S(I)S structures together with their chosen deposition tech-
niques. 

 
The superconducting layers were coated by (reactive)-

HiPIMS via a fully automated coating machine (CC800) of 
CemeCon AG GmbH at University of Siegen as shown in 
Fig. 2.  

 
Figure 2: The overview of the sputtering machine (CC800) 
capable of DCMS and HiPIMS at University of Siegen 
(USI) - adapted from [6]. 

 
The coating machine contains three cathodes powered 

by ADL DC power supplies. The RRR 300 niobium sput-
tering target with dimensions of 88×100×10 mm3, installed 
on the central cathode, which can be operated at either 
DCMS or HiPIMS mode, is used for the deposition of both 
Nb and NbN superconducting thin films under 100% argon 
gas (99.999 Vol-%) and argon/nitrogen reactive gas-mix-
ture atmospheres, respectively. The aluminium target, with 
dimensions of 490×100×10 mm3, located next to the Nb 
target, as shown in Fig. 2, was used to coat in-situ AlN in-
sulating layers (DCMS-AlN*) under 100% nitrogen gas 
(99.999 Vol-%) atmosphere similarly as detailed in [7]. 
The adjustment of the deposition pressures of both normal 
and reactive sputtering processes was done via the mass 
flow controllers and the resulted process pressures were 
monitored via the Baratron capacitance manometer. The 
programmable shutter system is used to protect sputtering 
targets from any unwanted contamination during the bak-
ing, MF etching, and target cleaning as well as the deposi-
tion procedures.  

The realization of uniform thickness profiles along the 
inner walls of the cavities is indispensable for practical ac-
celerator applications. In order to obtain uniform film 

thickness profiles, a special machine code has been devel-
oped via GUI programming for CC800 which allowed the 
rotatable table of the machine to be rocked at a certain rock-
ing angle in front of the sputtering target during the depo-
sition procedures. The measured distance is 55 mm when 
the table stays stationary opposite to the target system. 

Based on the initial parameter studies [6] as well as some 
previous studies [7,8], the process temperature was kept 
constant at 400°C, corresponding to 180±5°C on the sub-
strate surface. The HiPIMS parameters such as frequency 
[Hz] and pulse width [µs] were kept at constant values of 
1000 Hz and 100 μs for most of the deposition processes 
of both Nb and NbN films based on the initial optimiza-
tions done in the range of 1000 to 2000 Hz, and 60 to 200 
µs for the frequency, and the pulse width, respectively. The 
applied substrate bias was in DC mode in all deposition 
processes. The other parameters are detailed in Table 1. 

 
Table 1: The Certain Window of the Novel Deposition  
Parameters for HiPIMS-coated S(I)S Structures 

Material Cathode 
Power 
[W] 

Substrate 
Bias 
[V] 

Deposition 
Pressure 
[mbar] 

N2 Con-
tent [%] 

Nb 600-900 0-50 2.0 × 10-2 0 
(AlN*)  3500 0 6.0 × 10-3 100 
NbN  600-750 0-50 2.0-2.7 × 10-2 8, 9 

 
The ex-situ insulating layers, AlN and AlxOy, were 

coated at CHyN / UHH by (PE)-ALD, and thermal ALD 
techniques, respectively. 

The superconducting properties (e.g., the superconduct-
ing critical temperature (Tc), and the entry field (Ben ~ Bc1) 
of the deposited samples were characterized at IEE SAS 
via the vibrating sample magnetometer (VSM) technique. 

The deposition parameters of HiPIMS-coated SIS and 
SS structures, analysed with Cu-QPR sample tests at HZB, 
are detailed in Table 2. 

Table 2: The Deposition Parameters of S(I)S Structures 
Material Cathode 

Power 
[W] 

Substrate 
Bias 
[V] 

Deposition 
Pressure 
[mbar] 

N2 Content 
[%] 

Nb  400 50 8.0 × 10-3 0 
(AlN*)  3500 0 6.0 × 10-3 100 
NbN  400 50 2.5 × 10-2 10 

 
The materials characterizations of all deposited films 

were done via SEM, EDX, and XRD at USI.  

RESULTS AND DISCUSSION 
The duty cycle of HiPIMS plays a crucial role in obtain-

ing high quality thin films with desired morphological and 
microstructural properties. As shown in Fig. 3, the lower 
duty cycle depositions of HiPIMS-coated NbN films tend 
to promote better structural morphologies while leading to 
the formation of δ-NbN phase with (200) orientation com-
pared to the higher duty cycle depositions which seem to 
result in less desired film morphologies and microstruc-
tures while enhancing δ-NbN (111) phase formation.  
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Figure 3: The SEM images of HiPIMS-coated NbN at: a) 
1000 Hz, b) 2000 Hz, c) 60 µs, d) 200 µs. The X-ray dif-
fractograms of the aforementioned films as a function of: 
e) frequency, f) pulse width. 
 

As expected, the application of the negative substrate 
bias seems to enhance the density of the films relatively 
compared to the unbiased HiPIMS coating of SS structures 
(NbN films on Nb layers); however, the crystalline struc-
ture transits into completely non-superconducting phase 
(e.g., Nb5N6) from the desired δ-NbN (111) phase, as 
shown in Fig. 4, in particular at these high cathode power- 
depositions (the bottom layer: Nb (at 900W) / the top layer: 
NbN (at 750W)). 
 

 
Figure 4: The SEM images of SS structures: a) at 0 V, b) -
50 V. c) The crystallinity shift as a function of bias. 
 

Along with the surface quality of the substrate (i.e., cav-
ity surface), onto which thin films are to be coated, the ma-
terial of the substrate is paramount important too as it 
changes not only the material properties, but also the su-
perconducting properties significantly as shown in Fig. 5 
and Table 3. The best crystallinity as well as the highest 
critical superconducting temperature for HiPIMS-coated 
NbN films was observed on bulk copper substrate. Both ex-
situ insulating layers, thermal ALD-coated AlxOy and PE-
ALD-coated AlN, seemed to suppress Tc values compared 
to the bulk metallic substrates in correlation to the induced 
poorer crystallinity in HiPIMS-coated NbN films. 
 

 

 
Figure 5: The substrate material effects on the crystallinity 
of the HiPIMS-coated NbN films. 
 
Table 3: The VSM Results of HiPIMS-NbN coated on  
Different Substrates 

Substrate Ben [Oe] Tc [K] 
1. ALD-Alumina / Si 80 15 
2. PE-ALD-AlN / Si 100 15 
3. Bulk Nb 1060 15.8 
4. Bulk Cu 110 16.1 

 
As seen in Fig. 6, the insulating layer changes the mor-

phology of SIS as compared to the SS structure.  
 

 
Figure 6: The SEM images of surface and cross-section of 
a) SIS, and b) SS structures. c) The EDX data of SIS. 

CONCLUSION 
The recent studies regarding the RF performance of HiP-

IMS-coated SIS versus SS structures with the improved 
quadrupole resonator (QPR) yielding higher resolution 
measurements of flat samples [9], point out that both mul-
tilayer structures enhance Q0 similarly [10]. Further inves-
tigations are needed to establish stronger correlations be-
tween S(I)S structures and their SRF performance. 

ACKNOWLEDGEMENTS 
The synthesis and materials characterization in this work 

forms part of the SMART project funded by the Federal 
Ministry of Education and Research of Germany (project 
number 05K19PSA). 

The characterization of the superconducting and RF 
properties in this work forms part of the European Union’s 
IFAST collaboration H2020 Research and Innovation Pro-
gramme under Grant Agreement no. 101004730. 

a)  c)  

e)  f)  

a)  

b)  

c)  

b)  d)  

b)  

c)  
a)  

13th Int. Particle Acc. Conf. IPAC2022, Bangkok, Thailand JACoW Publishing
ISBN: 978-3-95450-227-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2022-TUPOTK016

TUPOTK016C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

1236

MC7: Accelerator Technology

T07: Superconducting RF



REFERENCES 
[1] Padamsee, H., Knobloch, J., and Hays, T., “Frontier accel-

eators”, in RF Superconductivity for Particle Accelerators, 
Ed. 2: Wiley, 2008, pp. 439-440. 

[2] A. Gurevich, “Enhancement of rf breakdown field of 
superconductors by multilayer coating”,  Appl. Phys. Lett., 
vol. 88, p. 012511, Jan. 2006. doi:10.1063/1.2162264 

[3] T. Kubo, “Multilayer coating for higher accelerating fields 
in superconducting radio-frequency cavities: a review of 
theoretical aspects”, Supercond. Sci. Technol., vol. 30, 
p. 023001, Dec. 2016. doi:10.1088/1361-6668/30/2/ 
023001 

[4] A. Anders, “Metal plasmas for the fabrication of nanostruc-
tures”, J. Phys. D: Appl. Phys., vol. 40, pp. 2272–2284, Apr. 
2007. doi:10.1088/0022-3727/40/8/S06 

[5] I. González Díaz-Palacio, W. Hillert, M. Wenskat, R.H. Blic, 
R. Zierold, “ALD-based NbTiN studies for SIS R&D”, in 
Proc. 20th Int. Conf. on RF Superconductivity, (SRF2021), 
East Lansing, MI, USA, Jun.-Jul. 2021, pp. 109-111. 
doi:10.18429/JACoW-SRF2021-SUPFDV020 

 
[6] B. R. Lakki Reddy Venkata, “Investigation of HiPIMS 

coated Nb and NbN thin film-based multilayers for SRF 
cavities”, MSc. Thesis, Inst. of Materials Engineering, Uni-
versity of Siegen, Siegen, Germany, 2021. 

[7] S. Leith et al., “Superconducting NbN thin films for use in 
superconducting radio frequency cavities, Supercond. Sci. 
Technol., vol. 34, p. 025006, Jan. 2021. doi: 
10.1088/1361-6668/abc73b 

[8] S. Leith et al., “The development of HiPIMS multilayer SIS 
film coatings on copper for SRF applications”, in Proc. 20th 
Int. Conf. on RF Superconductivity, (SRF2021), East Lan-
sing, MI, USA, Jun.-Jul. 2021, pp. 86-90. doi:10.18429/ 
JACoW-SRF2021-SUPFDV01 

[9] S. Keckert et al., “Mitigation of parasitic losses in the quad-
rupole resonator enabling direct measurements of low resid-
ual resistances of SRF samples”, AIP Advances, vol 11, no. 
12, p. 125 326, 2021. doi:10.1063/5.0076715 

[10] D. Tikhonov, The 5th IFAST WP9 meeting, May 2022.

 
 

13th Int. Particle Acc. Conf. IPAC2022, Bangkok, Thailand JACoW Publishing
ISBN: 978-3-95450-227-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2022-TUPOTK016

MC7: Accelerator Technology

T07: Superconducting RF

TUPOTK016

1237

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I


