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A B S T R A C T   

The authors report in this paper the possibility to control the thickness profile of a thin film deposited by High 
Power Impulse Magnetron Sputtering (HiPIMS). It is shown that the combination between a HiPIMS discharge, 
an unbalanced magnetic configuration and the application of a negative bias onto the surface to coat enables 
tailoring on demand the coating thickness profile. This effect is hereafter used to coat complex shapes such as 
low-beta accelerating cavities with a niobium layer. The authors first present the magnetic design proposed to 
obtain an unbalanced cylindrical sputtering source. Numerical simulations are then used to predict the electron 
density and energy spatial distributions that can subsequently be correlated to the ionization region shape. 
Finally, the authors present the effect of such technique comparing Direct Current Magnetron Sputtering (DCMS), 
HiPIMS and biased HiPIMS using, respectively, a balanced and an unbalanced magnetic configuration, as well as 
detailing the effect of modifying either the magnetic field lines distribution or the magnetic strength.   

1. Introduction 

Niobium coated copper (Nb/Cu) superconducting radiofrequency 
(SRF) cavities are a promising alternative to bulk niobium ones. They 
have been used at CERN since the Large Electron Positron (LEP) collider 
[1] [2] and continue to be used for the Large Hadron Collider (LHC) [3], 
as well as for HIE-ISOLDE [4] [5] facility and in other institutes such as 
SOLEIL synchrotron [6]. However, despite their clear advantages in the 
80's over bulk Nb, the strong R&D carried out on bulk niobium cavities 
pushed the latter's performance [7] far beyond what Nb/Cu has ever 
been capable of. 

The main drawback of coated cavities lies in the so-called Q-slope 
phenomenon that results in an exponential decrease of the cavities' 
quality factor, Q, when increasing the available accelerating field [8]. 
The precise origin of this decrease still remains unclear, but some causes 
have been identified, the major one being the porosities of the thin film 
that appear during the growth due to the sputtering technique itself [9]. 
Indeed, the cavities are coated using Direct Current Magnetron Sput
tering (DCMS) as it allows working with an ultrapure base material, 
which is a pre-requisite to achieve high quality superconducting per
formance. However, the films elaborated with this technique are subject 

to shadowing effects and the method itself leads to non-conformal 
layers. SRF cavities have meter size complex shapes, which results in 
the presence of voids in areas that do not face the target directly. This 
particular effect was studied in depth using different elliptical cavity 
shapes [10] [11]. In DCMS, the coating profile is peaked close to the 
cavity's iris (as defined in Fig. 1) due to its proximity to the cathode. It 
has been shown [12] that a minimum Nb thickness is required at the 
cavity's equatorial plane to guarantee a proper electromagnetic shield
ing during operation. To achieve such a thickness, the price to pay is a 
very thick layer close to the iris, which is prone to enhance interface 
stress and provoke adhesion problems. As those cavities are subject to 
high pressure water rinsing (HPWR) [12], this may result in layer peel- 
off in this specific area. 

In this work, we propose to investigate suitable balanced and un
balanced magnetic configurations with a magnetron sputtering source in 
order to control the thickness profile over the complex shape of an 
accelerating cavity. Previous works have already pointed out such a 
possibility using circular planar magnetrons [13] [14]. In our case, the 
challenge lies in the cylindrical geometry of the sputtering target. We 
will thus discuss the design of unbalanced magnetic assemblies, evaluate 
how they influence the shape of the ionization region and the overall 
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coating profile. 
In the following, we will first describe how different field configu

rations were set-up in a cylindrical geometry. A second section illus
trates how the resulting magnetic field maps were calculated and 
measured at specific profile lines for benchmarking in order to assess a 
solid basis for the interpretation and further designs. The plasma dis
charges are then simulated accordingly to outline the different behav
iours of our magnetic configurations. The magnetic configurations are 
then tested in DCMS mode to compare the experimental coating profiles 
to the simulated ones. Then, we report on the effect of the two magnetic 
configurations using a highly ionized discharge by means of High Power 
Impulse Magnetron Sputtering (HiPIMS). After pointing out the interest 
of using such a discharge, we demonstrate that the use of an active DC 
biasing voltage on the substrate combined to a HiPIMS discharge leads 
to significant coating profile modifications depending on the magnetic 
assembly configuration. Based on these observations, we then study in 
two separated times the impact of the magnetic field distribution and 
strength onto the coating distribution. 

2. Experimental setup 

In this work, a 704 MHz elliptical copper cavity with a beta factor 
(defined as the ratio of the particles speed over the speed of light) of 0.65 
was used as a substrate, as presented in Fig. 1. This cavity is well suited 
to the purpose of this study for the two following reasons. First, the slope 
of the cavity walls is about 84◦ with respect to the cavity axis and is well 
suited for studying the layer densification. The second interest of this 
object lies in the diameter difference of the cut-offs and cell. As the 
sputtering cathode has to be inserted by the cut-offs, its size will 
necessarily be inappropriate for coating efficiently the equatorial plane. 
Any impact of a process parameter onto the coating rate of the equator 
will then be easier to track as reported later on in this study. 

An oxygen-free copper stripe that follows the cavity internal shape 
has been inserted in order to perform thickness measurements of the 
deposited thin film over the entire shape of the cavity cell. The stripe is 
plastically deformed using two stainless steel dyes made to reproduce 
the cavity shape and is maintained in place thanks to two stainless steel 

rings placed in the cut-offs. 
The niobium thin films were deposited using an apparatus shown in 

Fig. 2. The cavity (Fig. 2 (4)) is mounted around a cylindrical cathode 
(Fig. 2 (1)) and insulated from it and from the ground using two ceramic 
vacuum breaks (Fig. 2, (2a) and (2b)). Two small chambers equipped 
with a CF-DN16 port (Fig. 2, (3a) and (3b)) are used to connect the 
hereafter described anodes. A DN40 port is used on the lower chamber 
(Fig. 2 (3b)) to connect a non-evaporable getter (NEG) pump. At the 
extremity, an angle valve (Fig. 2 (5)) does the connection to the ultra- 
high vacuum pumping group, also equipped with injection valves for 
the process gas. Fig. 2 b) shows a cross section view of the setup. The 
inset, Fig. 2 c), highlights the cathode assembly. The latter is made of a 
38 mm external diameter stainless steel tube (Fig. 2 (7), highlighted in 
green), closed at its lower extremity and welded to the cathode top 
flange (Fig. 2 (1)). A central cylindrical electrode, made of pure Nb with 
45 mm external diameter (Fig. 2 (10), highlighted in dark blue), is in 
direct contact with the stainless steel tube. Two cylindrical Al2O3 ce
ramics (Fig. 2 (8), highlighted in red) are used as electrical insulators 
between the central tube and the upper and lower electrodes (Fig. 2, (9a) 
and (9b) respectively, highlighted in light blue). These electrodes, of 53 
mm external diameter, are also made of pure niobium. The upper and 
lower electrodes are electrically connected using type-N UHV connec
tors (Fig. 2 (6a) and (6b) respectively). The three electrodes can thus be 
independently connected either to a power supply or to the ground. This 
is of special interest when coating the full cavity. To coat the tubular 
parts of the cavity, namely the cut-offs, the three electrodes are cabled to 
the power supply and the cavity is kept at the ground potential. When 
coating the cavity cell, the central electrode is connected to the power 
supply, the upper and lower electrodes are kept at ground potential and 
the cavity can be biased at any desired potential. The upper and lower 
electrodes act as anodes and allow the electron current to flow out of the 
system during the plasma discharge. The magnetic field necessary for 
sustaining a magnetron discharge is provided by a cylindrical permanent 
NdFeB (N45SH) magnet (Fig. 2, (11)) whose typical dimensions are 50 
mm in length, 30 mm external diameter and 10 mm internal diameter. 
The latter is held by a stainless steel tube (Fig. 2 (12)). A flow of com
pressed air in the tube cools down the magnet and prevents its demag
netization during the coating process. 

Further in this study we will show the interest of using an active DC 
biasing voltage on the substrate in order to densify the coated layer. For 
that purpose the Cu cavity was replaced by a stainless steel chamber of 
similar dimensions that can house sample holders. This home-made 
sample holder is depicted in Fig. 3. On this holder, samples can be 
mounted at various angles with respect to the cathode surface (0, 45 and 
90◦). 

3. Sample preparation and coating parameters 

Prior to coating, the copper stripe is chemically degreased using a 
commercial detergent bath, then etched in a tri-acid mixture (H2SO4 
42% vol, HNO3 8% vol, HCl 0.2% vol) and passivated in a sulpho- 
chromic acid bath. Afterwards, it is rinsed with demineralized water 
and ultrapure alcohol, followed by dry-air blowing. The sample is then 
mounted in the cavity and the coating setup is assembled in a cleanroom. 

The cavity is pumped down to about 1.10− 7 mbar and a leak check is 
performed. Then, the pumping group, the coating apparatus and the 
cavity are baked out at 200 ◦C for 48 h. Before stopping the bakeout 
everywhere except in the cavity that is maintained at 200 ◦C, the NEG 
pump is activated for 4 h. When cooled down, the whole setup reaches a 
base pressure of about 6 × 10− 10 mbar. Ultra-pure krypton is then 
injected by means of a leak valve to reach a process pressure of 2.3 ×
10− 3 mbar. During the coating process, the cavity temperature is 
monitored using an infrared thermal sensor and kept constant at 150 ◦C 
with a fan. 

The plasma discharge is maintained using a Huettinger TruPlasma 
HighPulse 4006 power supply and monitored using a high voltage probe 

Fig. 1. Schematic drawing of a 704 MHz, β = 0.65 accelerating cavity. Di
mensions are given in mm. 
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(Tektronix P6015A) and a current probe (Pearson current monitor 
301×). When needed, a negative bias voltage is applied to the cavity 
using a TruPlasma Bias 3018 power supply whose current is also 
monitored with a Pearson current monitor 301×. The probes signals are 
recorded with a digital oscilloscope Picoscope 2000. DCMS and HiPIMS 
discharges are kept at a constant average power of about 1.3 kW. The 
HiPIMS pulse is 200 μs long with a repetition frequency of 100 Hz. DCMS 
and HiPIMS coatings are performed over a total duration of 1 h and 1 
h30, respectively, to ensure a sufficiently thick layer for proper 
characterization. 

The Nb layer thickness is measured by X-ray fluorescence using the 
attenuation method. A measurement point is taken every 2 mm along 
the unfolded copper. 

A Zeiss Sigma field emission gun Scanning Electron Microscope 
(SEM), equipped with an InLens detector (Secondary Electron), an 
Everhart-Thornley secondary electron detector and a backscattered 
electron detector, was used for imaging. 

To examine the cross section of the films, a ZEISS ‘XB540’ focused 
ion beam (FIB) was used. For the cross sectional milling, Pt deposition on 
top of the film was initially performed at a milling current of 300 pA and 
an accelerating voltage of 30 kV to deposit a 1 × 3 × 15 μm3 protection 
barrier. Coarse milling at a current of 7 nA and accelerating voltage of 
30 kV was then used to remove a 5 × 7 × 20 μm3 region of material, 
before polishing the cross sectional surface at a mild milling current of 
300 pA. 

4. Simulation methods 

Magneto-static simulations were performed using the Finite Element 
Method Magnetics (FEMM) package [15]. This package was used to 

estimate the magnetic field at the cathode surface as well as the field 
distribution in the cavity volume. Once the magnetic configurations are 
designed, we proceed to plasma simulations according to the following 
procedure. 

Full 3D plasma simulations were performed on a high performance 
computing (HPC) cluster located at CERN with a Particle-in-Cell Monte 
Carlo (PICMC) parallel code [16]. The simulation model consists of the 
geometry described in Fig. 2 restricted to an axial length of 85 mm 
centred on the equatorial plane, thus including the whole cavity cell and 
the beginnings of the cut-offs, along with cathode and anodes. 

The simulation workflow is divided into three steps. First, the mag
netic field corresponding to each magnetic configuration described in 
Fig. 4 is computed on the three-dimensional simulation volume resort
ing to the Boundary Element Method (BEM). Then, the plasma dis
charges, for both magnetic cases described above, are modelled with the 
PICMC module of the code, providing both the plasma distribution and 
the erosion profile on the cathode. At last, neutral atom transport sim
ulations using the Direct Simulation Monte Carlo (DSMC) module are 
run to obtain the niobium deposition profiles on the cavity surface. 
Relevant numerical and physical parameters used in the PICMC and 
DSMC simulations are listed in Table 1. 

In the simulations, the X axis corresponds to the cavity axis. The 3D 
Cartesian volume mesh is refined in the 60 mm along the X direction 
corresponding to the denser plasma region with a size of 0.5 mm, while 
keeping it at 1 mm in the rest of the volume and in the other directions. 
The initial krypton process pressure is identical to the experimental one, 
i.e. pKr = 2.3 × 10− 3 mbar, and is maintained through the simulation run 
by constant boundary conditions at both cut-offs' extremities. Scaling 
factors for the different species correspond to the ratios between real 
number of physical particles and simulated macro-particles, and are 

Fig. 2. a) Schematic representation and b) 
cross section view of the coating apparatus 
used to deposit Nb into SRF cavities. The 
inset c) highlights the cathode assembly. 1 is 
the cathode support, 2a and 2b are the 
upper and lower ceramic spacers respec
tively. 3a and 3b are the upper and lower 
chambers supporting the anodes connexions 
respectively. 4 is the cavity. 5 is the angle 
for connexion to the pumping group. 6a and 
6b are the upper and lower anode electrical 
connectors respectively. 7 is the ceramic to 
insulate the cathode from the anodes. 8a 
and 8b are the upper and lower anodes 
respectively. 9 is the Nb cathode. 10 is the 
permanent magnet. 11 is the support and 
cooling rod for the permanent magnet.   
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chosen to ensure sufficient statistics in each simulation cell for the 
volume collision reactions. Ion-induced secondary electron emission 
(IISEE) is modelled according to [17], by adapting the yield γIISEE and 
energy distribution to Kr+ bombardment on niobium instead of Ar+. 
Volume reactions are taken from the code library and include mo
mentum transfer between neutral particles, momentum transfer and 
excitation between electrons and krypton atoms, momentum transfer 
between krypton ions and atoms, and ionization. 

The simulated discharge power Pdis is restricted to 10 W, which is 
significantly lower than the experimental one. This difference is moti
vated by numerical constraints in terms of time step, mesh size and 
computational cost which would render higher power simulations, 
characterized by higher currents and densities of charged particles, 
impossible to carry on. The present simulations aim at giving qualitative 
information in terms of plasma shaping due to different magnetic con
figurations and their respective influence on thin film thickness profiles, 
which are not severely impacted by the discharge power. 

In the PICMC simulation, krypton ions bombarding the cathode are 
sputtering niobium neutrals according to Yamamura's analytical for
mula [18], which depends on the bombarding ion energy. An output of 
the plasma simulations is therefore the profile of sputtered niobium 
atoms from the cathode. This profile can in turn be used as an input to 
the DSMC simulation, in which niobium atoms are sputtered away from 
the cathode according to a total flux and a 3D profile given by the plasma 
simulation, with a Thompson initial energy distribution and a power 
cosine of exponent 0.5 initial angle distribution. The flux of niobium 
atoms impinging on the cavity surface can then be converted into a 
deposition profile and compared to experimental results. For this com
parison only the DCMS experimental data will be considered as the code 
cannot perform HiPIMS simulation. 

The convergence of the PICMC simulations is defined as the moment 
when the discharge voltage and current are stable. 

Fig. 3. Sample holder used for mounting three copper samples at various an
gles with respect to the cathode surface. 

Fig. 4. Cross-section views of the magnets used in this study: a) cylindrical 
NdFeB magnet and b) unbalanced 3-2-14 mm-SmCo configuration, consisting of 
a pile-up of SmCo magnets (green) and iron poles (red). The arrows indicate the 
magnetization orientation. 

Table 1 
Physical and numerical parameters used in the PICMC and DSMC simulations.  

Parameter Value 

Domain size in XYZ [mm3] 170 × 380 × 380 
Mesh size in the plasma region [mm3] 0.5 × 1 × 1 
CPU used per run (cores) 100 
Krypton pressure [mbar] 2.3 × 10− 3 mbar 
Scaling factor Krypton 1.4 × 109 

PICMC parameters 
Discharge power Pdis [W] 10 
Time step [s] 5 × 10− 12 

Species Kr, Kr+, e− , Nb 
Scaling factor Kr+, e− 104 

Initial density Kr+, e− [m− 3] 5 × 1012 

γIISEE 0.085 
IISE energy distribution Gaussian 
IISE angular distribution cosine 
Electron capture probability on physical 

surfaces 
100% 

Sputtering yield According to Yamamura's analytical 
formula [18] 

Simulation time ~2 months  

DSMC parameters 
Time step [s] 1 × 10− 7 

Species Kr, Nb 
Scaling factor Nb 8 × 105 

Nb initial energy distribution Thompson 
Nb initial angle distribution cosine with exponent 0.5 
Simulation time ~10 days  
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5. Simulations results 

5.1. Magnetic simulations 

Two magnetic configurations were simulated in order to evaluate the 
feasibility of building an unbalanced cylindrical magnetron. The first 
configuration, designated hereafter as the balanced configuration, con
sists of a cylindrical NdFeB (N45SH) magnet of 50 mm length, 30 mm 
external diameter and 10 mm internal diameter as shown in Fig. 4a). The 
field lines developed by such a magnet, calculated through FEMM, are 
shown in Fig. 5a). 

The second magnetic configuration is designed to provide an un
balanced field while keeping the cylindrical symmetry. To do so, the 
proposed solution is as follows: ten cylindrical SmCo (Sm32/15–17) 
magnets (12 mm in length, 28 mm external diameter and 10 mm in
ternal diameter) are arranged together as shown in Fig. 4 b), in com
bination with three pure iron cylinders. This type of assembly will 
henceforth be referred to as unbalanced X-Y-L-Material (X = number of 
external magnets, Y = number of internal magnets, L = length of the 
central iron pole in mm, Material = magnetic material), thus the label 3- 
2-14 mm-SmCo. The magnets are placed with opposed magnetization 
direction in order to provide the poles of the unbalanced arrangement. 

In the same fashion as for the simple balanced configuration, 2D 
simulations were carried out to evaluate the field lines map of the un
balanced configuration. As shown on Fig. 5 b), the iron discs act as the 
magnetic poles of the assembly and redirect the field lines so that they 
intercept the cathode surface perpendicularly. We can note that this 
configuration exhibits a magnetic profile where some flux lines exiting 
the cathode surface intercept the substrate surface. By doing so, some 
electrons are allowed to travel toward the cavity's surface and thus 
extend the ionization region. This configuration may then provide the 
possibility to extend the flux of ionized metallic species closer to the 
surface to coat, and ultimately redistribute the coating profile when 
using HiPIMS discharge. This point will be assessed later in this paper. 

In order to quantify the difference between the different magnetic 
configurations and based on the work of Svadkovski et al. [19], further 
studies for the estimation of the unbalanced magnetron parameters, 
which characterise the field configuration at the front of a target, were 
carried out. The coefficient of unbalance K can be expressed as: 

K =
Φ1

Φ2
=

∫

S1
B⊥1dS

∫

S2
B⊥2dS  

where B⊥1 and S1 are the component of the magnetic field perpendicular 
to the target surface and the cross-sectional area of the outer magnets, 
respectively, B2 and S2 are the component of the magnetic field 

perpendicular to the target surface and the cross-sectional area of the 
central magnets. We can also define a coefficient of geometrical unbal
ance KG as: 

KG = Z0/2R  

Where R is an average radius of the erosion zone and Z0 is the distance 
from the target surface to the magnetic null point. The erosion zone is 
measured experimentally on the target and the magnetic null point is 
calculated based on the finite element simulations. The values obtained 
for each magnetic configuration are reported in Table 2. The peculiar 
configuration in balanced mode, using a single magnet, leads to a 
perfectly balanced configuration. In this case, the geometrical factor 
cannot be defined as no null point is present and the racetrack is 
perfectly centered, thus R = 0 mm. Two other configurations are pre
sented, 3–2-8 mm-SmCo and 3–2-8 mm-NdFeB, as they will be discussed 
in further sections. For now, however, the first two will remain the focus 
of this study. 

The tangential component of the magnet's magnetic field was 
measured using a gaussmeter, as reported in Fig. 6a) and b) for the 
balanced NdFeB and unbalanced 3-2-14 mm-SmCo configurations, 
respectively. The probe was placed at 22 mm from the magnets surface 
in order to minimize the measurement error. 

Overlaid with the experimental results in said figures are the data 
from the FEMM simulations for both configurations calculated using the 
magnetic properties communicated by the magnets' manufacturer. We 
notice that the experimental values are in good agreement with the 
predicted ones. With the finite element method being thus validated, the 
cathode surface total magnetic field profile was later estimated for both 
configurations, as reported in Fig. 6c). 

To complete the definition and characterization of the magnetic as
semblies, additional numerical plasma simulations were performed to 
evaluate if the ionization region can indeed be extended using the pro
posed unbalanced configuration 

Fig. 5. Magneto-static simulations for the two magnetic configurations used in this study: a) balanced magnet and b) unbalanced 3-2-14 mm-SmCo magnet. The 
black arrows indicate the magnetization direction. The red arrow indicates the path along which the cathode surface field profile was evaluated. 

Table 2 
Calculated unbalance coefficients for the different magnetic assemblies used in 
this study.  

Magnetic configuration K KG 

Balanced - NdFeB  1 N/A 
Unbalanced 3-2-14 mm-SmCo  2.32 0.9 
Unbalanced 3-2-8 mm-SmCo  1.98 0.88 
Unbalanced 3-2-8 mm-NdFeB  2.17 0.88  
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5.2. Plasma simulations 

Plasma simulations for each magnetic configuration, balanced and 
unbalanced 3-2-14 mm-SmCo, were performed. Electron density spatial 
distributions for each converged simulation are shown Fig. 7, in the 
symmetry plane for the a) balanced case and b) the unbalanced one. 
Electrons mean energy profiles, spatially resolved at the simulation cell 
scale, are also reported on Fig. 7c) and d) for the same configurations, 
respectively. 

The influence of the magnetic field configuration on the plasma 
distribution is clearly visible, since the balanced configuration (Fig. 7a)) 
is characterized by a single plasma ring located in the equatorial plane, 
with a maximum electron density close to the cathode and decaying 
toward the cavity surface. In the unbalanced 3-2-14 mm-SmCo config
uration (Fig. 7b)), two plasma rings are located on each side of the 
equatorial plane, with a directed plasma plume in the equatorial plane, 
following the magnetic flux lines of Fig. 4 b) toward the cavity surface. 

The energy distribution also shows that energetic electrons are capable 
of reaching the equator using the unbalanced 3-2-14 mm-SmCo 
configuration, whereas in the balanced configuration the few electrons 
that arrive at the cavity surface are of very low energy. Therefore the 
unbalanced 3-2-14 mm-SmCo configuration is expected to provide a 
more extended region of ionization. 

Niobium sputtering profiles, i.e. maps of the amount of sputtered 
atoms along the cathode surface, can be extracted from the plasma 
simulation. Such profiles are displayed in Fig. 8 after an azimuthal 
spatial averaging and a temporal averaging between 7 and 9 μs, corre
sponding to a stable plasma discharge in terms of voltage and current, 
and therefore a steady-state sputtering flux. The sputtering profile in the 
balanced magnetic case is clearly peaked in the equatorial plane, cor
responding to the electron density maximum close to the cathode, while 
the unbalanced case is characterized by two peaks on each side of the 
equator plane, corresponding to the two plasma rings displayed in Fig. 7. 
The apparent asymmetry between the two peaks in the unbalanced case 

Fig. 6. Simulated and measured tangential magnetic fields for a) balanced configuration and b) unbalanced 3-2-14 mm-SmCo configuration, at 22 mm from the 
magnets surface. c) Simulated total magnetic strength profiles for both configurations at the cathode surface. 

Fig. 7. Map of the electron density and electron energy in the symmetry plane for the balanced, a) and c), and unbalanced, b) and d), magnetic configurations at tsim 
= 9 μs. Colour maps are displayed on a logarithmic scale. 
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is not clearly explained although it could be due to a random distribution 
fluctuation of charged particle densities between the two plasma rings at 
the short scale of the time average. 

These sputtering profiles were used as inputs to the neutral transport 
simulation module, and the niobium deposition fluxes on the cavity 
surface were radially and time averaged between 30 and 50 ms to 
smoothen the results. The resulting thickness profiles projected on the 
cavity axis are presented in Fig. 9a) and compared with the experimental 
results. Two coatings in DCMS mode were performed using the two 
magnetic configurations. For direct comparison, all profiles are 
normalized to the thickness value obtained at the equatorial plane i.e., at 
0 mm. 

It clearly appears that the resulting film thickness profile is dictated 
by the distance of the cathode to the substrate as we observe peaked 
profile around the iris locations that are the closest to the cathode sur
face. This statement is supported by Fig. 9b), which represents the dis
tance between the cavity surface and the cathode surface central point as 
a function of position along the cavity axis. 

In spite of the different magnetic geometries, we notice that the 
coating profiles in balanced and unbalanced configurations are very 
similar. Indeed, in DCMS, the thin film thickness profile shape on the 
cavity surface is dominated by the transport of neutral sputtered 

niobium atoms through the krypton process gas phase. Even though the 
sputtering profiles at the cathode are significantly different between the 
balanced and unbalanced magnetic configurations, the number of 
racetracks does not seem to have any importance in the final film 
thickness distribution. It can be easily understood from a simple 
geometrical point of view, because the distances between the cavity 
surface and the cathode (displayed in Fig. 9b) are much larger than the 
distance separating the two racetrack rings in the unbalanced configu
ration (~30 mm, as seen in Fig. 8). In our low pressure regime where 
collisions in the gas phase are scarce, each racetrack contributes in an 
equivalent fashion to the total niobium flux arriving at the substrate in 
the unbalanced mode. The simulation correctly predicts the coating 
profiles starting from the two very different sputtering profiles. The 
slight differences that can be observed, especially concerning the peak 
around 70 mm, are attributed to the limit of accuracy by positioning the 
stripe within the cavity. Indeed, the sample stripe is only held in two 
points in the cut-offs and matches the cavity shape thanks to its elastic 
behaviour. We have seen that the stripe can be off from the surface by 
few millimetres. 

This demonstrates that tuning the coating profile of a thin film in 
DCMS requires much more drastic changes as, for example, the modi
fication of the cathode shape, which in our case is limited by the 
available aperture to introduce it into the cavity. For this reason, we 
investigated the application of a HiPIMS discharge in order to tune the 
coating profile on the substrate. The reference for comparison along the 
following part of this article will be the balanced DCMS coating result. 

6. Influence of magnetic configuration in HiPIMS Coatings 

6.1. Grounded substrate 

We first started by performing HiPIMS coatings without applying any 
bias on the substrate using the two different magnetic configurations, to 
establish whether a fundamental difference would arise with respect to 
the DCMS discharge. The voltage and current curves as well as the 
thickness profiles are presented in Fig. 10 and Fig. 11, respectively. 

The first noticeable point is the coating rate difference between the 
three configurations. As expected, the HiPIMS mode has a much lower 
coating rate due to an enhanced recapture rate of the metallic ions at the 
cathode surface, as explained in previous studies [20]. The use of an 
unbalanced 3-2-14 mm-SmCo source leads to a reduction of the coating 
rate with respect to the balanced configuration by a factor of 2.6 ± 0.9 in 
average. One can explain this by the fact that for a given power, the ion 
density close to the cathode surface is reduced due to the extended 
production toward the cavity's surface as shown in the simulation on 

Fig. 8. Niobium sputtering profiles predicted by the PICMC simulations for the 
balanced assembly (red circles) and the unbalanced 3-2-14 mm-SmCo assembly 
(black squares). 

Fig. 9. a) Normalized thickness profiles of Nb coatings performed on a low beta 704 MHz cavity in DCMS mode using balanced (red circles) and unbalanced (black 
squares) magnetic assemblies compared to the simulated profiles using the balanced (dashed red line) and unbalanced (solid black line) configuration. b) Distance 
from cavity surface to cathode surface central point (mm) plotted as a function of the cavity axis position. 
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Fig. 6, and thus, less ions are available to participate to the sputtering. 
This is clearly seen on current waveforms shown in Fig. 10 where we can 
notice that, for a given power, in the unbalanced configuration the peak 
current intensity is reduced with respect to the balanced configuration. 

Despite looking very similar, the coating profiles obtained in DCMS 
and HiPIMS with a balanced magnetic configuration and a grounded 
substrate exhibit a slight difference. As shown in Fig. 10 b) it appears 
that, for a given equatorial thickness, the peaks observed close to the iris 
of the cavity tend to decrease when using HiPIMS. It is even more 
obvious in the case of the unbalanced 3-2-14 mm-SmCo configuration. 
This suggests that the Nb ions flux at the equator is increased with 
respect to the one on the iris. The use of HiPIMS is thus already a way to 
reduce the thickness spread over the cavity inner surface with respect to 
the standard DCMS coating technique. 

Nevertheless, the use of either a balanced or an unbalanced magnetic 
configuration does not give any significant difference when the substrate 
is kept at the ground potential. This type of observation was already 
reported on simpler sample geometries by Bohlmark et al. [13]. In their 
study, however, they focused on the increase of the magnetic field 
thanks to the use of a supplementary coil. In our geometry, this option is 
not applicable. We thus hereafter focus on the interest and use of a 

biasing voltage onto the substrate surface. 

6.2. Biased substrate 

We first notice that the use of unbiased HiPIMS, regardless of the 
magnetic configuration, leads to poor film density when the sample 
surface is not parallel to the cathode surface. This is shown in Fig. 12 
using samples tilted with respect to the cathode. We clearly notice that a 
negative bias is the only lever available to densify the coated layer when 
dealing with complex geometries. It confirms that a dense layer can be 
obtained by applying a negative potential onto the substrate in order to 
properly attract the ions and induce a film growth which is not related to 
the tilt angle between the cathode and the substrate. We therefore 
explored the effect of the magnetic configuration when using biased 
substrates as this is a mandatory technique to use in order to elaborate 
dense and thus possibly Q-slope free films. 

The cavity was maintained at − 75 V throughout the entire coating 
process. This bias value was chosen to minimize the defect density in the 
Nb films and will be the subject of a further publication. The standard 
current and voltage temporal waveforms are shown in Fig. 13. We can 
notice that the bias current is higher for the unbalanced configuration 
which again confirms the enhanced ion flux at the cavity's surface with 
respect to the balanced configuration. The associated coating rate pro
files as well as the normalized thickness profiles are displayed in 
Fig. 14a) and b), respectively. The first thing we can notice looking at 
Fig. 14 a) is that the application of a negative bias increases the coating 
rate with respect to the grounded configuration. The use of a biased 
balanced magnetic configuration improves the overall coating rate with 
a homogeneous increase all over the cavity profile. In addition, the use 
of an unbalanced 3–2-14 mm-SmCo magnetic configuration leads to a 
strong enhancement in the coating rate around the equatorial plane. We 
thus confirm the observation made in the last section of an increased 
ionic flow at the cavity surface in the unbalanced regime. Here, the 
application of a bias enhances the effectiveness of the collection of these 
species at the cavity surface through the established cathodic sheath and 
provides an efficient method for controlling the coating profile on our 
substrate. 

Analysing Fig. 14 b) we can see how the film thickness is distributed 
along the cavity shape. It becomes obvious that the use of a balanced 
magnetic structure with or without biasing cannot help shaping the 
coating profile. Even though the absolute coating rate is increased by 
applying a bias, the thickness distribution remains similar to the 
grounded configuration. However, the use of an unbalanced magnetic 
configuration combined with the bias leads to a full redistribution of the 

Fig. 10. Time resolved voltage (black) and current (red) waveforms for a 
HiPIMS discharge obtained with a grounded substrate using the a) balanced 
magnetic configuration and b) unbalanced 3-2-14 mm-SmCo magnetic 
configuration. 

Fig. 11. Coating rates (a) and normalized thickness (b) profiles along the cavity axis for balanced DCMS (green triangles), balanced HiPIMS (black squares) and 
unbalanced HiPIMS (red circles) coatings. The normalization has been done with respect to the thickness measured at the equatorial position i.e., at 0 mm. 
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Nb layer onto the surface. The cavity can thus be coated with relatively 
thick layers without risking a peel-off due to a too important thickness 
spread. 

We have validated that the use of an unbalanced and biased 
configuration is the way to go toward denser and more homogeneous 
layers in complex shapes. Looking carefully at the magnetic assembly, 

two other parameters can be further fine-tuned: the alignment of the 
magnetic poles with respect to the anodes and the magnetic strength of 
the assembly. We will discuss these two points in the following sections. 

7. Magnetic pole location effect on the coating profile 

One strategy that can be applied to tune the various species' fluxes at 
the surface of the cavity in the unbalanced case consists of controlling 
the magnetic flux lines that intercept the cavity surface by displacing the 
magnetic poles with respect to the anodes. The goal of this section is to 
assess whether using a different unbalanced configuration may result in 
a change in both the coating rate and the coating homogeneity on the 
cavity surface. A possible modification is the length of the central iron 
pole, as shown in Fig. 15. A long central pole, 14 mm, will allow the 
electrons to escape from the magnetic trap (in green) only through a 
very narrow channel (in teal), as seen in Fig. 15a), whereas the use of a 
short pole, 8 mm, will grant these electrons much more path probability 
toward the cavity surface (Fig. 15b). This effect is due to a different 
placement of the magnetic poles with respect to the anodes. The long 
pole configuration therefore corresponds to the one mentioned in the 
previous sections, 3-2-14 mm-SmCo, while the short pole assembly is the 
unbalanced 3-2-8mm-SmCo previously characterized in Table 1. 

All the experiments with the new configuration were done in HiPIMS 
with a -75 V biased substrate. As reported in Fig. 16, we can first notice 
that the modification of the central iron pole length does not play an 
important role on the coating rates. However, a feature around the 
equatorial plane appears to change according to the pole length. Indeed, 
the use of an unbalanced source combined to a biased substrate leads to 
a small coating rate peak close to the equatorial position. As we reduce 
the pole length this peak spreads from about 15 mm wide, when using 

Fig. 12. Focused Ion Beam cross sections of Nb layers elaborated in balanced HiPIMS with a) 0 V, b) − 50 V and c) − 100 V bias on samples tilted at 450 with respect 
to the cathode surface. The scale bars represent 1um. The red arrows highlight the presence of porosities in the grounded substrate case. 

Fig. 13. Typical voltage and current waveforms for a biased HiPIMS discharge 
using a) a balanced magnetic configuration and b) an unbalanced 3-2-14 mm- 
SmCo magnetic configuration. The applied voltage bias is − 75 V in contin
uous regime. 

Fig. 14. a) Coating rate and b) relative thickness profiles obtained for HiPIMS coatings in balanced configuration with a grounded substrate (black squares), biased 
substrate (blue diamonds) and in the unbalanced 3-2-14 mm-SmCo biased configuration (magenta stars). 
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the 14 mm long pole, to 53 mm using the 8 mm long pole. As stated 
earlier, this can be explained by the spatial distribution of the field lines 
available for the electrons to escape from the magnetic trap. The lateral 
extension of the ionization region leads to the corresponding extension 
of the central coating peak. The control over the field lines distribution 
and their placement with respect to the anodes is thus of primary 
importance in order to tune on demand the coating profile on complex 
shapes. 

As a comment, we can also add that the position of the magnetic 
poles with respect to the anodes must be as accurate as possible. In our 
case this appears to be the weak point of the system design as the central 
peak is never exactly located at the centre of the cavity. We are now 
investigating the possibility to build a new coating device that could 
eliminate this concern of magnet placement. As the use of a small iron 
pole helps redistributing the coating over the cavity surface, it could be 
of interest to study if this redistribution could be further enhanced by 
modifying the actual magnetic strength at the cathode surface. 

8. Magnetic strength effect on the coating profile 

In order to study the effect of the magnetic strength in the coating, 
we used two unbalanced magnetic configurations detailed before in 
Tables 1, 3-2-8mm-SmCo and 3-2-8mm-NdFeB, using two types of 

permanent magnets and a central iron pole of 8 mm. The calculated 
magnetic strengths at the cathode surface are shown in Fig. 17. As 
shown, the NdFeB magnets provide a higher magnetic strength to the 
respective assembly. The coatings were done in a similar fashion as in 
the previous section applying a − 75 V bias to the substrate. 

The as-deposited coating rates and thickness distribution profiles are 
reported in Fig. 18a) and b), respectively. The increase of the cathode 
surface magnetic field leads to a significant decrease in the coating rate 
by up to a factor of 2, as observed in previous studies [21] [22]. The 
overall coating distribution also appears to be smoothed as shown in 
Fig. 18b). The spike observed when using the NdFeB magnets, around 
50 mm away from the cathode centre, is attributed to a slight 
misplacement of the magnetic assembly with respect to the cathode 
centre as discussed earlier. 

9. Conclusion 

We have observed that DCMS and HiPIMS coating techniques do not 
lead to fundamental differences in the coating profiles beyond the ab
solute coating rate, which is higher in DCMS, explained mainly by the 
recapture of metallic ions at the cathode surface. The use of an unbal
anced magnetic configuration leads to a slight modification of the 
coating distribution in grounded HiPIMS with a reduction of the 

Fig. 15. Magneto-static simulations for the two versions of the unbalanced magnetic configurations with a) 14 mm and b) 8 mm central iron pole. The green area 
depicts the magnetic trap and the teal area the available escape paths for the electrons. 

Fig. 16. Coating rates obtained with unbalanced magnetic configurations using 
either a 14 mm (magenta squares) or an 8 mm (black squares) central iron pole. 

Fig. 17. Simulated magnetic field profiles at the cathode surface for unbal
anced 3-2-8mm magnets using either SmCo (black line) or NdFeB (red dots) 
magnets.interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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thickness spread over the cavity profile. The use of a negative bias on the 
cavity combined with an unbalanced magnetic source changes the layer 
thickness distribution by enhancing the capture of metallic ions at the 
sample surface through the established cathodic sheath. We have finally 
investigated the effect of the field lines spatial distribution that appears 
to be a driving factor for the spatial distribution of the discharge elec
trons and thus the shape of the ionization region. At last we improved 
even further the coating homogeneity by increasing the cathode surface 
magnetic field at the expense of a reduced coating rate. 

In this paper we have thus demonstrated the possibility to:  

1. Build magnetic assemblies that provide unbalanced characteristics to 
a cylindrical sputtering source.  

2. Predict the shape of the ionization zone using a PICMC simulation 
code.  

3. Tune the coating profile of an Nb layer deposited onto the internal 
surface of a complex shape using an unbalanced HiPIMS sputtering 
source combined with the application of a negative voltage onto the 
substrate to coat. 

The use of such cylindrical unbalanced configuration is promising 
first in order to coat complex shapes objects and avoid peel-off that 
could arise from excessive coating thickness. A second interesting field 
of application would be the development of superconducting-insulating- 
superconducting (S-I-S) multilayer thin films for the use in SRF cavities 
as suggested by Gurevich [23] and Kubo [24]. A fundamental require
ment of this technique is to control the films thickness ratio and thus to 
master the coating profile distribution in the cavities with the aim of 
reaching a profile as homogeneous as possible. Our study shows that a 
carefully designed magnetic stack has the capability of providing such 
homogeneity and would be a suitable solution to elaborate S-I-S thin 
films in an actual SRF resonator. 
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