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Abstract

SREF cavities are commonly coated with superconducting
materials (e.g., niobium) using magnetron sputtering. In this
process, various power supplies are employed such as DC,
pulsed DC or HiPIMS. The sputtered ions are ejected from
the target to the cavity or sample surface with an energy
dependent on the power conditions and pressure range. In
this study, we investigated the efficiency of such deposition
by tracking the mass and energy of the main ions produced
(e.g., Kr*, Kr?*, Nb*, Nb?*) using mass spectroscopy. We
report the optimal conditions suitable to enhance both ions
energy and film growth by comparing to power supplies (DC
and HiPIMS), for different pressure conditions ranging from
103 mbar to 10"! mbar. To support the gas phase analysis,
niobium films were produced on copper substrate and the
film structured was analysed by SEM.

INTRODUCTION

Bulk niobium (Nb) cavity has been the material of choice
for superconducting RF (SRF) applications. This comes
primarily to its high critical temperature (T, = 9.2 K) and
critical magnetic field (H o) compared to other pure metals.
Over the years, RF performance of bulk Nb cavities has im-
proved and is approaching the intrinsic limit of the material
(He ~ 200 mT) [1]. To further improve the RF performance
of the cavity, two routes can be explored such as the replace-
ment of bulk Nb into Nb thin films on copper substrate,
leading to consequent cost reduction in cryomodule produc-
tion. Alternatively, other materials can be investigated (NbN,
NTiN, NbsN, etc.), known to possess a higher T, and H,
than Nb, which could potentially reduce operational costs
by working at temperature higher than 4.2 K [2].

When looking at SRF properties, most of phenomenon
are surfacing and confined within few micrometers of the
material thickness [3]. Similar to bulk Nb, most properties
of the thin film are inherently linked with the deposition
process. Most Nb/Cu cavities have been produced using DC
sputtering technique like DC magnetron sputtering (DCMS)
or diode sputtering [4, 5]. In these process, the deposited
species are mainly metal neutrals originated from the target
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material. The flux of ionic species is mainly dominated by
inert gas ions (i.e., Ar* or Kr*), with only a small fraction of
sputtered ions arriving at the substrate surface [6]. Thus, the
deposition rate is dictated by the flux of neutral sputtered
atoms. The ion-assisted growth process can be changed
when transitioning to High Power Impulse Magnetron Sput-
tering (HiPIMS); where the sputtered species composition is
dominated by metal ions (high bombarding energies) rather
than metal neutrals (low bombarding energies). Compared
to DCMS, the bombarding energy of the deposited species
can be controlled and guided with a reduction in gas incor-
poration within the thin film [7]. Thus, improving the final
properties and characteristic of the thin films.

In this work, DCMS and HiPIMS process were inves-
tigated for the production of Nb thin films. To highlight
the effect of the pressure conditions, analysis of the plasma
phase were achieved by mass spectrometry at different pres-
sure ranging from 107 to 10"! mbar. Ton energy distribution
function (IEDF) for the main ions are plotted and compared.
Lastly, Nb thin films were grown on Cu substrate and ana-
lyzed by SEM.

EXPERIMENTAL PROCEDURE

The experiments were carried out in a ultra high vacuum
system in which a magnetically balanced magnetron was
mounted. The base pressure of the system was 1x1078
mbar. A Nb rod was used as sputtering material (45 cm long,
4.4 cm diameter, 99.999% purity) inserted over a copper
tube containing a set of magnets forming a total length of
9.5 cm.

Figure 1: Picture of the discharge achieved in the chamber.
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The sputtering was achieved using Kr (BOC, 99.999% pu-
rity) introduced using a variable leak valve allowing working
pressure ranging from 107 up to 10! mbar. The cathode
was connected to either a classic DC power supply (Pinna-
cle Plus, Advance Energy) or a pulsing unit (HiPSTER 1,
Tonautics AB) fed by a DC power supply delivering a neg-
ative potential. The unit was controlled by computer at a
frequency of 1000 Hz with negative pulses of 100 us (duty
cycle of 10%). Figure 1 shows picture of the discharge.

In-situ mass- and energy-dependent analyses of the posi-
tive ions was carried using a Hiden Analytical mass spec-
trometer (EQP-9 system, Hiden Analytical) allowing the
measurements of ion energies up to 100 eV. The spectrome-
ter was placed facing the discharge at a distance of 8.5 cm.
In a second time, Cu samples were coated for a period of 4
hours by either DCMS or HiPIMS. Prior deposition, the sub-
strates were cleaned in an ultrasonic baths of acetone, then
isopropanol, and rinsed with deionized water. The samples
were loaded and the whole system was baked at 140 °C over
48 hours. The resulting films were observed by SEM.

RESULTS AND DISCUSSIONS

Figure 2 reports the mass scan of the positive ions obtained
in both DCMS and HiPIMS for an identical input of power of
300 W. From the top figure, DCMS is significantly shadowed
by the HiPIMS process with higher ion intensities up to
10° ¢/s for both Kr* and Nb*, whereas DCMS reaches up
to 10° c/s for Nb* and few hundreds for Kr*. Aside from
the single charge ions of Nb and Kr, double charged (resp.
46 and 42 amu) and triple charged (resp. 31 and 28 amu)
ions can also be found in HiPIMS whereas only Nb** and
Kr?* were observed in DCMS.

107
DCMS Kr* Nb*
108 HiPIMS ~.
10° Nb2* ,
B 1oe- K ’
> N / |
§104— Nb® t
Z | NbO*
1084 K~ ﬁ ’
\ |
10 I |l

10 20 30 40 50 60 70 80 90 100110120
Mass [amu]

Figure 2: Mass scan obtained for the positive ions produced
by either DCMS or HiPIMS at 10~ mbar.

Additionally, a peak at 109 amu was observed in the HiP-
IMS scenario corresponding to NbO, due by the recom-
bination between Nb and oxygen from the residual water
molecule present in the chamber. Due to a high current peak
from the HiPIMS process (= 13 A) and inefficient baking
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of the chamber, the residual water could participate in the
overall chemistry. Measures were taken to minimise this
effect by performing an residual gas analysis and tracking
water molecule prior deposition on Cu substrates.
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Figure 3: Mass scan obtained for the positive ions produced
by either DCMS or HiPIMS at 10~! mbar.

A higher deposition pressure result in a decrease of the
overall peak intensity at the exception of Nb* and Kr* for
the HiPIMS scenario as reported in Fig. 3.

Figure 4 reports the IEDF of Nb* in both process. The
trends reported here are commonly found in literature [8,
9]. At 1073 mbar, both ion peak energy and intensity are
favored in HiPIMS. Similar peak energy is observed (~ 5 eV),
however in the HiPIMS scenario the ions energy possess a
tail with energy up to 100 eV. In DCMS, the maximum peak
energy is followed by a fast decay of the signal intensity with
a maximum of 55-60 eV for less than 100 c/s.
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Figure 4: IEDF of Nb* for DCMS and HiPIMS at 1073,

Increasing the pressure lead to an increase of collisions
within the vicinity of the target between Kr gas and ions sput-
tered from the target. Thus, leading to a drastic modification
of the ions kinetic energy as shown in Fig. 5.
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Figure 5: IEDF of Nb* for DCMS and HiPIMS at 107!,

At 107! mbar, the IEDF of Nb* for both HiPIMS and
DCMS follows a similar trend with a higher maximum peak
energy in DCMS (4 eV in DCMS vs 2.5 eV in HiPIMS).
Although, the origin of the high-energy tails remain com-
plex and under active investigation. Some studies reported
that this trend could be associated to ion acceleration in
plasma instabilities or related to spokes in electric potential
structures [10, 11].

Figure 6 reports the surface analysis obtained from two
samples deposited by DCMS and HiPIMS at identical pres-
sure/power conditions.
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Figure 6: Surface analysis of Nb thin film deposited on
Cu substrate at 1073 mbar and 300W: DCMS on top and
HiPIMS at the bottom.
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Comparatively, the film deposited by HiPIMS present a
denser structure associated by a denser plasma with higher
ionisation degree. The flux of ionic species at the substrate
shifts from being dominated by gas ions (i.e., Kr) to metal
ions, leading to a denser film with higher hardness and uni-
formity.

CONCLUSION

In this work, DCMS and HiPIMS were investigated for
the production of Nb thin films on Cu substrate. From the
mass scan of the positive ions, it was found that generating
a plasma a lower pressure favoured the production of single
and double charged positive ions, with higher ions energy
due to a higher mean free path. Following the initial results
from the plasma phase, production of Nb thin films at 1073
mbar was achived and analysed showing a denser film in
HiPIMS compared to DCMS. This work highlight the im-
portance of characterising the plasma phase prior deposition
to optimise the deposition parameters, similar preparation
could be applied for the deposition of Nb thin film cavities.

FUTURE WORK

Characterization of the plasma phase plays a paramount
role in understanding the behaviour of the ions formed in
sputtering process. Combination of various diagnostic tech-
niques such as optical emission spectroscopy and mass spec-
trometry could provide a better view of the ion/neutral ratio;
IV plasma properties could be compared using a retarding
field analyser or Langmuir probe could provide. These tech-
niques are currently investigated and extended to the study
of other materials at Daresbury Laboratories.
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