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Abstract
Most superconducting thin films found on SRF cavity are

generally produced through magnetron sputtering using nio-
bium (Nb) as target. Yet, this technique can still be improved
as the resulting film lack in efficiency. Alternative materials
such as NbTiN could potentially be used with significant
improvement compared to pure Nb films. Here, we report
the use of both high-power impulse magnetron (HiPIMS)
and bipolar HiPIMS to produce superconducting thin films,
with a particular attention on the optimal conditions to en-
hance the film growth highly dependent on the pressure and
power conditions. We used both mass spectroscopy and
optical emission spectroscopy to analyze the plasma chem-
istry providing information on the mass/energy of the ions
formed.

INTRODUCTION
Superconducting RF (SRF) cavities are mainly done using

bulk niobium (Nb) as material due to its critical tempera-
ture (Tc = 9.2 K) and critical magnetic field (H c) [1]. Even
though Nb appears to be the material of choice compared
to other pure metals, the community investigates other al-
ternatives to reduce both production and operational costs.
As most superconducting phenomenon are mainly restrain
within few micrometers of the material, research is focus-
ing on the production and improvement of superconducting
material thin films on copper substrate [2],[3]. Niobium ti-
tanium nitride (NbTiN) appears to be a promising candidate
for this purpose with its high critical temperature (Tc = 17
K) and relatively low residual surface resistance [4].

Thin films are usually produced using physical vapour de-
position such as DC magnetron sputtering (DCMS) [5] or arc
evaporation [6]. High Power Impulse Magnetron Sputtering
(HiPIMS) is another technique which has gathered more and
more interest over the last decades for its potential to improve
the quality of the thin films compared to DCMS [7]. HiP-
IMS allows to reach very high dense plasmas with high level
of ionized species exhibiting high ion energy distribution
functions (IEDF) compared to those observed in DCMS [8].
To further control the growth process, a secondary positive
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pulse could be applied after the initial negative pulse known
as bipolar HiPIMS. This technique can enhance the film
properties due to the energetic bombardement of ions also,
depending on the magnitude of the reversed potential (Urev)
adhesion, density and microstructures of the deposited film
can be tailored [9]. Lastly, it was reported that this process
could promote the deposition rate arguing that the return
effect observed in HiPIMS is reduced due to the application
of the positive pulse [10].

In this work, HiPIMS and bipolar HiPIMS were inves-
tigated for the production of Nb and NbTiN thin films. In
order to investigate the plasma phase, both mass- and energy-
scans were recorded.

EXPERIMENTAL PROCEDURE
The experiment were carried in a ultra high vacuum

(UHV) system with a cylindrical magnetically balanced mag-
netron, with a base pressure of 1×10−8 mbar. For the analy-
sis of Nb, the magnetron consisted of a cylindrical Nb rod
(99.999% purity) used as sputtering material. The chamber
was filled with a 20 sccm Kr flow rate (BOC, 99.999% pu-
rity) reaching a working pressure of 1×10−2 mbar. Figure 1
illustrate the discharge obtained in such conditions.

Figure 1: Picture of the discharge achieved in the chamber.

For the analysis of NbTiN, the Nb cylinder was covered
by a titanium wire (1 mm diameter, 99.98% purity). The
working gas was premixed (20 sccm of Kr and 2 sccm of
N2 (BOC, 99.997% purity) before introduction in the cham-
ber. The pressure of the chamber was maintained at 1x10−2

mbar using a diaphragm valve at the inlet of the turbo pump.
The cathode was connected to a pulsing unit (HiPSTER 1,
Ionautics AB) fed by two DC power supply. The first power
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supply delivers a negative potential initiating classical HiP-
IMS pulses where the second one delivers a reverse positive
potential U𝑟𝑒𝑣 varied from 0 to 50 V. The pulsing unit con-
trolled by computer at a frequency of 1000 Hz with negative
pulses of 100 µs (duty cycle of 10%), followed by a 200 µs
positive pulse (delay of 1.5 µs).

In-situ mass- and energy-dependent analyses of the pos-
itive ions were carried using a mass spectrometer (EQP-9
system, Hiden Analytical) allowing the measurements of ion
energies up to 100 eV. The spectrometer was placed facing
the discharge at a distance of 9 cm.

RESULTS AND DISCUSSIONS
Figure 2 reports the mass scan obtained for the positive

ions in HiPIMS where Nb was used as sputtering materials.
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Figure 2: Mass scan for the positive ions obtained using
HiPIMS and with a Nb target.

From the figure, we observed the main peaks for the single
charged ions of Nb (93 amu) and Kr (78, 80, 82, 84 and 86
amu). Additionally, the second charges ions of Nb and Kr
are also observed at respectively 46 and 42 amu, with Kr2+

having a slightly higher intensity possibly due by the return
of Nb ions to the target ionising Kr atoms in the vicinity.
Finally, two other ions are also detected at respectively 28
and 31 amu. These two ions could be the triple charged ions
of Kr and Nb (respectively), witht the possibility of 28 amu
being shared with CO+. A peak at 109 amu is also observed
which could be linked to the recombination between Nb
ions and free oxygen produced by the dissociation of water
molecules.

Figure 3 reports the mass scan of the positive ions for
a NbTi target in HiPIMS using a mixture of nitrogen and
krypton as working gas. Due to gas mixture, nitrogen ions
are observed at m/z = 28 and 14 amu. Similarly to Fig. 2, Nb
and Kr positive ions are observed at m/z = 93 amu for Nb+

and m/z = 78, 80, 82, 84, and 86 amu for Kr+; the double
charged are also observed at respectively m/z = 46 and 42
amu. Regarding the triple charged ions of Nb and Kr, they
seemed to be drastically reduced by the addition of nitrogen
as no peak was find at m/z = 31 amu for Nb+3. Titanium ions

are found at m/z = 46, 47, 49, 50 amu, with the dominant
peak found at m/z = 48 amu. This peak is also confirmed
by the presence of a peak at m/z = 24 amu corresponding
to Ti2+. Lastly, two other peaks are also observed at m/z =
62 amu and m/z = 107 amu. These peaks correspond to the
recombination between metal ions and nitrogen ions, with
the former being TiN+ and the latest NbN+.
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Figure 3: Mass scan of the positive ions obtained using
HiPIMS with a Nb/Ti target.

The flow rate of nitrogen was varied from 0 to 2 sccm,
this increase has directly an impact of the metal ions
intensity (i.e., Nb and Ti) as well as the peak intensity of Kr.
However, the increase benefit the peak at 62 amu (TiN) and
107 amu (NbN+). This could be explained by the fact that
the nitrogen ions are getting ionised and more available to
recombined with the sputtered materials.

When looking at the bipolar HiPIMS scenario, the mass
scan remain unchanged meaning their is no other forma-
tion/recombination occurring. Figure 4 reports the IEDF of
the ions Nb+ (a), Ti+ (b), Kr+ (c), N2

+ and N+ (d). Starting
with Fig. 4 (a), the continuous line correspond of a classic
HiPIMS scenario. The peak energy reaches a maximum at
around 3 eV followed by a high-energy tail. Similar trend
were reported in [11] and [12]. The next curve corresponds
to the use of bipolar HiPIMS with U𝑟𝑒𝑣 set at either 25 V.
In this situation, a new peak appears at an energy slightly
above 𝑒𝑈𝑟𝑒𝑣 , the peak is then followed by a high-energy tail
similar to what was observed in classic HiPIMS. Similar
observation can be done with Ti+ reported in Fig. 4 (b). For
both ions, the ion intensity of the first peak falls and does
not seem to be affected by U𝑟𝑒𝑣 .

Regarding the Kr ions (Fig. 4, (c)), these follow a similar
pattern as Nb and Ti positive ions. Yet, they present a more
pronounced fall after the second maximum peak. From the
figure and similar work reported in [13], the differences
between Nb and Kr could be explained by the spatial of
the ions distribution during the HiPIMS discharge. During
the HiPIMS discharge, Nb atoms are sputtered from the
target and ionized in its vicinity with a large fraction being
attracted back to the target. These ions are then influenced
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Figure 4: IEDF of Nb+ (a), Ti+ (b), Kr+ (c), N2
+ and N+ (d) obtained for HiPIMS and bipolar HiPIMS at 1×10−2 mbar.

by the reverse potential and gained the same energy per unit
charge. The Kr ions however are found outside the magnetic
trap and gained only a portion of the acceleration.

IEDF of nitrogen ions show similar trend as reported from
the Kr positive ions. However, the fall observed in the Kr+4
case does not happen for the N2

+ and N+. As nitrogen is part
of the gas mixture and participate in the deposition on the
substrate, its likely that they have similar behaviour as Nb
and Ti positive ions. As reported in [13], the behaviour of the
ions will depend on their location at the end of the negative
pulse; furthermore, an increase of U𝑟𝑒𝑣 or modification of
the positive pulse width will also have an impact on the ion
energies. These properties of the bipolar HiPIMS appear
to be promising to promote film adhesion and growth onto
substrate.

CONCLUSION

In this work, both classic and bipolar HiPIMS were in-
vestigated for the for the production of Nb and NbTiN thin
films. From the mass scan we can observe the ions of in-
terest and how the addition of nitrogen can influence their
formation, the mass scan also helps in preparing the IEDF
analysis. From the IEDF, the use of bipolar HiPIMS has
a positive impact on the energy intensity of the sputtered
ions and could help in improving their production. This can

explain the improvement observed for in enhancing thin film
growth compared to other techniques such as DCMS.

FUTURE WORK
Several apects of bipolar HiPIMS are still unsolved and

need further investigation. The combination of different
plasma diagnostics could help in resolving these such as
the use of retarding field analyser and/or Langmuir probe,
by comparing the results obtained using mass spectrometry.
Finally, the production of NbTiN films is currently investi-
gated and analysed using SEM, SIMS and XPS. This will
help to link the gas phase process to the film surfacique struc-
ture. These topics are currently investigated at Daresbury
Laboratories and the University of Liverpool.
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