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Abstract

As part of efforts to improve the performance of SRF
cavities, the use of alternative structures, such as supercon-
ductor-insulator-superconductor (SIS) film coatings have
been extensively investigated. Initial efforts using DC
magnetron sputtering (MS) deposited NbN films showed
the efficacy of this approach. The use of energetic conden-
sation methods, such as high power impulse magnetron
sputtering (HiPIMS), have already improved the perfor-
mance of Nb thin films for SRF cavities and have already
been used for nitride film coatings in the tool industry.

In this contribution, the results from the deposition of
HiPIMS NbN thin films onto oxygen free high conductiv-
ity (OFHC) Cu substrates are presented. The effects of the
different deposition parameters on the deposited films were
elucidated through various characterisation methods, re-
sulting in an optimum coating procedure. This allowed for
further comparison between the HiPIMS NbN films and
the previously presented DC MS NbN films. The results
indicate the improvements offered by HiPIMS deposition,
most notably, the significant increase in the entry field, and
its applicability to the deposition of SIS films on Cu.

INTRODUCTION

Bulk Nb cavities are reaching their theoretical limits of
operation. As such, new approaches are required in order
to enhance the performance of future SRF cavities. One of
the approaches currently being investigated is the use of
superconductor-insulator-superconductor (SIS) film struc-
tures, as first proposed by A. Gurevich [1]. Initial trials of
this approach have indicated its potential for enhancing the
penetration field above the H.; of Nb [2].

With its high 7¢ and high H., NbN stands as one of the
prime candidates for use in SIS structures, even though its
H., is lower than Nb [3]. One of the issues facing NbN
however, is ensuring the formation of the high 7. (17.3 K
[4]), 6-NbN phase. This was successfully accomplished
during previous DC magnetron sputtering (MS) studies,
however, the resultant film possessed a relatively low film
density, resulting in decreased penetration fields compared
to the theoretical value and penetration of oxygen between
the NbN grains [5]. In light of this, and given the improve-
ments offered by the use of high power impulse magnetron
sputtering (HiPIMS), a series of investigations looking at
the potential to deposit denser NbN films using HiPIMS
were completed. The foremost aim of the investigations
was to improve the field of first flux penetration (Hen) of
the NbN films, to better serve as a shielding layer in the
deposition of SIS film coatings.
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The effects of the deposition parameters on the film
growth, phase formation and superconducting properties
were investigated in order to realise an optimum parameter
set for high performance films. The results of these inves-
tigations are detailed in this contribution.

EXPERIMENTAL

A series of NbN thin films were deposited onto elec-
tropolished OFHC Cu substrates and Si witness samples
with HiPIMS, using a 100.0 x 88.0 mm Nb (RRR 300) tar-
get in a commercial, high-volume, fully automated coating
tool (CemeCon CCS800). The HiPIMS parameters were
kept constant at 1000 Hz and 120 ps for all coatings, in
conjunction with a constant DC substrate bias and a sub-
strate temperature of 180°C. A gas mixture of Ar
(99.999 Vol-%) and N; (99.999 Vol-%) was used for all
coatings, with the No/Ar gas ratio maintained by flow rate
control.

Prior to deposition, the system was baked at 650°C for 6
hours, to assist in removing any built up adsorbents, and
thereafter evacuated to a base pressure of 6 x 10”7 mbar.
The system was then backfilled with Ar to a pressure of
1.5 x 10 mbar for target plasma cleaning and MF etching
of the substrates.

The films were deposited with a range of different dep-
osition parameters in order to identify those that most sig-
nificantly influence the NbN phase formation and subse-
quent superconducting performance. Based on previous
experience [5], this included the cathode power, the N,
content in the gas and the deposition pressure. With the in-
creased ionisation ratio of the sputtered material and the
resultant densification of the deposited films offered by
HiPIMS, a range of substrate bias values was also included.
The high and low limits of the varied parameters are de-
tailed in Table 1.

Table 1: Set Point Ranges for the Varied Deposition
Parameters Used for the NbN Film Coatings

Parameter Cathode Deposition Substrate N, Content
Boundary Power Pressure Bias (%)
W) (mbar) V)
High 600 2.4x102 100 22
Low 300 1.2x10 0 5

Following the deposition of the films, the samples were
analysed with a number of characterisation methods, in-
cluding: AFM, CLSM, EDX, SEM, XRD and VSM mag-
netisation measurements. Specific results of interest are de-
tailed here.
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RESULTS AND DISCUSSION

The results detailed here pertain to the NbN films depos-
ited onto the Cu substrates, except for the cross section
SEM images, which were obtained for the NbN films de-
posited onto the Si witness samples. The average thickness
of the NbN films fell within 1.28 +0.12 pm, with the
changing deposition conditions leading to deposition rates
ranging from 14.62 to 53.63 nm/min, mostly affected by
the N»% and the cathode power.

MORPHOLOGICAL AND
TOPOGRAPHICAL ANALYSIS

Similar to the previously deposited DC MS films, de-
tailed in [5], a low deposition pressure results in a dense
film microstructure, albeit significantly more columnar in
nature than the DC MS films. The films are topped with a
smooth, rounded grain peak. This is found regardless of the
cathode power or N %. At low deposition pressures, films
become increasingly nanocrystalline with increasing cath-
ode power, due to the increased nucleation density [6]. An
increase in the deposition pressure results in a slight reduc-
tion in the film density, though still largely superior to high
pressure DC MS NbN films, and an increase in the colum-
nar nature of the films, coupled to the growth of more fac-
eted features on the film surface.

Changes in the substrate bias led to the most significant
changes in the film microstructure, as presented for films
deposited at 400 W and 2.2 x 102 mbar in Fig. 1. At 0V
substrate bias (a), the films display a disjointed columnar
structure, topped by faceted peaks, similar to previous DC
MS films. Increasing the substrate bias to 100 V (b) led to
an increased density of the deposited film, a shift to a more
nanocrystalline growth as well as rounding of the grain
peaks on the film surface.

A similar behaviour is observed with an increase in the
N> %, as shown in Fig. 2, where the density of the depos-
ited films increases with increasing N, %. This is detailed
for a change from 5 to 22% N in Fig. 2 () and (b) respec-
tively. Note that Fig. 2 (a) and (b) were deposited with 50 V
substrate bias, with (b) being representative of a typical in-
termediate substrate bias film. Furthermore, the surface
features of the films transition from faceted peaks at low
N> % to rounded features at higher N> %. This transition is
delayed at lower cathode power levels, which show faceted
features to a higher N %.

Based on these observations, and the AFM results not
detailed here, the surface roughness of the films are found
to decrease with: increasing N»%, increasing substrate bias,
increasing cathode power and decreasing deposition pres-
sure.
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(a)

Figure 1: SEM images of samples deposited with 400 W
cathode power and 2.2 x 102 mbar deposition pressure
with different substrate bias. (a) and (b) display the films
deposited with 0 and 100 V substrate bias respectively.

Figure 2: SEM images of samples deposited with 400 W
cathode power and 2.2 x 102 mbar deposition pressure
with different N> %. (a) and (b) display the films deposited
with 5 % and 22 % N, respectively.
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CRYSTALLOGRAPHIC ANALYSIS

Similar to DC MS NbN films, the formation of the
sought after 5-NbN phase in HiPIMS-deposited NbN films
is heavily reliant on the deposition pressure. Regardless of
the cathode power or N> % used, an increase in the deposi-
tion pressure led to a transition from a hexagonal NbsNg
preferred film to a cubic 6-NbN preferred film. This was
generally found at pressures > 2.0 x 102 mbar. Further-
more, the transition to a cubic 6-NbN film also led to a de-
crease of the FWHM of the peak of highest relative inten-
sity, indicating an increase in the crystallite size with in-
creasing deposition pressure. Finally, for all values of N> %
and cathode power, the out-of-plane lattice parameter de-
creases with increasing deposition pressure.

Figure 3 displays the XRD patterns of samples deposited
at 300 W cathode power, 8% Ny, 2.2 x 102 mbar and dif-
ferent substrate bias values. The emergence of a secondary
peak at ~34.5°, representative of the hexagonal NbsNg
phase, is first apparent as a shoulder at a substrate bias level
of 50 V. With a further increase in the substrate bias, the
hexagonal phase becomes the dominant NbN phase in the
film, with the 3-NbN phase disappearing completely at
100 V. The disappearance of the 5-NbN phase was appar-
ent at higher substrate bias values regardless of changes to
further deposition parameters.
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Figure 3: XRD patterns of samples deposited at 8 % Na,

300 W cathode power, 2.2 x 10 mbar and different sub-

strate bias values. The spectra are plotted in log scale.

A continuously increasing lattice parameter value was
observed for increasing substrate bias levels, indicative of
an increasing stress state within the film. This reaches a
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maximum of 4.4229 A at 75 V, a value greater than the ref-
erence values for bulk 6-NbN [7]. Thus, as indicated by the
XRD phase analysis, substrate bias values > 75 V result in
a complete change in the preferred NbN phase.

The XRD spectra for samples deposited with increasing
N> % at 2.2 x 102 mbar and 300 W as well as 400 W cath-
ode power are displayed in Fig. 4 (a) and (b) respectively.
Both series of samples display a gradual transition from a
preferred 6-NbN (111) orientation to a preferred 6-
NbN (200) orientation with increasing N> %. As show-
cased in (b), this is more pronounced for the samples de-
posited at 400 W. This transition is opposite to that which
was observed for the DC MS NbDN films. However, they
were deposited at a low deposition pressure.

5 (200)
Cu (111)
NbeN,
5 (111)
5 (200)
Cu (111)

3 (111)

@ (b)

Intensity (a.u.)
2 f 8
Intensity (a.u.)

©= Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

T T T T T T
46 3 34 36 38 40 42 44 46
Angle (20)

Angle (20)
Figure 4: XRD patterns of samples deposited at different
N2 % values. The samples were deposited at a constant
deposition pressure of 2.2 x 102 mbar and cathode powers
of (a) 300 W and (b) 400 W. The spectra are plotted in log
scale.

Samples deposited at 300 W do not display evidence of
the hexagonal phase above 10 % N>, whereas this peak is
still visible until 22 % N, for the samples deposited at
400 W. The increase in the proportion of cubic 3-NbN, at
the expense of the hexagonal phase in the NbN films with
increasing N %, is similar to the results obtained for CrN
films deposited with HiPIMS [8].

Based on analysis of the XRD data, it is clear that films
coated at 300 W consistently display lattice parameters
lower than those deposited at 400 W, with all other param-
eters equal, though all are within the bounds described for
0-NDbN. A specific minimum in the lattice parameter values
is found in the region of 10 to 15 % N> depending on the
cathode power.

On further inspection, films deposited at lower cathode
power display smaller lattice parameters for all deposition
pressures, likely due to the lower film stress levels because
of their more disjointed microstructure, as observed in the
SEM results. An increase in the N, % also results in a slight
decrease in the lattice parameter. These results indicate a
pronounced reliance on the proportion of -NbN within the
film, with respect to its lattice parameter.
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SUPERCONDUCTING ANALYSIS

The superconducting performance of NbN is very de-
pendent on the formation of the correct stoichiometric
phase, which is typically characterised by a specific lattice
parameter value. For the sought after 5-NbN phase, this
value theoretically lies between 4.38 —4.42 A [7]. The
measured transition temperatures of a range of HiPIMS
NbN samples, each with separately varied deposition pa-
rameters, are related to their respective out-of-plane lattice
parameter values in Fig. 5. The maximum 7. = 16.5 K for
these HiPIMS NbN films was achieved for a lattice param-
eter of ~4.396 A, which is similar to that of the corre-
sponding highest 7. DC MS NbN film [5]. The observed
increasing trend of 7¢ vs. lattice parameter, up until
~4.40 A, is consistent with previous work [9] .
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Figure 5: Plot detailing the HiPIMS NbN transition tem-
perature as a function of the out-of-plane lattice parameter.
The legend shows the constant deposition parameters
while the specific variable parameter indicated by a “V”.

The T, as well as the He,, for a selection of NbN films
deposited at 300 and 400 W with lower N, %, as a function
of the deposition pressure, are detailed in Figure 6 (a). The
HiPIMS NbN films show an increase in the 7 and H., val-
ues with increasing deposition pressure. This correlates
well with the transition to a more 6-NbN dominated film
and is similar to DC MS NbN trends. Specific maximums
in both 7. and He, (16.5 K and 28.0 mT respectively) are
observed at a deposition pressure of 2.2 x 102 mbar. This
high H., is more than double that achieved previously by
DC MS, with other samples showing results of similar val-
ues.

Samples deposited with a large substrate bias value
(> 75 V), showed a significant reduction in superconduct-
ing performance. At 75 V, the T was similar to that of bulk
Nb (9.2 K), while at 100 V, no superconducting transition
was observed down to 4.0 K. This was found even for sam-
ples deposited with 300 W cathode power, which typically
results in the preferential formation of the 3-NbN phase.
This correlates well with the phase transition detailed by
the XRD data in Fig. 3.

The evolution of the 7 as well as the H., of the HIPIMS
NbN samples, in relation to changing N> %, is shown in
Fig. 6 (b). Samples deposited at 400 W show a continuous
decrease in T with increasing N, %. This correlates well
with the gradual change in preferred orientation of the
films, from 6-NbN (111) to 3-NbN (200), shown in Fig. 4
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(b) and is similar to what has been observed for DC MS-
deposited NbN films [5,10]. On the other hand, samples
deposited at 300 W show an initial decrease in 7., where
after it remains relatively constant to higher N %.

The HiPIMS NbN films showed an initial increase in Hen
with increasing N»%, a marked jump at 10 % N and a
maximum of 30 mT at 14% (400 W), where after it de-
creased. This is the highest He, value achieved for all NbN
films and, though not corrected for geometrical factors, is
in the range of the theoretical H.; =20 mT of NbN as well
[11]. Additionally, deposition at 400 W consistently re-
sulted in larger H., values than 300 W, likely as a result of
the relatively improved density of these films.
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Figure 6: Plot detailing the changes in the critical temper-
ature and the entry field of HiIPIMS NbN samples, in par-
allel field, as a function of (a) deposition pressure and (b)
N %.

CONCLUSION

The results of this study indicate the significant improve-
ments offered by the use of HiPIMS for the deposition of
NbN films. Most notably, the density of the films was sig-
nificantly increased while also reducing their surface
roughness. A higher deposition pressure and lower cathode
power were found to be more conducive to the formation
of the correct 3-NbN phase. Furthermore, the use of a lower
substrate bias (< 60 V) is essential, as higher substrate bias
values lead to the formation of non-superconducting, hex-
agonal phases.

These improvements resulted in a significant increase in
the entry field of these films, with most films achieving
values more than the previous best obtained with DC MS.
Many of the HiPIMS NbN films even achieved entry field
values larger than the reported H.; of bulk NbN. Interest-
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ingly, the higher H., values were achieved by films charac-
terised by a 3-NbN (111) phase as opposed to the o-
NbN (200) phase shown in high He, DC MS NbN films.
Furthermore, the highest measured 7 of NbN films depos-
ited onto Cu (16.5 K) was achieved with HiPIMS deposi-
tion.

The improved performance of these HiPIMS NbN films
makes them especially applicable to SIS film coatings. The
results of initial investigations into the use of HIPIMS NbN
films in SIS film coatings are detailed in [12].
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