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Abstract

The production of superconducting coatings for radio
frequency (RF) cavities has been developed over several
decades. It is widely accepted that for any further improve-
ment in cavity RF performance, innovation is needed and
one may have to turn to other forms of Nb and other super-
conducting materials. The potential benefits of using mate-
rials other than Nb would be a higher 7c and a potentially
higher critical field H.. This could lead to potentially
significant cryogenic cost reductions if the cavity operation
temperature is 4.2 K or higher. We report on optimising
deposition parameters and the effect of substrate treatment
prior to deposition, on successful synthesis of Nb and A15
superconducting thin film. The materials characterization
is determined using scanning electron microscopy SEM,
energy dispersive spectroscopy EDS, glancing X-ray dif-
fraction GXRD, atomic force microscopy AFM and Ruth-
erford backscattering RBS. The DC superconducting prop-
erties have been tested using Vibrating Sample Magnetom-
eter VSM and Magnetic Field Penetration MPF. This work
involves a team of 8 research groups in 7 different coun-
tries and is part of the H2020 ARIES collaboration.

INTRODUCTION

Radio-frequency (RF) cavities are used to accelerate
charged particles in particle accelerators which can be used
for a wide range of applications in science, health, safety,
industry, etc. RF cavities made of superconducting mate-
rials, such as niobium, are currently the preferred solution.
Niobium has the highest critical temperature (7, = 9.25 K)
and the highest superheating magnetic field Hy, of all the
pure metals, also, it can easily be formed into the required
cavity shape. The RF performance of bulk Nb cavities has
continuously improved over the years, it is now approach-
ing the optimal performance achievable (Hy;, ~210 mT) [1-
4]. However, they are quite expensive and operate at the
theoretical performance limits of the material at tempera-
tures below 2 K. Although further improvement has been
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achieved with nitrogen surface doping [2—4], long term so-
lutions for SRF surface efficiency enhancement need yet to
be pursued.

Thin films are the most economical way to modify sur-
face properties to achieve enhanced performance, whether
it is via single or multilayer configuration. The ultimate
performance and efficient implementation of the thin film
coatings depends on deposition parameters, deposition pro-
cess and, most importantly, the substrate surface that is go-
ing to be deposited.

There are several physical properties that can affect the
film’s superconducting performance such as surface rough-
ness, microstructure in terms of grain size and boundary,
localise defects, residual stress and interfacial voids. It is a
non-trivial process to separate and control the individual
contributions from each of these factors. In order to achieve
optimal performance in SRF cavities, it is necessary to un-
derstand the relationship of different deposition parameters
on the formation of these factors and, consequently, on the
superconducting properties of thin films.

In general, and particularly SRF thin film synthesis,
other factor which has strong effects on the optimum su-
perconducting performance is substrate material, substrate
surface morphology as well as surface chemistry [5]. Lat-
tice parameters ay were measured for films deposited onto
the native oxide of copper and oxide free copper, producing
similar ay of 3.3240 and 3.3184 A respectively [5]. Nio-
bium films grown on the oxidised copper substrate form
grains which measure approximately 100 nm across,
whereas grainsize is the order of microns on the oxide free
substrate, resulting in larger RRR [6, 7].

Hence, for SRF thin film, surface preparation which in-
cludes surface treatment (to change the properties of sur-
face in a desirable way) as well as cleaning (reduction of
surface contamination to an acceptable level) is a major
step. Surface preparation is an essential prerequisite for
thin film synthesis. Rough or chemically impure surfaces
adversely affect the nature of the thin film. A substrate that
is flat, has sufficient grain size, and is chemically pure is
the ideal starting point for thin film deposition.

As part of Horizon 2020 Integrated Activity ARIES
program, we studied the effect of different substrate prepara-
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tion that are routinely practiced in the SRF cavity produc-
tion, on the superconducting performance of PVD synthe-
sised superconducting thin film of Nb as well high Tc su-
perconducting material such as NbsSn.

EXPERIMENTAL

OFHC copper sample were treated at CERN with chem-
ical polishing (also known as SUBUSY) solution and at
INFN with SUBUS solution, electro-polishing (EP),
SUBU+EP, and tumbling [8]. The surface roughness after
each procedure is tabulated in Table 1.

Table 1: Surface Roughness of Different Treatment of
OFHC Copper for 1 mm Scan Length

Polishing treatment Ra
Initial surface 127 +£26 nm
SUBUS 48 £ 7 nm
EP 225+ 80 nm
EP+SUBUS 115+ 80 nm
Tumbling 48 £ 13 nm

The surface roughness was evaluated with Veeco Dektat
8 profilometer. EP treated substrate did not show any pit-
ting or scratch marks on the surface. In contras tin both
SUBU and EP+SUBU moderate amount of pitting was ob-
served. Samples treated with tumbling procedure, the sur-
face showed the roughness comparable to EP but there was
considerable amount of scratches and inclusion of polish-
ing media.

Nb thin film were deposited at three different centres
(STFC, University of Siegen and INFN) [8,9], using DC
magnetron and slightly different deposition parameters as
shown in Table 2.

Table 2: Nb Thin Film Deposition Parameters
STFC

Parameter Siegen INFN
Deposit. temp. 650 350 650
(=0)

Target power (W) 400 400 400
Discharge gas Kr Ar Ar
Op Pressure (mbar) L5x107 | 155102 | 5x102
Sub rotation yes no no
Dep Time (min) 480 20 20
Dep rate (nm/min) 20 150 150

In all cases the target material was Nb target with RRR =
300. Although it was intended to keep all the parameters
the same, however due to each facility capability the are
some important differences in deposition parameters from
one centre to another such as deposition temperature, pres-
sure and rates that can have significant influence on mobil-
ity of adatoms which can promote a higher degree of
growth zone in the structural zone model (SZM).
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The synthesis of A15 superconducting thin film, Nbs;Sn,
is performed using an alloy target with the 25 at% of Sn.
The deposition power is chosen experimentally so the sub-
limation of Sn from target during deposition was at mini-
mum taking into account the cooling water flow, tempera-
ture and deposition temperature. The deposition power 200
W in DC mode found to satisfy the condition.
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Figure 1: Illustration of determination of the characteristic
field Ben from the virgin magnetization curves.

The magnetization measurements, the component of the
magnetic moment () of the sample parallel to the external
applied magnetic field B was measured, using Vibrating
Sample Magnetometer (VSM) option of the commercial
PPMS system from Quantum Design Inc. The magnetic
moment m was measured in dependence on monotonically
increasing (or decreasing) applied filed B, recording the so-
called magnetization curves m(B). The magnetization
curves were measured on samples cooled down below Tt
in zero applied magnetic field (zero-field-cooled condi-
tions, ZFC). The external magnetic field was applied per-
pendicular to the flat face of the samples. The main char-
acteristic determined from the magnetization curves is the
so-called first flux entry field Be... It is the applied field at
which the magnetic flux starts entering the sample’s vol-
ume.

It was detected as the field at which the virgin magneti-
zation curve starts to deviate from the linear dependence
that the virgin curve follows in the initial part starting from
the zero applied field, as schematically illustrated in Fig. 1.
The field B., was determined employing 2% relative dif-
ference criterion, i.e. as the applied field at which the rela-
tive difference between the virgin magnetization curve and
the initial linear trend reaches 2%. B., is proportional to the
first (lower) critical field B.; through a geometrical con-
stant that depends on the dimensions of the sample.

RESULTS

Nb Deposition in Single Layer

The SEM images of Nb deposited with parameters
shown in table 2 for STFC conditions are depicted in Fig.
2. It displays the crystal grains size with well define bound-
aries of the copper substrate. Due to the high temperature
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deposition of 650 °C, the copper substrate has been an-
nealed and large crystals of tens of microns developed. At
this temperature the oxide layer is completely dissolved in
the copper, and the Nb grains are influenced by the crystal
orientation of the underlying copper. The surface consists
of areas with different surface features characteristic of
various grain orientations. The final crystal morphology
seems to be independent of the type of substrate prepara-
tion.

Figure 2: SEM images of Nb deposited with STFC deposi-
tion parameters (a) SUBU CERN, (b) EP + SUBU, (c)
SUBU INFN and (d) EP.

The SEM images of films deposited at University of
Siegen are depicted in Fig. 3. The film were grown with
DC magnetron sputtering at temperature 350 °C which is
0.15 of niobium melting temperature. At 350 °C there is
every chance that the surface of copper would be in the ox-
ide state. The damage caused by sample preparation is still
present in the top surface of copper. The surface dominated
by small size grain as compared to large grain which has
gone through annealing cycle at 650 °C. Figure 2 depicts
growth consistent with Zone 1 of SZM growth model
where film are grown in not a full density structure with
some degree of longitudinal porosity. Although it is not at
all obvious from SEM planar view but the film can contain
a high level of dislocation density, hence a high level of
residual stress also is expected.

Figure 3: SEM images of Nb deposited with University of
Siegen deposition parameters (a) SUBU CERN, (b) SUBU
INFN, (c) EP and (d) EP + SUBU.
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Figure 4 depicts the grazing incident X-ray diffraction of
a Nb film deposited with the STFC deposition parameters
on SUBU CERN prepared copper substrate. The analysis
was done under conditions such that the substrate signal
should have been totally suppressed. However, because of
the small size of the analysed test piece which was used for
squid magnetometer (2 x 2 mm?) the edges of the sample
were clipped by the x-rays resulting in the two major cop-
per peak also being present. The results for Nb peaks cor-
relate well with high purity Nb data and the film is grown
in randomly oriented structure with slightly textured in
(110) orientation. The lattice parameter was calculated to
be 3.295 A which is very close to bulk Nb. The grain size
was determined to be around 51 nm.

Lattice parameter: 3.295 A
Crystal Size: 51 nm
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Figure 4: GXRD of Nb film deposited with the STFC dep-
osition parameters on SUBU CERN prepared copper sub-
strate.

The GXRD analysis of all the films grown on different
prepared copper substrate were almost identical. This cor-
relates very well with results of SEM observation that the
growth of Nb film under the same condition is independent
of the various substrate preparation.

Figure 5 displays the overview of firs flux entry B., for
all the samples in the series. It depicts that the correlation
between the highest Ben and surface preparation method is
inconclusive. The highest value of Ben measured were in
the series that were from the STFC batch (C7, L13, L18
and L19) of deposition for both parallel and perpendicular
field, where the deposition was done at 650 =C with the
lowest deposition rate 20 nm/min. The highest registered
Ben in the STFC batch was the sample which was prepared
by SUBU at CERN. The sample batch deposited at the Uni-
versity of Siegen where the deposition temperature was the
lowest in these set of sample at 350 =C, registered the low-
est values of B., ranging from 250 to 500 Oe. However, the
highest value was for a sample prepared by SUBU at
CERN. The batch of samples deposited at INFN which
were deposited at 650 =C and the highest deposition rate
of 150 nm/min, showed no dependence on the preparation
method and averaged out around 400 Oe. The lowest meas-
ured B., was found to be for samples deposited on sub-
strates prepared by EP followed by SUBU (L16, L18,L19).
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Figure 5: Overview of the first flux entry fields of Be, for
the non-Nb films on Cu substrates measured on VSM.

The superconducting performance was also evaluated
with filed penetration facility which was designed and built
at STFC [10]. The results of sample evaluations with a full
flux penetration field (By) are shown in Fig. 6.

It was observed that both SUBU and EP had a larger By,
individually that both treatments together. In addition, it
can be seen that the reduction due to the EP + SUBU is
more pronounced in the samples from INFN and the Uni-
versity of Siegen. It also confirms that SUBU method pro-
duced the highest Bj,. A comparison of these full field pen-
etration with the results from VSM analysis showed some
correlation with STFC deposition where the film was
grown at high temperature and larger thickness (10 »xm).
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Figure 6: Overview of the field of full magnetic flux pene-
tration (By) for the Nb films on Cu.

NbsSn Deposition in Single Layer

The NbsSn is an intermetallic compounds and is ex-
tremely brittle in the solid bulk form. In order to produce
an RF cavity using such a material it is possible only by
depositing a thin layer on the inner surface of an already
formed cavity. The superconducting parameters, such as
T., A, H:» depends strongly on the Sn content [11] and as a
results in perfect ordering in the stoichiometry phase, on
drops below 20 uQcm. Therefore Rpcs for NbsSn has the
potential to be either much lower or much higher than for
Nb. Optimising the deposition parameters such as deposi-
tion power, substrate temperature and deposition rate it is
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possible to synthesis stoichiometry A15 phase with relative
ease.

NbsSn films were deposited on an oxygen-free, high-
conductivity (OFHC) copper substrate without any surface
chemical polishing preparation. The deposition was carried
out at 500, 450 °C and at room temperature. For the latter,
the substrate was heated to 550 °C for 20 hours and then
cooled to room temperature prior the deposition and then
annealed at 550 °C post deposition for 20 hours. The film
composition was found to be independent of the deposition
temperature and corresponding to a superconducting phase
Nbs;Sn composition. The film deposited at room tempera-
ture showed no sign of superconductivity until it was an-
nealed to 550 °C and had a value for B., ® 100 Oe.

After annealing the surface was covered with a deep net-
work of cracks, shown in Fig. 7a, which is not at all suitable
for SRF application. The film deposited at 450°C was
found to be superconducting with a Tc of 14.6 K and B.,, of
250 Oe. The T. was improved and increased to 15.7 K
when the deposition was carried out at 550 °C. To achieve
the near to theoretical value of 18 K all other samples were
deposited at 650 °C whilst insuring that the extra added
temperature to the system is well within the acceptable
condition where the composition of alloy NbsSn target
stays unchanged. Of all samples grown at 650 °C, the 7,
was measured to be 17.5 K on copper and slightly higher
at 17.75 K on sapphire. As shown in Fig. 7b.
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Figure 7: SEM plan view of NbsSn film (a) deposited at
room temperature and annealed to 550 °C, (b) Critical tran-
sition temperature for film deposited at 650 °C.

A series of NbsSn thin film were directly deposited on
various copper sample treated with EP and SUBU which
were prepared at STFC and INFN. All the films were de-
posited at 650 °C, The results of the first flux entry in B,
are displayed in Fig. 8.

All the films grown in this series had the same supercon-
ducting phase with a +/~2% composition as determined
both by energy dispersive spectroscopy EDS and Ruther-
ford back scattering RBS. The resulting first flux entry var-
ied from 400 to 1000 Oe with no correlation with sample
preparation condition. The observed M-H plot at 4.4 K dis-
play very hysteretic nature with no flux Jump behaviour as
shown in Fig. 12a. Nevertheless the hysteresis in the M-H
curve indicates the existence of strong pinning centres for
the flux-lines inside the bulk. The higher critical magnetic
field H» was never reached due to the maximum field of
the VSM which was 16 T.
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20th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-233-2

» 9 b4 9
N Nt o v
o7 a7 7 &

& A

5§ 5 B 8 B %

8en [Oc]

g

P N
e e
B >

¥ by

w
10
o
o
Y
7

¢ o > > ¢ $ o
& ¥ 4 ¢ & o &
¢ & & R & & &
@4‘ Y o < ¢ & (4
N & & 5 & & i
8 & & E &

Figure 8: Overview of the first flux entry fields of Ben for
the non-Nb films on Cu substrates measured on VSM.

X-section and plan view SEM depicted that the transition
at the interface is very smooth and film is grown in a very
dense structure as can be seen in Fig. 9a and b. The EDS
mapping of the X-section is shown in Fig. 9¢c, no inter-dif-
fusion of substrate and film material is noticeable. How-
ever across the thickness of the film broken dark lines and
light area are extended from the surface to the interface
which can be interpreted as an area of Sn deficiency or re-
gion of excess Sn respectively. These area may be normal
conducting or superconducting with lower performance,
their influence on the total behaviour of the superconduct-
ing film in a RF field is not yet determined and needs to be
studied further by either directly deposited in a cavity or
the use of quadrupole resonator.

Figure 9: SEM and EDS analysis of Nb3Sn deposited at
650°C on SUBU processed copper sample at STFC (a) plan
view SEM, (b) X-section view and (c) EDS mapping of the
SEM X-section.

The crystal structure of the film was examined with
GXRD. The result is shown in Fig. 10. As well as the major
peaks of Nb3Sn there are two copper peaks corresponding
to (111) and (200) orientation which is due to small size of
the analysed sample where the edge of the sample was
clipped. The analysis of the peaks determined that the film
crystal structure is of the superconducting phase with lat-
tice parameter a0 = 5.315 A which is slightly higher than
the theoretical value of 5.295 A reported in literature. The
grain size is estimated to be 17 nm and crystallinity of 85%.

To assess the likely performance of Nb3Sn deposited on
a Nb cavity as an enhancement to a pure Nb cavity, a bi-
layer of Nb/Nb3;Sn was made. A sample was synthesised by
depositing NbsSn of top of 2.6 um of Nb on SUBU pre-
pared copper substrate at 650 °C. Figure 11 shows the X-
section SEM and its corresponding EDS elemental map-
ping of the bilayer deposition resulted in two different.
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Figure 10: GXRD spectrum of NbsSn film deposited at 650
=C on a SUBU prepared copper sample.

To assess the likely performance of NbsSn deposited on
a Nb cavity as an enhancement to a pure Nb cavity, a bi-
layer of Nb/NbsSn was made. A sample was synthesised by
depositing NbsSn of top of 2.6 um of Nb on SUBU pre-
pared copper substrate at 650 °C. Figure 11 shows the X-
section SEM and its corresponding EDS elemental map-
ping of the bilayer deposition resulted in two different.

Figure 11: (a) X-section image of the NbsSn deposited
with a Nb by-layer on SUBU prepared copper sample, (b)
corresponding EDS elemental mapping of the layers.

It depicts a sharp interface between the substrate copper
and the Nb by-layer and also between Nb and the top
NbsSn layer. The EDS mapping shows a homogenous com-
position through each corresponding layer with no inter-
diffusion of elements and the Nb3Sn has the A15 composi-
tion of 24.5 %.

Figure 12 b present isothermal magnetisation (m) versus
magnetic field (H) plots for the by-layer.

(a) N Nb3Sn/ Cu(LNL) (b)
H0e0 14“/02/“19
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Figure 12: Isothermal magnetisation (m) versus field (H)
plots for (a) single layer NbsSn deposited on copper and (b)
by-layer of Nb/Nb3Sn deposited on copper.

A comparison of between the single layer and the by-
layer demonstrate a significant improvement in the mag-
netisation respond. In the hysteretic nature has been re-
duced considerably. In the high filed region of the M-H
plot, in the return field path, M remains invariant to H
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which demonstrate a Bean-Livingston surface barrier [12]
for the flux line inside the layer. Consequently a higher first
2 flux B., =98 mT is calculated as it is displayed in Fig. 7.

CONCLUSION

To optimise the superconducting performance of Nb and
A15 superconducting thin film, we investigated the effect
of different substrate preparation commonly in practice for
cavity production such as EP, SUBU and tumbling com-
bined with different deposition parameters on the super-
conducting properties of the synthesised thin film.

Although not conclusively it was found SUBU and EP
are the best method or preparing the copper substrate. EP
plus SUBU was found to reduce the superconducting prop-
erties of the deposited film considerably irrespective of
film deposition parameters employed in this investigation.
The best result for Nb thin film on copper was produced
when the film was deposited at highest 650 °C and deposi-
tion rate of 20 nm/min. These were the highest temperature
and the lowest deposition rate employed in this investiga-
tion.

NbsSn can be successfully deposited from an alloy target
and demonstrate good SC properties when it is deposited
at high temperature (around 650 °C). The 7, was strongly
dependent on the temperature of deposition temperature
and the optimum temperature was found to be 650 °C
where a 7. = 17.75 and 17.5 K was achieved on sapphire
and copper.

The superconducting properties of Nb3Sn film consider-
ably improves with a Nb buffer layer between the copper
and the A15 superconductor.
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