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Abstract

In recent years, efforts have been invested to leverage
the different processes involved in energetic condensation
to tailor Nb film growth in sequential steps. The resulting
Nb/Cu films display high quality material properties and
show promise of high RF performance. The lessons learned
are now applied to 1.3 GHz Nb on Cu cavity deposition via
high power impulse magnetron sputtering (HiPIMS). RF
performance is measured at different temperatures.
Particular attention is given to the effect of cooldown and
sensitivity to external applied magnetic fields. The results
are evaluated in light of the Nb film material and
superconducting properties measured with various
microscopy and magnetometry techniques in order to
better understand the contributing factors to the residual
and flux induced surface resistances.

This contribution presents the insights gained in
exploiting energetic condensation as a path towards RF Q-
slope mitigation for Nb/Cu films, correlating film material
characteristics with RF performance.

INTRODUCTION

Superconducting radio frequency (SRF) cavities based
on bulk Nb have been used for decades in particle
accelerators [1]. However, bulk Nb suffers from many
drawbacks among which are included: fundamental
accelerating gradient limitation, poor thermal conductivity,
manufacturing difficulties and high material costs. One
proposed possibility for alleviating some of these
challenges is to take advantage of the surface nature of the
SRF phenomenon.

In order to truly engineer the active SRF surface, one can
exploit the shallow RF penetration depth by using
alternative materials for the bulk resonant cavity structure
with more favourable properties, such as Cu, and coating a
~1 pm Nb thin film on the interior as the active SRF
surface. One can then optimize the RF response by tuning
the various coating parameters available during film
growth; theoretically allowing performances outside of the
bulk material property bounds.

Thin film SRF cavities were first implemented in the
1980°’s at CERN for LEP II [2], with Nb/Cu thin film
cavities deposited using DC magnetron sputtering
(DCMS). While these films had good low field Q-values,
they exhibited a strong decreasing trend of the Q-value on
RF field, known as the “Q-slope”, limiting their
applications. To this day, the cause of the Q-slope has not
been understood and has yet to be overcome.

Many causes proposed for the Q-slope [3-5] can be
associated with the low energy film deposition methods
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utilized. DCMS has been shown to yield superconducting
films with properties inferior to bulk. However, energetic
condensation methods, such as high-power impulse
magnetron sputtering (HiPIMS), promise to create films
with enhanced SRF properties [6]. Among these methods,
HiPIMS is of specific interest due to its ease of adaptability
to coating tri-dimensional shapes and capability of
implementation within existing DCMS cavity coating
system designs.

In HiPIMS, the magnetron is pulsed to extremely high
power densities thereby increasing the plasma density by
several orders of magnitude over DCMS and resulting in
ionization of a significantly higher fraction of the metal
atoms [7, 8], thus, allowing control of the deposition
energy by application of a substrate bias. HIPIMS has been
shown to yield films with much improved microstructure,
density, surface roughness, adhesion and overall quality
compared to the low energy DC methods [9-12]. This
opens the possibility to produce higher quality films for
SRF application.

In order to explore HiPIMS for SRF application, a cavity
deposition system was designed, built and commissioned
at Thomas Jefferson National Accelerator Facility (JLab)
[13]. This system offers many benefits such as the ability
to mount and unmount cavities while leaving the larger
system under vacuum which allows a higher turn-around
cycle and reduced risk of contamination; as well as
allowing deposition of small coupon samples under the
same pump down cycle as the cavity through a load-lock
and enables conditioning of the magnetron isolated from
the cavity and samples before deposition. A custom built
HiPIMS pulser powering a cylindrical Nb cathode in a Kr
atmosphere is used to deposit Nb films. Here we present
HiPIMS coated cavity RF results and data from small
samples carried out in the same system.

EXPERIMENT

Within the last year, the cavity deposition system
described above underwent its first full-scale maintenance
cycle initiated by the Nb cathode reaching the end of its
lifetime. These repairs included many pre-planned
upgrades but focused mainly on cathode replacement. As
previously reported, and recapped below in this paper, a
study of Nb films on Cu substrates was performed within
the last system iteration in order to investigate the effect of
peak pulse power and applied substrate voltage bias on the
resulting film properties. Since the system maintenance,
calibration samples were created in order to verify
continuity of film quality. Also, a new sample temperature
series of Nb films on Cu substrates was done holding peak
power and bias parameters constant at the “optimized” set
determined from the previous peak power and bias series,
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S while exploring the effect of varying deposition
5 temperature.

The Cu substrates used were commercially bought,
polished polycrystalline OFE Cu with a rated surface
> roughness of less than or equal to 5 nm. Substrates were
ultrasonically cleaned in successive acetone and methanol
b aths then mounted in a clean environment prior to growth

limit particulate contamination. Depositions were
rformed with a target-to-substrate distance of 10cm, the
> approximate distance to the equator of a 1.3 GHz low
surface field (LSF) cavity.

After  growth, the structural, surface and
superconducting properties of the samples (lattice
parameter, grain size, crystal orientation, roughness, RRR,
Te...etc.) were determined via X-Ray diffraction (XRD)
Electron Backscatter Diffraction (EBSD), atomic force
microscopy (AFM) and RRR.

For cavity depositions, 1.3 GHz LSF Cu cavities were
£ manufactured at JLab and centrifugal barrel polished
g (CBP). Prior to deposition the cavities received an acid
g etch, typically 15 um, via SUBU [14], rinsed and dried via
% methanol sheeting. For all the assembly stages, deposition
= . .. . .
£ and RF testing, the cavities were high pressure rinsed,
“sé methanol sheet dried and assembled in an ISO-4 cleanroom
i following stringent quality procedures. Cavities were also
€ mounted on the deposition system under a portable clean
B hood that creates a local 1ISO-5 quality environment in
Sorder to keep particulate contamination within the
E deposition system and on the deposition surfaces minimal.
é The coated cavities were RF tested in JLab’s Vertical Test
S Area (VTA). After RF testing, the Nb film was stripped
2 from the interior cavity surface via Nb BCP in preparation
~ for the next coating cycle.
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RESULTS
Small Samples

Previously, before system maintenance, a peak power
> and bias series were performed [15] to attempt to determine
> the effects of these parameters on film properties, and the
© results are summarized in Figs. 1 through 4. The power
series samples were deposited at a constant Kr pressure of
S 3.9 mTorr, substrate temperature of 350 °C, bias of -100 V
and constant pulse parameters, 83 Hz frequency and 110
us pulse width, while the peak power (voltage) varied
between samples. Power values were varied between 69
= and 391 kW. The bias series samples were held at the same
-ﬁ; deposition parameters from the power series, except for the
= pressure at 4.2 mTorr, due to a pressure gauge change, and
“%:’ the “optimized” peak power setting of around 220 kW, as
2 determined from the power series. In order to explore the
z effect of applied bias voltage, the bias was varied between
£ 0 and -300 V for this series.
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Figure 1: Representative XRD scan of Nb/Cu samples in
power series
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Figure 2: EBSD scans performed on Cu and Nb/Cu
samples. From left to right: (a) an uncoated Cu substrate,
(b) low peak-power Nb/Cu sample, and (c) high peak-
power Nb/Cu sample. OIM colour maps included on right
for reference of crystal phases.

To summarize the results from these two sample series,
microstructurally,  both  series  exhibited clear
polycrystalline texturing dominated by the Nb (011)
orientation, as evident from both the XRD and EBSD scans
shown in Figs. 1 and 2. Figure 2 also shows the hetero-
epitaxial nature of the film growth when images of both the
Cu substrate and Nb/Cu films are analysed together.

With regard to surface morphology, AFM results,
presented in Fig. 4, show a clear increasing trend of surface
roughness with increasing power and bias independently.
The samples exhibited very low surface roughness at the
lower end of each parameter range, however both increased
quickly with power and bias, with bias having a much
stronger increasing trend than peak power. Applied bias is
an extremely important parameter for energetic
condensation methods due to the high sputtered metal ion
fraction present in the plasma. In fact, many different
deposition schemes proposed for overcoming Q-slope rely
on this characteristic of energetic condensation, such as
deposition at ion implantation energies to overcome
adhesion issues. This result may hint at a possible
roughness limitation to applied bias near the RF layer and
require mitigation efforts to achieve high RF performance.
It is noteworthy as well that no sharp features, detrimental
to the RF performance, were observed on the surface of the
samples by either SEM or AFM.
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Figure 3: Plot of lattice parameter and grain size vs. (a)
peak power in Nb/Cu power series and (b) applied bias in
Nb/Cu bias series; horizontal dashed line included to
represent the bulk Nb lattice parameter as reference.

After the system was shut down and had intensive
maintenance performed in the spring of 2018, efforts were
restarted to perform another sample series investigating the
effect of substrate temperature on film properties. This
effort also served a dual purpose of providing a quality
check on the deposition system performance post-
maintenance and gave feedback to confirm performance
in-line with those previously observed in the power and
bias series summarized above.

Temperature series samples were deposited at the same
parameter set as the power and bias series with both the
power and bias held constant at the “optimized” values
inferred from the respective series analysis; “optimized”
referring to attempting to achieve bulk-like microstructure
and maintain good surface roughness and crystallinity. A
list of temperature series deposition parameters and
resulting sample properties is shown in Table 1.

After deposition, the samples were analysed using XRD
to determine the resulting out-of-plane lattice parameter,
grain size and mosaicity. The XRD scans exhibited similar
behaviour to the power and bias series showcasing a
polycrystalline texture dominated by the Nb (011) phase.
Average grain sizes were obtained using the Scherrer
equation and the FWHM of the Nb (011) peak.

Figure 5 shows the results from the XRD analysis of the
samples; plotting both out-of-plane lattice parameter and
grain size against the substrate deposition temperature. As
can be seen, the samples exhibited no clear trend of lattice
parameter with deposition temperature. However, the grain
size shows a clear direct increasing trend with respect to
temperature. This result is fully expected from the volume
of research done on the relation between these two values.
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Figure 4: Plot of RMS roughness, on 50x50 um scale, vs
(a) peak power for Nb/Cu power series samples, and (b)
applied bias for Nb/Cu bias series samples. Note the
roughness scale difference compared to the power series
results above.
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Figure 5: Plot of lattice parameter and grain size vs
substrate deposition temperature. Dashed line included to
represent bulk Nb lattice parameter value as reference.

One of the main takeaways from the temperature series
is found in the analysis of the samples with respect to the
previous power and bias series samples. The temperature
series samples do not vary wildly from the previous sample
properties. The lattice parameters and grain sizes are still
well within the bounds of the previously measured values
for each series. This result confirms the consistent and
reproducible quality, from a microstructural perspective, of
the films pre and post system maintenance.
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Table 1: Deposition Parameters and Film Properties of Interest for Temperature Series Samples

Temperature (C) Peak Power (kW)

Applied Substrate
Bias Voltage (V)

Out-of-Plane Lattice
Parameter (nm)

Out-of-Plane Grain Size
(nm)

350 332 25

0.3316 43.77

250 360 35

0.3314 36.24

150 377 25

0.3325 27.38

50 400 25

0.3320 24.69

Cavity RF Results
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Figure 6: Quality Factor of 1.3 GHz HiPIMS Nb/Cu LSF
cavities (Bpeak/Eacc=3.68) at 2 K. No field emission was
detected.
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Nb/Cu RF cavity results, shown in Fig. 6, exhibit low
2z field Q values in the mid to high 10° range and performing
< up to ~21 MV/m. After high pressure water rinsing, the
& Nb/Cu cavities had no detectable particulates during
S assembly, anecdotally relating to the fact that no field
© emission was detected during RF testing. The first Nb/Cu
§ coating (LSFC 12.1) was hindered by a misalignment of
g the Nb cathode during coating, i.e. a non-uniformity in
= coating thickness. After cathode alignment corrections, the
 same coating parameters were applied to LSFC 9.2 which
m showed a net improvement. However, the film had a 7: of
S 9.5 K suggesting significant intrinsic stress in the film. In
£ an effort to reduce the stress in the film, the next coating
% was performed at a lower bias (-25 V). The cavity (LSFC
Z 12.2) exhibited a slight improvement at low field but had a
mid-range Q-slope that seems to be substrate related.

It is important at this point to make a note on substrate
_qg manufacturing and preparation, it was discovered after
g these tests that continued removal from acid etching, in
3 preparation for the next cavity coatings, revealed cracks in
§ the cavity beam pipe seam welds, resulting from non-fully
*© penetrating welds, which were able to be seen by eye; in
g some cases extending almost all the way to the iris. In
= response, the Cu cavities were re-inspected using a cavity
optical inspection tool at JLab, an example of which is
shown in Fig. 7. The results showed macroscopic pits and
cracks present even in areas that they were not visible by
eye.
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This anecdotal and qualitative finding brings into
question the reported RF results and may imply that these
are lower bounds to the actual film performance. Cracks
present during deposition could cause locally poor
microstructure and, more importantly, areas where the film
thickness is significantly thinner than expected. Areas with
extremely thin Nb films or, in the extreme case, even
uncoated Cu showing, could have the RF field probe the
normal conducting Cu substrate resulting in significant
deterioration of the measured RF performance.

Upon this discovery, cavity depositions were paused to
allow time for extra electron beam welding to be performed
on all Cu cavity substrates to fix the known bad seam welds
and give confidence in welds where no cracks had been
discovered yet, since the operating assumption at the time
was that all seam welds would reveal cracks at some point
since they were all manufactured using the same welding
parameters. Even with the underlying substrate issues,
these results show a gradual increase in performance of
films deposited in this system and hold promise for future
film manipulation for RF performance improvement.
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Figure 7: Representative image of seam weld cracks
discovered in low surface field Cu cavities, LSFC-12
shown here, after SUBU acid etching.

CONCLUSION

The results presented here have shown that HIPIMS has
great promise for high quality SRF thin films. Small
coupon samples were produced with bulk-like lattice
parameters and low roughness with implications for future
surface engineering. System performance and reliability
was confirmed after required system maintenance. The
preliminary results on cavities have also shown great
promise. We have achieved Nb thin film cavities with
reasonable low-field Q values and remaining relatively flat
up to moderate accelerating gradients. The reported Nb/Cu
cavities exhibit performance in line or better than
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previously reported results at similar deposition
parameters; even with using now known bad Cu substrates.
Plans for the future of this project involve overcoming
many known challenges such as: applying Cu
electropolishing to cavity geometry, which is far superior
to SUBU, and changing film deposition parameters
throughout the coating process for active engineering of
film properties throughout the thickness of the film. These
results give a starting point to begin pursuing control over
the flaws observed in the technology over the last 40 years
leveraging the increased film deposition control and
quality offered by energetic condensation methods.

ACKNOWLEDGEMENTS

We would like to thank Jefferson Lab and the staff,
especially Grigory Eremeev and Pashupati Dhakal for
performing some of the cavity RF tests and Kurt Macha,
for their support. The College of William & Mary and its
Applied Research Center, in particular Olga Trofimova.

REFERENCES
[1] H. Padamsee, J. Knobloch and T. Hays, "RF
Superconductivity for Accelerators," in RF

Superconductivity for Accelerators, New York, John Wiley
& Sons, Inc., 1998, pp. 6-8.

[2] S. Calatroni, "20 Years of Experience with the Nb/Cu
Technology for Superconducting Cavities and Perspectives
for Future Developments," Physics C: Superconductivity,
vol. 441, no. 1-2, p. 95-101, 2005.

[3] B. Visentin, "Review on Q-DROP Mechanisms," in 2
International Workshop on Thin Films and New Ideas for
Pushing the Limits of RF Superconductivity, Padova, Italy,
Oct. 2006.

[4] V.Palmieri and R. Vaglio, "Thermal Contact Resistance at
the Nb-Cu Interface," in Proceedings of the SRF2015,
Whistler, BC, CA, Sep. 2015, paper TUBAO02, pp.448-493.

[5] C. Benvenuti, S. Calatroni, P. Darriulat, M. A. Peck, A. -
M. Valente and C. A. Van't Hof, "Study of the Residual
Resistance of Superconducting Niobium Films at 1.5GHz,"
in  Proceedings of the 1999 Workshop on RF
Superconductivity, Santa Fe, NM, USA, Nov. 1999, paper
THAO004.

[6] U. Helmersson, M. Lattemann, J. Bohlmark, A. P.
Ethiasarian and J. T. Gudmundsson, "lonized Physical
Vapor Deposition (IPVD): A Review of Technology and
Applications," Thin Solid Films, vol. 513, no. 1, pp. 1-24,
2006.

[7] A. Anders, J. Andersson , D. Horwat and A. Ethiasarian,
"Physics of High Power Impulse Magnetron Sputtering," in
The Ninth Inernational Symposium on Sputtering &
Plasma Processes-1SSP, Kanazawa, Japan, June, 2007.

[8] J. Bohlmark, "Fundamentals of High Power Impulse
Magnetron Sputtering," thesis, Phys. Dept., Linkoping
University, Linkoping, Sweden, 2006.

[9] M. Samuelsson, D. Lundin, J. Jensen, M. A. Raadu, J. T.
Gudmundsson and U. Helmersson, "On the Film Density
Using High Power Impulse Magnetron Sputtering,"
Surface and Coatings Technology, vol. 205, no. 2, pp. 591-
596, 2010.

Fundamental R&D - non Nb
Nb coating

SRF2019, Dresden, Germany

JACoW Publishing
doi:10.18429/JACoW-SRF2019-THFUB2

[10] K. Macak, V. Kouznetsov, J. Schneider and U. Helmersson,
"lonized Sputter Deposition Using an Extremely High
Plasma Density Pulsed Magnetron Discharge," Journal of
Vacuum Science and Technology A, vol. 18, no. 4, pp. 1533-
1537, 2000.

[11] M. Lattemann, U. Helmersson and J. E. Greene, "Fully
Dense, Non-Faceted 111-Textured High Power Impulse
Magnetron Sputtering TiN Films Grown in the Absence of
Substrate Heating and Bias," Thin Solid Films, vol. 518, no.
21, pp. 5978-5980, 2010.

[12] A. Anders, R. J. Mendelsberg, S. Lim, M. Mentink, J. L.
Slack, J. G. Wallig, A. V. Nollau and G. Y. Yushkov,
"Deposition of Niobium and Other Superconducting
Materials with High Power Impulse Magnetron Sputtering:
Concep and First Results," in Proceedings of SRF’II,
Chigaco, IL USA, July, 2011, paper TUIOAO06, p. 302.

[13] L. Phillips, K. Macha and A. -M. Valente-Feliciano,
"Design and Commissioning Status of New Cylindrical
HiPIMS Nb Coating System for SRF Cavities," in
Proceedings of SRF2013, Paris, France, Sept. 2013, paper
TUPO7S5, pp. 617-619.

[14] M. Peck, Structural And Superconducting Properties Of
Sputter-Deposited Niobium Films For Applications In RF
Accelerating Cavities, thesis, Dept. Tech. Sciences,
Atominstitut der Osterreichischen Universititen, Vienna,
Austria, 1999.

[15] M. C. Burton, R. A. Lukaszew, A. D. Palczewski, H. L.
Phillips, C. E. Reece, and A-M. Valente-Feliciano, “RF
Results of Nb Coated SRF Accelerator Cavities via
HiPIMS”, in Proc. LINAC'18, Beijing, China, Sep. 2018,

pp-427-430. doi:10.18429/JACoW-LINAC2018-
TUPOG42

THFUB2
827

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

©

=



