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Abstract

The paper shows that high—quality super-conducting Nb films can be deposited by means of
arc discharges under ultra—high vacuum conditions. The critical temperature Tc of Nb—films
obtained with a planar cathodic arc Ultra High Vacuum (UHV) system, is very close to that of
pure bulk niobium Tc = 9.26 K and the transition to super—conducting state is very narrow.
The films have higher Residual Resistivity Ratio (RRR) values (up to 80) and larger grain
sizes, as compared with sputtered Nb—films deposited at the same temperature.
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The paper shows that high—quality super-conducting Nb films can hestieg by means of arc
discharges under ultra—high vacuum conditions. The critical tempergtusf Nb—films obtained
with a planar cathodic arc Ultra High Vacuum (UHV) system, is very close &b ofi pure bulk
niobium T, = 9.26 K and the transition to super—conducting state is very narrow. The figwes h
higher Residual Resistivity Ratio (RRR) values (up to 80) and larger giaés, as compared with
sputtered Nb—films deposited at the same temperature.
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1 Introduction

In year 2000 the Ultra High Vacuum (UHV) arc technology weasgmsed as a possible
alternative for depositing thin superconducting films ofgoniobium on the inside surface
of RF cavities for particle accelerators [1, 2]. PreserghHtield superconducting RF cav-
ities are mainly made of high purity (RRR300) bulk Nb, but were it possible to achieve
the same accelerating fields2f35 MV/m with quality factors (Q) in the 28 range with
superconducting film coated copper (&) cavities, the latter would prove a strong com-
petitor. They would in fact fier several advantages such as better mechanical stability,
insensitivity to external magnetic fields, possibly lowest; better thermal stability, easier
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conditioning on the machine, easier connection to the tayoSavities coated by cylindri-
cal magnetron sputtering have been successfully demtedti@be a valid alternative for
relatively low accelerating fields: 352 four—cell cavitiesve been successfully operated
during several years in LEP at up to 8 M¥, supplying a total of 3600 MV. Unfortu-
nately, despite many years of R&D at CERN [3], fast degraaedif the Q with increasing
field has so far prevented using them at higher fields. Sintesxperimental results seem
to indicate, the Q degradation depends on the chemical arsiqath properties of the film-
substrate system, the proposed UHV arc deposition is exgi@¢atimprove the situation,
as compared to magnetron sputtering. The UHV technique dhentages as follows: a
high ionization ratio of the metallic plasma, and higher é@rergy and a clean deposition
process, due to absence of a working gas which makes for affjoreThe vacuum arc is
in fact known to produce denser films, with much less defaatt ss voids and strongly
bound to the substrate. Vacuum arc systems operating ial ivéicuum of 10* + 10°® hPa
are commercially available for several coating applig&idBeing interested in deposit-
ing high purity materials, we have built at the Tor Vergatavwdrsity of Rome and at IPJ
Swierk the as far as we know first UHV (Ultra—High Vacuum) drased devices. They
have planar and linear configurations operatee: &0 '° hPa base pressures.The sys-
tems have been used to study the deposition of supercondudh films. One device is
equipped with a 90magnetic filter designed to eliminated micro—droplets efraterial
emitted from the cathode itself.

Recently obtained results are very promising but uniforratiog of 1.5 GHz cop-
per cavities, e.g. of the TESLA type, using a filtered planar siill needs further Re-
search&Development. An alternative being explored is tfatsing a linear geometry
arc (linear arc) device that ideally meets the requireméesasily coupling to a single or
multiple cell cavity. The cylindrical cathode of such a gymtcan in fact be placed along
the cavity axis like that of a cylindrical magnetron, wittethrc discharge moving along
it, either spontaneously or being magnetically driven. B& d¢ther hand, the problem of
filtering out droplets becomes more complicate in this ggom@n unfiltered linear arc
source prototype has been recently shown to work as expaotkdised to coat a cavity
shaped chamber. In this paper we concentrate on the prepeitisuperconducting thin
films produced with a UHV planar arc apparatus, as well as ak mgrogress on the mi-
crodroplets problem. Since 2004 our experimental programsifinanced in the framework
of the European Union Coordinated Accelerator Researchiinfge (CARE) Programme.

2 UHV arc devices

Cleanliness of the deposition process plays a crucial roflke formation of pure nio-
bium films: for good superconducting film properties the ipapressures of water, nitro-
gen, oxygen, C@ hydro carbides ect. must remain belewl0° hPa during the deposi-
tion. The pumping system must therefore be totally oil-&ed all parts of the deposition
system must be designed and built in accordance with UHVhigolgy requirements. In
our case, all vacuum chamber components and accessonesl| as all vacuum connec-
tions, were fabricated using only high purity materialairgess steel, oxygen free (OFHC)
copper and high quality ceramics shielded from the arc. Htleode and all parts acces-
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sible to the arc are made of 250 RRR Nb only. A base pressutesajrder of 10'° hPa

is reached after one night baking of the whole system at €500 check the composition
of the residual gases before and during coating, the vacunamioers are equipped with
Residual Gas Analyzers (RGA). Details of the two UHV planar systems in operation
at the Tor Vergata University, shown in Fig. 1, have been rilesd elsewhere [4]. One
of them is equipped with a 90magnetic filter, so that films produced with and without
filtering can be compared. A schematic drawing of the UHVdinarc system recently put
in operation at IPJ Swierk is shown in Fig. 2.

Water

| Arc Curren +
HV Booster Supply

cavity shaped
vacuum chamber

Ultra-clear
pumping system

Fig. 1. Photograph of two UHV planar arc Fig. 2. Schematic drawing of new UHV set—
sources in Tor Vergata University. up with linear arc source designed and put re-
cently into operation in IPJ Swierk.

Vacuum arc deposition is in principle a very pure processesthe arc discharge burns
in an atmosphere of evaporated cathode material only. latipeathough a number of
auxiliary systems must be carefully designed in order nabttaminate the vacuum en-
closure, the main one being of the arc triggering systens Well known that, to start
the arc, a pre—plasma burst must be produced forming a higlsuctivity path between
cathode and anode. This can be done in mafigm@int ways [5], all of which must deliver
several mJ of energy. Having tested several triggeringiigaies from the point of view of
operational reliability and cleanliness, we found that/anfew are compatible with UHYV,
the best being laser ignition: a laser focused on the cattiodagh a window ignites the
arc without introducing any additional impurity. Twoft#irent lasers have been success-
fully tested: on the planar arc in Rome, a 60 mJ Nd:YAG lasé¢h &i5 ns pulse width and
up to 20 Hz repetition rate and, on the linear arc in Swierkeaddapted) 700 mJ ruby
laser, with 50 ns pulse width and relatively low repetitiaer. As discussed below, laser
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ignition was decisive in improving the film superconductprgperties.

3 Formation of niobium superconducting films

In order to coat sapphire and Cu substrates in the planar gfegrthe samples were
mounted on a special holder consisting of a massive Cu (ORldGje placed at a dis-
tance of about 50 cm from the cathode. It could keep up to 6 Emngmd it was kept at
a constant temperature during the whole deposition proéesstating shutter mounted
in front of the sample holder allowed varying the coatingditians of diferent samples
without breaking the vacuum. The sample holder was eledtyimsulated from the vac-
uum chamber and a 20 100 V bias potential could be applied to the substrates. The
lowest possible arc current for stable operation in thegmeBC mode was found to be
about 60 A while the available cooling power did set a 140 Aargimit to the arc current.
The deposition rate achievable with the unfiltered planarsaurce can be very high, its
precise value depending on many factors such as arc cucathyde material, geometry,
applied fields, ect. In our planar system the depositionwate~ 10 nny's while, with the
present, non optimized configuration of our filtered apperétdropped by a factor &f 5.
The sample temperature during depositions was recordecchpsof a set of thermocou-
ples. Most of the samples were deposited at close to roomebatype and only a few at
higher (100 200°C) temperature. As above mentioned, the base pressure gystems
was in the 10'° hPa range, increasing up to£6- 10-7 hPa as soon as the arc discharge
started, and remaing almost stable at the latter value ginaut the deposition. The resid-
ual gas pressure during the discharge was found to be alxdssaely due to hydrogen,
its partial pressure being usually more than 3 orders of imagmhigher than that of other
contaminants. The presence of almost pure hydrogen ibuttd to the bulk Nb cathode
being a practically infinite source of this gas. Becausethkiogases only come from the
chamber walls surface their partial pressures drops bdiendétection limit of our in-
strument after a few minutes of operation because of themattion of the Nb film that
forms on them. Only at most the first few nm of the film next toghbstrate, can therefore
become, albeit slightly, contaminated.

4 Properties of the deposited film

The critical temperaturel, of the deposited material is very sensitive to impurities
to the point that very small amounts of oxygen in the Nb film éamer its T; value
significantly. The Residual Resistivity Ratio (RRR — defirelthe Resistivity at room
temperature divided by the Resistivity measured at 10 KNioris also very sensitive to
impurities. Typical RRR values for Nb films deposited by $pihg at a room tempera-
ture range from 2 to 10, and films with RRR 25 are obtained either using Kr instead
of Ar as the auxiliary gas, or raising the substrate tempegab~ 250°C. UHV arc de-
posited samples, mainly upon the sapphire substrates,thaxefore been characterized
by measuring their RRR values and critical temperafyeTheir morphology was also
studied using X—ray diraction and the Atomic Force Microscope (AFM). The RRR of
our 1.5um thick Nb films deposited on room temperature sapphire satiest under the
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typical UHV conditions described above, ranges from 20 UgOtaa typical value being 40.
A record value of RRR80 was obtained by heating the substrate to°I&R0r he transition
to superconducting state for this sample is shown in Fig. 3.
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Fig. 3. The transition to superconducting state for the thin Niobium film degbsitesapphire.

Critical temperatureT() and critical current densityJ{) of the films were measured
using an inductive method. Typical results are shown in &iigr several samples.
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Fig. 4. Critical temperature measurements on Nb samples deposited\#yatdH

Differences iff; compared to the high purity bulk Nb value of 9.26 K are smadl ean
be in part attributed to small temperaturéeiiences between thermometer and sample. No
dependence is observed on either film thickness, in the Pum range, or on arc current.
This indicates that our films are less stressed than magnsigtered ones, an indication
confirmed by the X-ray Diractometry (XRD) analysis (in @/26 configuration) yielding
a lattice parameter in theZB08+ 0.3318 nm range, a value close to the 0.3306 nm of bulk

Nb. A further confirmation comes from the sharp transitiodths < 0.02 K), close to the
~ 0.01 K value of pure bulk Nb.
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5 Microdroplets

As earlier mentioned, the main inconvenience of arc codtirige production of mi-
crodroplets that, unless filtered out of the plasma, are dddgkin the growing film and
deposited on its surface. n our case, microdroplets beirfgghf purity molten Nb are
not expected to contaminate the film but do increase its seifaughness and, in a high
electric field environment, may become fieldemitters. Thresence of microdroplets on
the surface of our films was studied by optical and electracroscopy and by roughness
measurements. Using a 50nhagnification optical microscope pictures of the sample sur
face were taken at 10ftierent randomly chosen locations and analyzed using a LabVie
computer code that measured and recorded the number anaf fiieedroplets present in
the microscope (fixed area) field of view. Fig. 5 shows theritiistion of the droplet den-
sity as a function of the droplet size on the surface offfedént samples deposited under
comparable conditions.
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Fig. 5. Typical distribution of the droplet density on the surface of sasnpleB, C and D, all
deposited under same conditions. The lower symtdghm means that we counted microdroples of
diameter larger thanl um

Note that the dimensions most observed droplets are colvipdcesize (206 300 nm)
of the Nb film grains whose boundaries can be seen in the piafiFig. 6. One thus
expects that many such droplets have become embedded inathisng film. Numerous
larger droplets*1 um) are also present that may become sources of field emigsion f
the coated surface of an RF cavity. A few of such large drepteshown in Fig. 6.

Magnetic filtering drastically reduces the number and tingeglision of microparticles.
Quantitative data on the reduction factor have not so fan ledained because, after fil-
tering, the number of droplets in the observed field is oftelow the detection threshold,
as shown in Fig. 7b.
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Fig. 6. SEM picture in tilted view for a non—filtered niobium film deposited orpbkape.

a) b)

Fig. 7. Microphotographs of samples deposited with unfiltered (a) ancefililp) UHV arc systems,
with same arc parameters (50@hagnification)

6 Summary

Several cathodic arc sources working in UHV conditions Hzaen designed and con-
structed to study the deposition of super conducting Nb fiResults obtained with sample
Nb films are promising in that films with “bulk—like” propegs were produced. Their RRR
and grain size are larger compared to Nb magnetron sputiéreddeposited at the same
temperature and also appear less stressed and more ranolgenied. These ffierences
are attributed to the higher energy of the Nb ions reachiedfitm, which gives them a
high probability of better arranging themselves on the filmface. A filtered UHV arc
system was also used to produce quasi microdroplet—freplearmi\ quantitative estimate
of the factor, as obtained with the microdroplet reductipstam, is not available at present
time. It is due to the fact that the number of the observedadiaplets was below the in-
strumental detection threshold. It will be necessary todgase sensitivity of the analyzing
system.

We acknowledge the support of the European Community—Resedraktincture Activity un-
der the FP6 Structuring the European Research Atpaogram (CARE, contract number RII3-CT—
2003-506395).

C920 Czech. J. Phys. 54 (2004)



Super—conducting niobium films produced by means of UHV arc

References

[1] J.J. LangnerTESLA Report 2000-1%&d.:D.Proch, DESY 2000.

[2] R.R. Russo et.al.: Proc.X Workshop on RF superconductivigykiba 2001, KEK Proc.
2003-2, p. 4.

[3] C.Benvenuti et.al.: Physica 851(2001) 421.
[4] S. Tazzari et.al.: Proc.Xl Worshop on RF Superconductivitgv@munde 2003, in print.

[5] G.MesyatsEctons in a vacuum discharge: breakdown, the spark, and theNagka, Moscow
2000 (in Russian).

Czech. J. Phys. 54 (2004) Co21



