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• Why films
• State of the art: high-field and low-beta applications
• Nb film R&D activities:

– Roughness
– Structure
– Oxidation

• Conclusions

Introduction
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Why films

• Advantage (primary objectives)
– Thermal stability
– Innovative materials
– Cost

• Advantage (learned from experience)
– Optimisation of RBCS at 4.2 K (sputtered niobium films)
– Insensitive to earth magnetic field

• Against (understood from the beginning)
– Fabrication and surface preparation (at least) as difficult as for bulk

• Against (learned from experience)
– Steep Rres increase with RF field for Nb films
– Deposition of innovative materials is very difficult
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State-of-the-art at 1500 MHz – 1.7 K – single cell
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Q ≅ 1x1010 @ 15 MV/m

Q ≅ 3x109 @ 20 MV/m

28 MV/m reached in ad-hoc experiment

LEP 272 Nb/Cu cavities 352 MHz
LHC 16 Nb/Cu cavities 400 MHz
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State of the art – QWR Nb-sputtered vs. Pb-plated

The different angle shaping results 
in different deposition angles

Sputtering cathode
From: V. Palmieri, AM. Porcellato, S. Stark
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Nb/Cu films – Philosophy

• There are two categories of films

– Films which are intrinsically films
• Thin, microcrystalline, microstrained, under stress
• Examples: CERN sputtered films on oxidised copper
• Problems: defects, impurities, surface state

– Films which try to mimic bulk 
• Thick, macrocrystalline
• Examples:  CERN sputtered films on oxide-free copper, high-

energy deposition techniques, annealed films, (Nb Cu-clad)
• Problems: hydrogen, surface quality
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Thermal impedance film-substrate

Cu (RRR=100) EP 4300 ± 200 Wm-2K-1

Cu EP + 1.5 µm Nb 4100 ± 200 Wm-2K-1

Nb (RRR=180) EP 1200 ± 200 Wm-2K-1

Nb EP + 1.5 µm Nb 1000 ± 200 Wm-2K-1

The overall thermal impedance has been 
measured for pure Nb and Cu, and for Nb/Cu and 
Nb/Nb films, on 2-mm thick disks.

Nb (RRR=670)(extrap.) 2500 ± 200 Wm-2K-1

(Still lower than Nb/Cu, but Nb cavities performs 
better at high field !!)

The thermal impedance
of the film (if existing) has no effect 

on Rres at high RF field

Thanks to: G. Vandoni, J-M Rieubland, L. Dufay

T2

T1

H2

Conflat flange

Conflat ring

Sample



Sergio Calatroni – CERN   Nb Film Technology 22 Sept. 2004

Intrinsic higher dissipation in films ?
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1p5.1 Nb bulk cavity

1p5.2 Nb/Nb (quench limited) 

Thanks to: V. Palmieri, D. Reschke, R. Losito
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Research lines around the world

• (Hydrogen)
• Effect of roughness

– Optimisation of substrate preparation: electropolishing
– Study of angle-of-incidence effects

• Film structure – defects
– Bias sputter deposition (relevant also for roughness)
– Towards a bulk-like film: high-energy deposition techniques
– Towards a bulk-like film: high-temperature annealing of films

• Oxidation state
– (Grain boundaries)
– Surface effects: Al2O3 cap layers
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Electropolishing – Polarization curve
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Production of Cu(OH)2 on the surface!

Production of O2 bubbles!

Electrical resistance seen 
by  the polishing current:

Diffusion layer ~ 0.1 Ω
Bath volume ~ 0.1 Ω

(Nb EP bath: 10 times less)Polishing



Sergio Calatroni – CERN   Nb Film Technology 22 Sept. 2004

Numerical modelling of the cathode by 
simulation of the entire EP process with 
the Elsy 2D/3D computer code
(www.elsyca.be)

Electropolishing – Cathode design

Cathode active
region

Current density is uniform 
over all the cell surface
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Nb coatings at various incidence angles

From: V. Palmieri
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Variation of properties with incidence angle
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Roughness & incidence angle of Nb in 1.5 GHz cavities
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SEM views of Nb film cut from 1.5 GHz cavity
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Incidence angle and residual resistance in low-β cavities

Correlation between the incidence angle of the film and the residual 
resistance, measured on 352 MHz Nb/Cu cavities
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Angle of incidence in spherical cavity
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cavity axis.
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Surface resistance of spherical cavity
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Film Structure – FIB cross sections

Standard films Oxide-free films

0.5 µm0.5 µm 0.5 µm0.5 µm

Courtesy: P. Jacob - EMPA

Grain size with Focussed Ion Beam micrographs

X
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Some Nb films...

From talk of Rong-Li Geng at SRF 2003

With bias voltageWithout bias

Photo credit: K. Zhao et al., PKU
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200K

100K

Crystallographic defects

Defects – TEM views
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High-energy deposition techniques

• Crystalline defects, grains connectivity and grain size may be improved 
with an higher substrate temperature which provides higher surface 
mobility (important parameter is Tsubstrate/Tmelting_of_film)

• However the Cu substrate does not allow much freedom
• The missing energy may be supplied directly by ion bombardment

– In bias sputter deposition a third electron accelerates the noble gas ions, 
removing the most loosely bounded atoms from the coating, while providing 
additional energy for better surface mobility

“Structure Zone Model”

– Other techniques allow working without a 
noble gas, by ionising and accelerating 
directly the Nb that is going to make up the 
coating
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Nb/Cu bias deposition – First SEM images at CERN

No bias Bias -60 V

Bias -80 V Bias -100 V

5 µm
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Nb flux

Evaporation + ECR (JLAB)

• Niobium is evaporated by e-beam, then the Nb vapours are ionized by an 
ECR process. The Nb ions can be accelerated to the substrate by an 
appropriate bias. Energies in excess of 100 eV can be obtained.

168mm

E-beam
Hearth

Substrate or 
extraction grid

Nb+
ECR 
PlasmaRF In

From: G. Wu



Sergio Calatroni – CERN   Nb Film Technology 22 Sept. 2004

Application to cavities (JLAB)

• Obvious advantage: no noble gas for plasma creation
• Sample tests: good RRR and Tc, 100-nm grain size
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Plasma Arc (INFN)

• In the plasma arc an electric discharge is established directly onto the Nb 
target, producing a plasma plume from which ions are extracted and 
guided onto the substrate by a bias and/or magnetic guidance

• Magnetic filtering (and/or arc pulsing) is also necessary to remove 
droplets 

• A trigger for the arc is necessary: 
either a third electrode, or a laser

• Arc spot moves on the Nb cathode at 
about 10 m/s

• Arc current is 100-200 A
• Cathode voltage is ~ 35 V
• Ion current is 100-500 mA on the 

sample-holder (2-10 mA/cm2)
• Base vacuum ~ 10-10 mbar
• Main gas during discharge is 

Hydrogen (~ 10-7 mbar)
• Voltage bias on samples 20-100 V From: R. Russo, A. Cianchi
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Plasma Arc – Need for filtering (INFN)

Nb droplets

Magnetic filtering
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Liner arc for cavity deposition (INFN)
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Film as a bulk – High temperature annealing

From: L. Hand

Annealing is a good option to increase the grain size and remove defects 
(CERN Proc. SRF1997). Innovative solution: Nb/Mo cavities + annealing at 
800 ºC. This would be effective also in removing hydrogen, which has been 
found in large amounts in films (Saclay + CERN + Cornell)
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Films as a bulk – Effect of hydrogen
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Coatings on oxide-free copper (epitaxial
growth, large grains, high RRR)

Coatings on oxide-free copper substrate 
annealed at 350 ºC (larger grains, higher RRR)

Coatings on oxidized 
copper substrate

X
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Annealed Cu grain size

50 µm

50 µm

Meridian cut

Equator cut

Standard CuAnnealed at 350 ºC
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Grain boundaries and surface oxidation

Famous drawings by Halbritter. Several effects might take place: ITE, flux 
penetration, Hc1 depression, lower Tc, etc.
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Search for trace elements in grain boundaries

From: L. Hand
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Possible solution – Al2O3 cap layers

• Technique routinely used for S-N-I-S Josephson junctions: a 5-nm thick 
Al layer is deposited onto the Nb base electrode, and let oxidize in air. 
Most of it is transformed to Al2O3 but some remains metallic.

• It is important to prevent any surface contamination of Nb prior to Al 
coating, to reduce the coalescence of the Al atoms.
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Conclusion

• Niobium films are a real option for accelerators at any beta
• The technique of choice is at present sputter deposition: a prerequisite for 

it is the understanding and the optimisation of substrate design and 
preparation

• High-field Rres increase of Nb/Cu films: several theories & ideas, no 
proven ones.

• Research into more bulk-like films is the general trend. Of course 
hydrogen will then be the main enemy.


