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Abstract
At CERN a compact Quadrupole Resonator has been

developed for the RF characterization of superconducting
samples at different frequencies. In this contribution mea-
surements on bulk niobium and niobium film on copper
samples are presented. Surface resistance results are being
correlated to surface analyses measurements carried out on
the same samples.

INTRODUCTION
Currently, two different methods for manufacturing nio-

bium RF cavities are used. They are either made of bulk
niobium or a micrometer thin niobium film is deposited on
the inner surface of a copper cavity. The latter approach
has been successfully exploited at CERN for the Large
Electron-Positron Collider (LEP) [1] and the Large Hadron
Collider (LHC) [2]. It has several advantages compared to
the bulk niobium technology. Copper is widely available
and can be procured at lower cost. Its high thermal con-
ductivity helps avoiding one of the possible failures of su-
perconducting cavities, transition to the normal conducting
state due to heating of a local defect, called quench. Usu-
ally niobium films are of lower purity than bulk niobium,
resulting in lower losses from thermally activated normal
conducting electrons, because the surface resistance of nio-
bium is not at minimum for highest, but rather for interme-
diate purity material. Finally, thin film cavities are less sen-
sitive to trapped flux from the earth’s magnetic field and do
therefore not require magnetic shielding. Despite all these
advantages of niobium films, the bulk niobium technology
was chosen for all future superconducting linear acceler-
ator applications relying on a high accelerating gradient,
such as the Continuous Electron Beam Accelerator Facility
(CEBAF) upgrade, the European X-ray Free Electron Laser
(XFEL) or the International Linear Collider (ILC). The rea-
son is the lower increase of the surface resistance with ac-
celerating gradient for bulk niobium cavities (Q-slope).

Recently it has been shown that interface tunnel ex-
change (ITE) acting between surface oxides and the ad-
jacent superconducting material can give rise to losses on
niobium film surfaces [3], while these losses are negligible
for well prepared bulk niobium surfaces [4].

In this contribution it will be explained how one can dis-
tinguish between electric losses caused by ITE and mag-
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netic losses by analyzing only a single curve surface resis-
tance RS vs. applied magnetic field B. The origin of losses
caused by ITE is crack corrosion along grain boundaries
[5]. Ultrasonic force microscopy is used to reveal the sur-
face oxide structure of two samples, one where ITE losses
are dominant and one where they are negligible.

SURFACE RESISTANCE
Usually, when the surface resistance of superconducting

cavities is investigated, the losses are assumed to be caused
by the RF magnetic field B, since the contribution from
the electric field E is negligible, even for normal conduct-
ing metals [6]. However for oxidized surfaces additional
loss mechanisms need to be taken into account. Consider a
niobium surface with oxides formed along its grain bound-
aries. When the RF field is raised the vertical electric field
only penetrates the dielectric oxides but not the adjacent
superconducting material. It becomes now energetically
favorable for localized electrons to tunnel to the supercon-
ductor and when the field is lowered to return to the dielec-
tric. This process occurs within a single RF cycle, yielding
a surface resistance proportional to the RF frequency f [3].

For well prepared bulk niobium samples these losses are
negligible. Here the field dependent surface resistance can
be expressed by a quadratic factorization of the BCS sur-
face resistance [4]. In general the total surface resistance of
a superconductor at fields below the exponential increase at
high fields (Q-drop) can be expressed by a sum of these two
contributions plus an additional residual resistance RRes:

RS(f, T,B,E) =RBCS(f, T )
(
1 + γB2

)

+RE

S (f, E) +RRes(f), (1)

with the electrical surface resistance RE

S
caused by ITE

RE

S = RE

S,sat

[
e−b/E

− e−b/E0
]
, E ≥ E0, (2)

where the RE

S,sat is the surface resistance at saturation.
Figure 1 displays RS of a micrometer thin niobium film

sputtered on a copper substrate (top) and a reactor grade
bulk niobium sample (bottom). Both samples were mea-
sured with the Quadrupole Resonator [7, 8] at 800 MHz and
4 K. From the shape of the curve one identify the dominant
loss mechanism for each sample. The surface resistance of
the thin film sample is clearly dominated by ITE. This can
be seen, since the surface resistance increases only above a
threshold field of about 7 mT and saturates at higher fields,
where all localized states participate in the exchange. The
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Figure 1: Surface resistance of a niobium thin film sample
(top) and a bulk niobium sample (bottom) measured at 4 K
and 800 MHz.

data can be fitted neglecting the non linear magnetic losses.
The ITE mechanism is negligible for the bulk niobium sam-
ple. Here a quadratic factorization of the BCS losses is suf-
ficient to obtain a good fit.

SURFACE ANALYSES
Correlating the different loss mechanisms dominant for

the two samples to their surface properties is subject of this
section. Above it has been shown that the field depen-
dent surface resistance of the niobium film sample could
be described by the interface tunnel exchange model. This
model was not applicable to the data of the bulk niobium
sample. Losses from interface tunnel exchange stem from
oxides localized on the surface at distinct positions, for nio-
bium films preferably along grain boundaries. The Young
modulus of Nb2O5 was measured to be 125 GPa [9]. This
is significantly higher than the value of niobium 105 GPa
[10]. Therefore, mapping the elasticity of the two samples
is interesting in order to find out whether there are differ-
ences in the oxygen distribution on the surface.

A method capable of this task is ultrasonic force mi-
croscopy (UFM) [11]. A UFM is built from an atomic
force microscope by mounting the sample to a piezoelectric
transducer [12]. By applying an alternating voltage to the
transducer the sample is vertically vibrated at a frequency
above the cantilever’s primary resonance, increasing its ef-
fective spring constant due to inertia. The cantilever can-
not follow the oscillation. This yields a constant feedback
error signal, as long as tip and sample are in contact. Mod-
ulating the the oscillation in amplitude allows to derive the
threshold where contact is lost, from a change in the feed-
back error signal. In practice this signal is transmitted to
a lock-in amplifier as input, while the amplitude modula-
tion frequency is used as the reference. The lock-in am-
plifier only gives a signal if the contact between sample
and cantilever is lost. For a stiffer or less adhesive sam-

Figure 2: UFM images of a niobium film (left) and a bulk
niobium sample (right). A dark (light) color indicate areas
of low (high) elasticity. The lateral resolution of the pic-
tures is 4 nm and the surface area displayed is 1x1μm for
each sample.

ple the threshold amplitude is lower and therefore the lock-
in amplifier output larger. The convention for UFM im-
ages is to use a brighter color for a higher lock-in amplifier
output corresponding to a stiffer or less adhesive sample
[13]. Built upon an AFM, UFM also provides information
about the topography and the lateral force. While the for-
mer gives an AFM image, the latter is used to distinguish
between elastic and adhesive forces. In general the elas-
tic forces are dominant [12] and for the forces applied in
the nN range, plastic deformation was never observed, at
least in the AFM resolution limit [13]. The structure of the
bulk niobium sample appears more uniform compared to
the niobium film, see Fig. 2 The softer (darker) regions of
the latter are correlated to single niobium grains. Around
the grains are harder (brighter) areas caused by oxidation
preferably located along the grain boundaries. This ex-
plains why losses from interface tunnel exchange are the
dominant mechanism of this sample and why these are neg-
ligible for the bulk niobium sample. The values obtained
must be interpreted relatively with respect to each other.
The test setup used does not enable to give a quantitative
value of the Young modulus.

A tool enabling to provide information about the ele-
mental composition is X-ray Photoelectron Spectroscopy
(XPS). An XPS system uses an X-ray beam of usually 1-
2 keV to irradiate the sample under investigation. The elec-
trons knocked off from the sample have a kinetic energy

Ukin = hν − Ub, (3)

where hν is the incident photon energy and Ub the binding
energy of the knocked-off electron. The photon energy is
determined by the used XPS system, while the values of
Ub can be taken from literature. For the analyses here the
Ub values were taken from the NIST database [14]. This
allows to derive the elemental composition from the mea-
sured spectrum.

Figure 3 shows XPS spectra for the niobium film and
the bulk niobium sample. They were measured with a sys-
tem at the University of Liverpool, using an Al Kα X-Ray
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Figure 3: XPS spectra of the bulk niobium and the niobium
film sample.

source with a photon energy hν=1486.6 eV [15]. This cor-
responds to an information depth of approximately 7 nm,
covering the oxide and the oxide/metal interface.

A spectrum with an energy resolution of about 0.27 eV
was obtained, see Fig. 3. The XPS signal-ratio between the
niobium oxides and the metal is larger for the niobium film,
confirming the stronger oxidation of this sample.

SUMMARY
Results from surface resistance, UFM and XPS measure-

ments on a bulk niobium and a niobium film on a copper
substrate sample have been presented. The surface resis-
tance of the the two samples shows a different dependency
on the applied field strength, indicating different loss mech-
anisms. UFM was used to reveal the distribution of oxides
on the surfaces. XPS confirmed the presence of Nb2O5

and supports the interpretation of the ultrasonic force mi-
croscopy measurements and their correlation to the sur-
face resistance results. The stronger Q-slope of sputter de-
posited niobium film- in comparison to bulk niobium cavi-
ties is correlated to the smaller grain size and higher oxygen
content. This surface structure causes additional RF losses
from interface tunnel exchange between the superconduct-
ing material and Nb2O5 formed along grain boundaries.
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