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Abstract

Surface studies can support the physical understanding
of the behaviour of superconducting material used in RF
cavities. As most of the limitations occur in a very small
portion of the surface, (typically less than the penetration
depth of the materid), only a few techniques can give
valuable information. Some of these techniques will be
discussed here, along with some examples of the results,
showing the difficulty of interpretations. The used
technigues ae most commonly: XPS (X-ray
Photoemission spectroscopy), SIMS, and TOF-SIMS
(Time Of Flight Secondary lons Mass Spectroscopy),
EBSP (Electron BackScattering Patterns); some
comments are aso made about Auger, X-Ray
reflectometry, GDL (Glow Discharge Luminescence),
STM  (Scanning Tunnelling Microscopy) and other
common surface analyses. The influence of various
surface treatments on grain boundary conduction is aso
explored.

1INTRODUCTION

At this time, optimum cavity RF performances,
especially the Q-dope and the quench field, are deeply
influenced by the last surface treatment applied to them.
Surface treatments include chemical  polishing,
eectropolishing, baking, .. We have to ded with
modifications of the surface that are of the same order or
less than the penetration depth of the material.

Electropolishing (EP) followed by a mild baking seems
to give the best results [1], but it is quite difficult and
expensive to run. If we could understand what are the
differences brought by each surface trestment, it could
hep us to choose conveniently the optima surface
treatment that reproduces the same surface state as EP +
baking. Surface studies can give access to the physica
understanding of the behaviour of superconducting
cavities but could aso be a tool to help find new surface
treatment methods. Unfortunately, only a few techniques
are able to give valuable information, as it will be
discussed.

Some of the changes brought by the surface treatments
might be large (surface roughness, nature of adsorbed
layers, thickness of the oxide layer), but have little
influence on the cavity behaviour. On the other hand some
very subtle changes in the composition and structure of
the surface might play an important role, and may be
beyond the sensitivity of most of the analytical methods.
These facts explain why it is so difficult to approach the

RF superconductivity from the surface science point of
view.

1.2 What are we looking for?

In Figure 1, we have schematized a “real surface’,
trying to summarize the principa physical features that
can be explored by surface analyses. We don’'t know
which influence most strongly the cavity performance.
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Figure 1. examples of surface features.

Surface roughness can be discarded, because it varies
from one cavity to another, depending more from the
previous higory of the cavity than on its surface
preparation, as demonstrated with microroughness and
tunneling microscopy measurements in [2]. For remind,
Figure 2 gives an example of surface roughness variation
with purification annealing for the same surface treatment.
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Figure 2 example of variation of surface roughness on 2
Nb samples from the same sheet treated with the same
chemicd polishing, left: un-annealed, right: annealed
sample

To the first order, neither external contamination
(adsorbed layers) nor the oxide layer seem to be directly
responsible of observed behaviour of RF cavities,
although they may vary a lot with the preparation of the
surface. We have numerous examples of cavities exposed
to air, oxygen, or water vapour with no modification of
their results [3]. Nevertheless, modification of the oxide




layer can be either a symptom or the origin of different
behaviour, so it isinteresting to study it in details.

Surface segregation of light impurities is observed in
niobium used for SC cavities [4,5], and it is a good
candidate for degraded performancesin SC RF cavities.

From the SC point of view, the cavity behaviour is
consistent with the existence of a thin layer (1-2 nm) at
the oxide-metal interface. (See Figure 3).
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Figure 3: possible origin of the observed slope on Q, vs
E4c Ccurves

As mentioned in references [6] and [7] intertitial
oxygen is the most suspect candidate for the cavity
behaviour. Baking experiments are consistent with a thin
contaminated layer that becomes diluted as it diffuses
during baking, as shown in Figure 4 [7]. The diffusion of
alayer of oxygen is modeled therein conditionssimilar to
baking.
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Figure 4 : (from [7]) diffuson model for athin layer of
oxygen insde bulk niobium during baking.

Significant changes in the distribution of oxygen and/or
other light elements in the SC material may depend on
surface trestment. As will be shown below, surface
analyses effectivdy support this hypothesis, and show
that other impurities in addition to oxygen must be taken
into consideration.

1.2 What isthe origin of the surface segregation
and/or contamination?

Surface segregation of light impurities (H, O, C, N, ...)
is known to occur near the interfaces in many metals,
especialy if they are quite pure [8,9]. Near these
interfaces, the mismatch between neighbouring lattices
produces local strain, which in turns interacts with
impurities. So a lot of the contamination did reassemble
near the surface during the cooling of the metal each time
it was annealed. Once it is there, it is very difficult to
remove it by chemicd polishing. Indeed, during the
dissolution process the principal driving force is the local
electric potential. In the case of eectropalishing, it arises
from the externally applied potential while during
chemicd polishing the éectric field is due to adsorption
of polar species like H,O on the surface. In both cases, the
local potential can be higher than 10° V/m [10] over afew
nm, and is readily screened by the growth of an oxide
layer. One has to stay aware that the main diffusing
species are ionic, and that they diffuse through a
depassivated oxide layer that is not fully dissolved during
the polishing process [10 and references therein, 11 and
references therein, 12]. Neutra atoms are trapped
behind the oxide layer, and will diffuse orders of
magnitude dower. This phenomenon explains for instance
the “memory” effect that we have observed on cavities,
where we must remove at least 100 um of niobium to
show stable results for anew surface treatment.

Incorporation of the solution's eectrolytes also
modifies the properties of the oxide layer (structure,
kinetics of growth...), and might influence the
composition of the metal near the oxide-metal interface.
Moreover, Halbritter showed modification of the metal-
oxide interface (serration) during the growth of the oxide
layer in wet conditions [13]. Such a phenomena was aso
observed in other oxidation conditions [14]. Our
experimental results also confirm that the thickness of the
oxide layer is not homogeneous.

2 SURFACE TECHNIQUES

Among the available surface techniques, some cannot
be applied to cavity surface states at operating conditions.
For instance, some techniques are sensitive only to a very
thin surface layer (Scanning Tunnelling Microscopy, Low
Energy Electron Diffraction. for instance). Others
integrate a thick layer without enough depth resolution,
and the outer contamination layer, and/or the oxide layer
might mask any interesting information. EDX (Electron
Dispersive X-rays analysis), for instance, explore more or
less 1 um depth.. Some other techniques, like X-ray
reflectometry can be applied to “perfect materia” like
monocrystals, but cannot be applied to “real” surfaceslike
etched polycrystalline niobium, which are too rough [15].
Of course results obtained on “perfect” samples, can give
us some hints in the understanding of the materid



behaviour, but one has to remember to be cautious in
trying to extend these resultsto real conditions.

Profiling techniques, with a depth resolution less than
10 nm if possible, are interesting for surface impurity
digtribution. Most of these techniques consist in
sputtering the surface either with an ion beam or a plasma,
and to detect some of the sputtered species (e. g. ionsin
the case of SIMS, neutra atomsin the case of GDL), or to
peform a surface analysis of the freshly sputtered
surfaces (e.g. XPS, Auger) One has to be very careful
with these techniques because preferentia sputtering is
known to occur in many metallic systems [16] and
especially in niobium [17], so that except for very low
etching rates in very high vacuum, most of the profiles
that we obtain, especially for oxygen, are not accurate.
Ancther difficulty with oxygen is that the oxide-meta
interface is quite difficult to localise, due to a combination
of the depth resolution of the chosen technique and the
surface and interface roughness. Then, unless we have
chemicd information (likein XPS) we need to have some
standard samples as a reference to be able to explait the
observed profiles.

3 SURFACE STUDIES

3.1 Sample preparation

It is very important to mimic the standard surface
preparation applied to cavities. All Nb samples were cut
from the same sheet (RRR ~320, supplied by Oremet-
Wah-Chang). Half of them underwent a purification
annealing and reached RRR ~570. Samples were
submitted to various chemical treatments described below,
followed by high pressure rinsing with de-ionized water.
As some of the surface treatments, like eectropalishing
are sendtive air exposure, samples were held in vacuum
within 1-2 hours after the rinsing, until their surface
analysis.

3.2 XPS

XPS gives us information on the nature of the oxide
layer and the interface region. Unfortunately it does not
go deeper than 7-8 nm, and profiling does not give
enough depth resolution due to the preferentia oxygen
sputtering. Moreover it is not very sensitive and
impurities concentration below about tenth of atomic %
won't be detected. The last drawback of this technique is
that the contribution of the different chemical species has
to be determined by deconvolution of complex spectra. To
be physicaly significant such results need to be
confirmed by other techniques.

Figure 5, extracted from [18], shows a Nb spectra
obtained by photoemission spectroscopy with synchrotron
radiation on a sample of clean mono-crystalline niobium
covered with ~ 2 monolayers of NbO. Synchrotron
radiation allows varying the incident X-rays energy with a
better energy resolution than conventional XPS. This,
combined with various angles of detection alows to get
an explored depth of ~ 2 nm with a very good depth

resolution. With such a good energy resolution, the
deconvolution of the niobium region shows 3 components
in the doublet generaly attributed to metallic Nb. From
valance considerations, these 3 peaks can respectively be
attributed to Nb°, NbsO and Nb,O, i.e. bulk niobium, and
niobium in contact with an oxygen in an octahedrd
intergtitial siteand in atetrahedral site.
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Figure 5: upper: Nb spectra obtained by photoemission
spectroscopy with synchrotron radiation on a sample of
clean nichium covered with ~ 2 monolayers of NbO.
Lower: Decomposition of Nb levels using the Rainbow
software. At least, 3 components are required for fitting
the first peak, that can be attributed to Nb°, Nb60O and
Nb40O, i.e. metallic Nb with oxygen interdtitials (from ref
[18]).

With this technique it was even possible to quantify the
interstitial oxygen in contact with metdlic Nb: 10 + 2
At%, which is ~200 larger than the bulk solubility (see
[18,19] for details).

Similar results were obtained by X-ray reflectometry on
Nb samples epitaxied on sgpphire. Oxidation in various
media (air, dry oxygen, partia pressure), at room or
higher temperatures, leads to an over-saturation of Nb
films with interstitia oxygen. Concentration as high as 70
At %, accompanied by a lattice distortion, is observed
even before the oxide forms [14]. (NB : [O] in Nb,Osis
71.4 At %)

How can we extend those results to chemicaly polished
bulk Nb? Synchrotron radiation does not penetrate
sufficiently inside fully-grown oxide, and our samples are
too rough to be studied by X-rays reflectometry.
Conventiona XPS can explore the oxide-metal interface;
but dight sgnds like NbO, or even interditids O are
difficult to modd accurately as Nb,Os and Nb° signals
dominate the spectra.

Figure 6 shows the evolution of conventiond XPS
spectra of an electropolished sample during a 3 days
baking a 120°C. Degradation of the Nb,Os to NbO; is
obvious [2], but on deconvolution basis it is rather



difficult to make a decision on the existence of the species
at low concentration (NbO, Nb,O NbsO.
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Figure 6: evolution of the Nb signal during a 3 days
baking at 120°C. The 2 peaks at the right side correspond
to Nb while the 2 peaks at the left side correspond to
Nb™"; the apparition of a 3“ component (Nb*) can be
inferred from the enlargement of the middle of the spectra.

Statigtical treatment of the spectra dlows us to confirm
the existence of small fractions. For instance, with
Principd Components Anaysis (PCA), all spectra
constitute a “matrix” whose eigenvalues are calculated. In
Figure 7, it is seen that at least 6 components are relevant
to fit the spectra. It may therefore be legitimate to think
that those 6 components are linear combinations from
species like Nb,Os, NbO,, NbO, Nb,O, NbsO, Nb°... This
suggests that the exigence of interditiad atoms is
statistically demonstrated, even though deconvolution
with 12 peaks would have been rather hazardous. More
detail about the gatistical treatment of XPS experimenta
results can be seen in [20]

In addition we have observed the following features :

e Peaks are sharper in purification-annealed samples,
than in the norma ones showing that the lattice is
better ordered.

*  We observed dightly different chemical shift of
the niobium oxide signals, depending on surface
treatment and also if the sample isannedled or not.
This confirms that although the oxide is till a
pentoxide, the chemical environment changes
dightly, suggesting varying concentrations of
hydroxide or foreign atom.

*  Fluoride can be detected on all samples, anditisin
bulk rather than surface; it disappears with baking
(i.e. the concentration decreases under the limit of
detection).

e Baking results in the degradation of the pentoxide
to NbO,, and in the increase of the disorder and
the injection of some oxygen atoms from the oxide
into the matrix. This is certainly balanced by

dilution of oxygen in bulk Nb due to therma
diffusion.
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Figure 7: Principa Components Analysis (PCA) of 46
spectra acquired during baking, showing the respective
statistical weight of each eigenvalue
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SIMS is in theory more sensitive, and allows profiling
with a good depth resolution, provided that it is conducted
sowly, in UHV conditions (<<10®° Pascals), and with a
primary ion beam at grazing angle. Well-characterized
samples were necessary to evaluate the depth and
intensity scale. They were made of monocrystalline Nb
and Nb,Os epitaxied on a sapphire substrate (less than 10
+ 5 A in roughness). The Nb sample was covered with 85
A Pt in order to prevent oxidation .

As can be seen by example on Figure 8 some behavior
differences can be observed on annealed samples between
chemicdly polished and dectropolished samples. The
oxygen contamination penetrates in the depth of the
material, but a similar behavior is aso observed for other
impurities: F, C, H, and S (S not shown here). The same
spectra made on un-annealed samples do not exhibit such
a pronounced difference. But we can observe that the
oxide layer is thicker, and that oxygen contamination
behind the oxide layer is aso thicker not annealed
samples.

The baking of such samples also exhibit aredistribution
of mainly O, C, F, P... revealing some diffusion of each
species. Unfortunately, it was not possible to evaluate
these effects quantitatively, because of severa limitations
due to experimental conditions:

*  We have some indication that ~10-15 % of the
grains behave a little different than the rest of the
material, probably due to their crystalline
orientation.

" The references samples were graciously provided by Pr H. Zabel from
Bochum Univeersity, Germany.



e On annedled samples, the beam touches only one
grain while on “norma” samples it integrates
several grains.

*  Weneed ardiable reference for each element, and
as we dea with very low concentrations,
references are quite difficult to obtain.

e Vacuum hasto be improved, because H signal was
close to saturation.

e The roughness of the oxidemeta interface
convoluted with the roughness of the sample itself
is detrimental to the depth resolution and might
play arolein theimpurities distribution.

1E+07

1E+06 1f

1E+05 1 |

1E+04

1E+03 |

SECONDARY ION COUNTS

1E+02 q

thick : (FNP,HF)
thin :EP
Anneled samples

1E+01

1E+00

0 20 40 60 80 100 120
DEPTH (Angstroms)

1E+07

1E+06
1H

1E+05 1|

12C

1E+04

1E+03

SECONDARY ION COUNTS

1E+02

1E+01 q

thick : (FNP,HF)
thin :EP

0 20 40 I (Z:gstroms) 80 100 120
Figure 8: comparative SIMS profile of a chemicd
polished sample (named FNP) and an eectropolished
sample. Dotted line indicates approximatey the interface,
as deduced from Nb signal intensty. Up: annealed
sampl es, down un-anned ed sampl es.

Although the combination of XPS and SIMS should be
well adapted to our problem, we see trends but no strong
evidence of a very different behavior of the samples
depending on their surface treatment. This difficulty could
be overcome with the use of better-defined samples like

in reference [14]. In the case of well-controlled samples
of very low roughness, the variation of the metal-oxide
interface can be monitored by X-ray reflectometry, as
well asthe distribution of interstitials. If polishing of such
samples is not possible, the modification of the oxide
layer in presence of various electrolytes can nevertheless
be explored.

3.4 EBSP

Electron BackScattering Patterns is an example of the
difficulty to find accurate surface studies techniques.
Although it appears like a promising technique, the
obtained results are rather puzzling and difficult to
interpret. Indeed, diffracted el ectrons cannot escape from
more than some tens of nm from the material; we explore
a sample thickness comparable to the penetration depth.
Moreover, the oxide layer, as it is amorphous, doesn't
exhibit diffraction patterns (N.B. X-rays penetrate much
deeper inside the material and are not accurate for surface
measurement).

Figure 9b)
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Figure 9: Quality Indices of diffraction pattern obtained
on a nichium sample, a): after dectropolishing; b): the
same sample after baking. Darker grains correspond to
more diffuse diffraction patterns (grain boundaries, where
disorder is maximum, appear in black). After baking the
relative grey level of some grains has changed., in
particular on theright part of the photograph.

If there are some differences in the distribution of
interstitial atoms due to the surface treatment, there
should also be differences in the strain state (whatever it
is the cause or the consequence of the presence of these
foreign atoms). In theory [21], strain should be detected
by this technique, because disorder or strain induce



diffuseness in the diffraction diagram. Figure 9 gives an
example of visualization of the qudity indices, which are
automaticaly deduced from the “diffuseness’ of the
diffraction diagrams

Several treatments were tested, showing that only a part
(12-13 %, whatever the treatment!) of the grains exhibit
significant changes, probably dependant on ther
crystalline orientation. We need now to find if these
changes are related to small changes of the lattice
parameter, which could indicate effective strain of the
| attice.

4 GRAIN BOUNDARIES SPECIFIC
RESISTANCE

Grain Boundaries (GB) are aso interfaces inside the
material; thus one can expect that phenomena similar to
surface segregation may occur. Classical surface studies
are difficult to apply to this problem; that is why a
specific apparatus was developed at Saclay for the direct
measurement of the specific resistance of gran
boundaries. It has aready been described in detall
elsewhere [22]. It is a 4-wires method, where we measure
ac-cumulated voltages with 19 sequential pins at 300 K
and 10K. The samples are annealed, with grain diameter
about 2mm so that each pin touches in principle a
different grain. By comparison, we obtain an equivalent
“RRR" of the grain boundaries. Influence of grain
boundary behavior was theoretically explored in [23]. We
present hereafter the first results obtained on samples that
underwent different surface treatment.
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Figure 10: experimental RRR measurement of severa
grain boundaries measured sequentialy on the same
sample by a four-wire method. The first values
correspond to very low voltage measurements and can be
put aside. Blue curve corresponds to an eectropolished
sampl e, the pink one corresponds to the same sample after
baking and green curve corresponds to the chemically
polished sample. Except for the 5 first measurements, the
error bars are of the same size as the experimental dots.
Variations arise from the fact that each grain boundary is
different from the others.

Figure 10 shows an example of the measured RRR of a
series of grain boundaries. This figure shows clearly that
grain boundaries are affected by the surface treatment,
and that chemical polishing gives poorer results than
electropolishing. Apparently, baking influences less the

measurement. This could indicate that the depth affected
inside grain boundaries goes much deeper than the
affected depth at the surface of the grains. This is
consistent with the fact that GB are a very disordered
phase, where diffusion isknown to occur much faster than
inside the bulk of the grains. This technique seemsto be a
convenient tool to roughly evaluate different surface
treatments: it is far more rapid and less expensive than
cavity testing.

5 CONCLUSION

Surface segregation seems to explain well the “Q-
slope” observed on every cavity before baking, whatever
the surface treatment. Segregation of many atomic species
(O, C, F ...), can be inferred from most of the studies
cited here. At this point, only quaitative trends can be
drawn, and we were unable to evidence measurable
variations depending on the surface treatment, athough
surface contamination was observed on all of them.

To be able to quantify such effects, only more
“sophisticated” experiments done on better-characterized
samples like monocrystals ae needed. But if
monocrystalline samples were studied, one would have to
test many different crystalline orientations in order to be
representative. Nevertheless, such research has to be
conducted within the framework of solid physics
community rather than RF superconductivity.

It is more difficult to determinate why we observe
guench fidd variation with surface treatments. We already
have some indication of non-uniformity of the surface,
which could explain that local differences appear. Another
explanation could be related to the curvature radius of the
surface steps [24] (N.B.: this is different from the
roughness asit is usually measured). Indeed, J. Knobloch,
for instance demonstrated that we can have localized field
enhancement for sharp step edges [25]. Change in the
edge sharpness, less easily measurable than roughness,
still needs to be experimenta ly demonstrated.
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