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A detailed study of the near-surface structure and composition of Nb, the material of choice for
superconducting radio-frequency accelerator (SRF) cavities, is of great importance in order to understand
the effects of different treatments applied during cavity production. By means of surface-sensitive
techniques such as grazing incidence diffuse x-ray scattering, x-ray reflectivity, and x-ray photoelectron
spectroscopy, single-crystalline Nb(100) samples were investigated in and ex situ during annealing in an
ultrahigh vacuum as well as in nitrogen atmospheres with temperatures and pressures similar to the ones
employed in real Nb cavity treatments. Annealing of Nb specimens up to 800 °C in a vacuum promotes a
partial reduction of the natural surface oxides (Nb2O5, NbO2, and NbO) into NbO. Upon cooling to 120°C,
no evidence of nitrogen-rich layers was detected after nitrogen exposure times of up to 48 h. An oxygen
enrichment below the Nb-oxide interface and posterior diffusion of oxygen species towards the Nb matrix,
along with a partial reduction of the natural surface oxides, was observed upon a stepwise annealing up to
250 °C. Nitrogen introduction to the system at 250 °C promotes neither N diffusion into the Nb matrix nor
the formation of new surface layers. Upon further heating to 500 °C in a nitrogen atmosphere, the growth of
a new subsurface NbxNy layer was detected. These results shed light on the composition of the near-surface
region of Nb after low-temperature nitrogen treatments, which are reported to lead to a performance
enhancement of SRF cavities.

DOI: 10.1103/PhysRevAccelBeams.22.103102

I. INTRODUCTION

Superconducting radio-frequency (SRF) cavities are
the foundation of modern particle accelerators and free-
electron lasers (e.g., FLASH and EU-XFEL in Hamburg,
Germany). Achieving higher accelerating gradients and
better efficiency, as well as increasing their performance for
continuous wave (cw) operation provides several chal-
lenges ranging from fundamental science up to large-scale
production [1–3]. Recently, thermal treatments performed
at high (800 °C–900 °C) and low (120 °C–160 °C) temper-
atures and involving nitrogen presence were reported to
improve the quality factor (Q0—the ratio of energy stored
in a cavity to the energy lost per rf cycle) up to 3 times
when compared with a regularly produced cavity [2,3].

However, an understanding of the processes involved and
the parameters required is still elusive.
As a type-II superconductor, niobium (Nb) has the

highest critical temperature and critical field among all
pure elements. Combined with its resistance to corrosion
and ductility, Nb has become the material of choice for
SRF-based technology. The concentration of impurities
(hydrogen, oxygen, nitrogen, and carbon) within the rf
penetration layer (≈40 nm for pure Nb) is believed to be
the key factor regarding the performance of cavities, either
by lowering the electron mean-free path [4] and energy
gap [5] or by trapping potential hydrogen which can cluster
and precipitate niobium hydrides upon cooldown [6,7].
Traditionally, Nb-based SRF cavities were subjected to
several production steps, including different polishing
cycles like buffered chemical polishing (BCP) and electro-
chemical polishing (EP), as well as heat treatments at
800 °C and 120 °C [1,8] in a high vacuum in order to
lower the hydrogen content inherent to the material [9].
In recent years, controlled annealing of SRF cavities in
nitrogen atmospheres, at either high or low temperatures for

*Corresponding author.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 22, 103102 (2019)

2469-9888=19=22(10)=103102(11) 103102-1 Published by the American Physical Society

https://orcid.org/0000-0003-2210-337X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.22.103102&domain=pdf&date_stamp=2019-10-31
https://doi.org/10.1103/PhysRevAccelBeams.22.103102
https://doi.org/10.1103/PhysRevAccelBeams.22.103102
https://doi.org/10.1103/PhysRevAccelBeams.22.103102
https://doi.org/10.1103/PhysRevAccelBeams.22.103102
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


different time spans, showed a decrease in their surface
resistance [2,3]. The former treatment, known as nitrogen
doping, includes annealing polycrystalline Nb cavities
for a few minutes at 800 °C in 3 × 10−2–8 × 10−2 mbar
of N2. Such treatment conditions lead to the formation of
β‐Nb2N inclusions at the surface as well as promoting the
growth of NbO [6,10]. By etching approximately 5 μm
by EP, therefore removing the aforementioned inclusions,
cavities displayed record-breaking quality factors at inter-
mediate accelerating field gradients up to 20 MV=m.
Another treatment, called nitrogen infusion, consists in
annealing Nb cavities at 800 °C for 3 h in a high vacuum
(10−7–10−6 mbar) followed by a decrease in temperature to
the range 120 °C–200 °C. Subsequently, nitrogen is injected
at a pressure of 3 × 10−2 mbar. The system is then kept in
such conditions for 48 h, yielding cavities with quality
factors in the range of 6 × 1010 and accelerating gradients
up to 45 MVm−1 without the need of material removal [2].
Low-temperature annealing of Nb cavities under a N2

atmosphere is therefore an intense topic of research, since
operation at high accelerating gradients (>25 MVm−1)
with high Q0 are necessary for potential upgrades of
existing accelerators into cw operation, like the
European x-ray free-electron laser (EU-XFEL), as well
as the development of future particle accelerator projects.
However, insights on the actual surface state during and
after such treatments are lacking. Ideally, the knowledge
obtained from model systems (e.g., single-crystal surfaces)
can potentially be applied to real cavity materials and
eventually lead to the discovery of new cavity treatments
that will improve the performance limits.
Most of the studies found in the literature address N and

Nb interactions at high temperatures [11–14]. Nonetheless,
few reports detail investigations of Nb single crystals
under low N2 pressures and of cavity-grade Nb after
undergoing real cavity-treatment conditions. Exposure of
an oxide-free Nb(100) surface to N2 pressures in the range
7 × 10−8–7 × 10−7 mbar at around 345 °C leads to the
formation of a NbN(100) epitaxial layer, while exposure at
room temperature formed NbN clusters at the surface [15].
For polycrystalline cavity-grade Nb, nanoscale niobium-
nitride islands were reported after heat treatments between
120 °C and 160 °C with a N2 pressure of ∼3 × 10−2 mbar,
while photoelectron measurements displayed the presence
of NbNð1−xÞO below the natural oxide layer. Secondary ion
mass spectrometry (SIMS) measurements revealed a dif-
fusion of oxygen species for ∼20 nm, while nitrogen
diffused ∼50 nm, having the highest concentration in the
first few nanometers when the exposure temperature was
140 °C [16], which, however, contradicts the bulk diffusion
lengths of oxygen in Nb reported in the literature [17].
In order to obtain further detailed crystallographic infor-
mation about the near-surface dissolution of nitrogen and
oxygen in pure Nb, we have investigated single crystals. By
using such well-defined crystals, we address the intrinsic

properties of Nb, which will be modified by the presence of
large-angle grain boundaries and other defects as present in
real rf cavity material. Nevertheless, the results of our study
on more idealized samples will add to our basic under-
standing of niobium’s properties and serve as input for
future studies on polycrystalline materials.
In this study, we investigated in and ex situ the effects of

the recently proposed nitrogen infusion treatment in the
near-surface region of Nb as well as the effect of stepwise
annealing in UHVup to 500 °C in a nitrogen atmosphere by
means of x-ray reflectivity (XRR), x-ray photoemission
spectroscopy (XPS), high-energy grazing-incidence diffuse
x-ray scattering (GIXRD), and scanning electron micros-
copy (SEM). High-photon-energy experiments facilitated
the monitoring of changes within the few-nanometer
to submicron depth from the surface. A gradual dissolution
of Nb2O5, NbO2, and NbO layers at the surface upon
annealing, followed by oxygen diffusion into Nb, allied
with the lack of evidence of nitrogen diffusion in infusion
and higher-temperature treatment is discussed.

II. EXPERIMENTAL METHODS

A. Samples

Mechanically polished niobium (100) samples (10 mm
diameter, 2 mm height) oriented to better than 0.1° were
employed for this study. Unless stated otherwise, the
samples were annealed at 2000 °C for 6 h by induction
heating in an ultrahigh vacuum (UHV) at a starting pressure
of ∼10−10 mbar and unavoidably exposed to air for several
days before the experiments. This procedure ensures that
the Nb single crystals are as clean as possible in the bulk.

B. Characterization techniques
and experimental setups

A four-circle and a six-circle [18–20] diffractometer with
Mo-Kα and Cu-Kα sources, respectively, were employed
for in situ x-ray reflectivity measurements of the 800 °C
annealed and nitrogen-infused samples. The stepwise
annealing of the specimens was carried out at beam line
ID31 at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France, and followed by in situ
high-energy GIXRD and XRR measurements using a
photon energy of 70 keV, while the data were collected
using two separate 2D pixel detectors. The use of high
photon energies provides fast access to large areas in
reciprocal space, excluding the need of a time-consuming
sample and detector movements [21,22].
For all aforementioned studies, the samples were

mounted in a dedicated UHV setup, allowing direct
measurements at different temperatures and gas conditions.
The chamber has a cylindrical beryllium window and is
connected to a pumping system capable of reaching base
pressures of ∼10−8 mbar without bakeout. The sample
is heated by a tungsten filament (see Fig. 1) typically
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achieving pressures of ∼10−7 mbar at 800 °C. For all
experiments involving the presence of nitrogen, nitrogen
gas (99.999% purity) was inserted in the chamber through a
leak valve until the system reached a pressure of
3.3 × 10−2 mbar, after which all the valves were closed
and the chamber was kept under a static nitrogen
atmosphere.
Oxygen and nitrogen, residing at interstitial crystallo-

graphic sites in the Nb lattice, give rise to distinct x-ray
diffuse scattering peaks by locally distorting the host lattice
[23]. The concentration of these interstitials scales linearly
with the diffusely scattered x-ray intensities. Because of
refraction and absorption effects, the x-ray penetration into
the Nb crystal is finite. When the incident angle αi of the
x-ray beam with respect to the surface is aligned from close
to the critical angle for total external reflection, αc, up
to several times this value, the x-ray penetration can be
steered from several nanometers up to micrometers [24].
The value of αc depends on the electron density of the
crystal and the x-ray energy. For the experiments presented
here, αc ¼ 0.045°, which puts stringent demands on the
stability and precision of the diffractometer [22]. In a
symmetric way, the exit angle of the scattered x rays also
defines the penetration depth. In a GIXRD experiment,
depth-resolved information is thus obtained by tuning the
incident and exit angles of x rays whereby the so-called
scattering depth Λ [25,26] is set. The experimental setup in
grazing-incidence geometry is depicted in Fig. 1. X rays
impinge on the surface of the sample under an incident
angle αi, and the diffracted signals are recorded by a large

2D detector. Locally, the detector is shielded by lead (Pb)
for the intense Bragg reflections of bulk Nb in order to
avoid overexposure and damage.
XPS measurements were carried out separately using a

lab-based system with monochromatic AlKα radiation,
and the spectra were recorded in fixed transmission mode
with an energy resolution of 0.4 eV [20]. A high-resolution
field-emission SEM was employed to characterize the
surface morphology of the specimens.

III. RESULTS AND DISCUSSION

A. 800 °C anneal in UHV

During standard cavity preparation, an 800 °C annealing
in a high vacuum is performed for a few hours to lower the
inherent hydrogen content in the material acquired during
manufacturing [1,27]. The presence of hydrogen can lead
to the formation of niobium hydrides at the cavity surface,
especially during the cooldown phase, leading to a poor
performance [9]. A comparison between in situ XRR
measurements of an “as-received” sample (without prior
annealing) at room temperature and after 800 °C annealing
for 1 h at 10−7 mbar as well as the derived electron density
profiles are shown in Figs. 2(a) and 2(b), respectively. At
room temperature, the natural oxide layer can be described
best (from surface to the metal-oxide interface) using a
three-layer model composed of Nb2O5, NbO2, and NbO,
with individual thicknesses of 2.90, 0.60, and 1.20 nm,
respectively (error bar of �0.1 nm) [28]. The total thick-
ness of the natural oxide layer is 4.71 nm, while the
roughness varies from 0.2 to 0.4 nm for the oxide-metal
interfaces while being close to 1.25 nm for the vacuum-
Nb2O5 interface. After annealing to 800 °C, both Nb2O5

and NbO2 layers reduced completely in favor of a 1.03-nm-
thick NbO layer, while the interface roughness between
NbO and Nb increased to 0.82 nm.
It is important to note here that the surface of Nb is not

oxide-free after such an annealing, in contrast to what is
reported in Ref. [2], but a NbO layer remains at the surface.
A simulated oxide-free Nb surface is shown in Fig. 2(a),
with clearly visible differences when compared to the
collected data after annealing to 800 °C. Similar effects
were observed for XRR measurements with the Nb(110)
surface, where NbO was the only natural oxide remaining
after annealing at 300 °C in UHV for 50 min, forming an
epitaxial (111)-oriented NbO layer [28]. The transition
from Nb2O5=NbO2=NbO upon annealing into NbO was
also previously confirmed by XPS characterization [28].
Moreover, Auger spectroscopy revealed that clean Nb sur-
faces could be achieved only after annealing from 1800 °C to
2000 °C [29], in agreement with the high-resolution STM
studies of similarly prepared Nb surfaces [30].
For the (100) surface, XPS measurements on single-

crystalline Nb etched by BCP and annealed at around
155 °C and 265 °C in UHV showed predominantly a

FIG. 1. Schematic of the GIXRD setup. The high-energy x-ray
beam falls on the sample surface at grazing incident angle αi, and
the diffraction patterns are obtained by a 2D detector while the
sample undergoes different annealing treatments under UHV
and N2. The blue circle represents the position of the interstitial
diffuse scattering along the [111] direction (red line), while Nb
reflections, indexed by their hkl values, are blocked with lead
pieces to locally protect the detector. In order to sample 3D
reciprocal space, the sample is typically rotated around its surface
normal (dashed line), and at each angular position a diffraction
pattern is recorded.
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transition from Nb2O5 and NbO2 to NbxO (0.4 < x < 2),
together with an increase in surface roughness [31].
Furthermore, the presence of epitaxial NbO was confirmed
by means of GIXRD for cavity-grade Nb (100) specimens
annealed at 900 °C in a high vacuum and treated with
nitrogen at the same temperature [10].
Knowing that the release of oxygen by Nb in UHV does

not occur below 1600 °C [17], it can be concluded that the
available oxygen from the partially dissolved natural oxide
layer diffuses into the Nb matrix. As will be shown later,
for lower annealing temperatures, oxygen diffusion into Nb
was confirmed by grazing-incidence x-ray diffuse scatter-
ing measurements, similar to what was observed for the
(110) surface [28].

B. Nitrogen infusion

In order to achieve high quality factors (Q0 ∼ 6 × 1010)
with accelerating gradients up to 45 MVm−1, cavities are

subjected to the so-called infusion process, which consists
of the aforementioned 800 °C anneal in a high vacuum
followed by a decrease in the temperature to 120 °C, at
which point nitrogen was introduced into the system,
maintaining a constant pressure of 3.3 × 10−2 mbar
(25 mTorr) for 48 h [2]. Figures 3(a) and 3(b) show in situ
XRR data measured at each step of the infusion treatment
as well as the fitted electron density profiles. At room
temperature, before the treatment, the surface displays a
similar configuration to the “as-received” sample, with the
natural oxides following the order Nb2O5, NbO2, and NbO
from the surface to the metal-oxide interface. Individual
thicknesses of 1.27, 0.17, and 1.14 nm for Nb2O5, NbO2,
and NbO, respectively, were extracted from the fit. All
interfaces showed roughness between 0.1 and 0.4 nm.
All fits of this sample show a discrepancy in the first
few data points due to the surface curvature and faceting

FIG. 2. (a) X-ray reflectivity datameasuredwithMoKα radiation
(open circles) with respective fits (solid lines) for a Nb(100) single
crystal as received and after 800 °C annealing in UHV for 1 h. The
dashed line represents the simulated curve for a Nb surface without
any surface oxide and with a constant background. The scans are
offset in the y direction for better visibility. (b) Electron-density
profiles for both sets of data obtained from the fits.

FIG. 3. (a) X-ray reflectivity data measured with CuKα radi-
ation (open circles) with respective fits (solid lines) for various
steps of the infusion procedure. The sample curvature com-
promises the fit in the first few data points. The scans are offset in
the y direction for better visibility. (b) Electron density profiles
for each step. The extracted densities are lower than the expected
bulk values for the niobium oxides and metallic niobium due to
the pronounced sample curvature.
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caused by the 2000 °C anneal performed prior to the x-ray
experiments [32].
Upon annealing at 800 °C for 2 h, similar to the previous

results, the surface was composed of a single NbO layer
with a thickness of 1.33 nm and slightly superior interface
roughness in the range 0.3–0.6 nm. While the sample was
kept at 120 °C, nitrogen was inserted in the chamber until
the pressure reached 3.3 × 10−2 mbar. The chamber valves
were then closed, keeping a static nitrogen pressure.
The XRR measurements were performed continuously
during the total treatment duration (48 h); however, few
differences were observed between the curves. After 1 h
of nitrogen treatment, the XRR curves were essentially
identical to the curves obtained after annealing at 800 °C for
2 h. The surface still displayed only a NbO layer with a
thickness of 1.33 nm. After 48 h in a nitrogen atmosphere,
the thickness of the NbO layer decreased to 1.20 nm with
similar interfacial roughness as the previous step, between
0.3 and 0.6 nm.
Interestingly, no evidence for either a nitrogen-rich or a

nitride layer was observed with prolonged exposure of the
Nb specimen to a nitrogen atmosphere at 120 °C, but rather
only the progressive dissolution of the remaining NbO
layer at the surface. For thin heteroepitaxial films, it is
known that a passivating layer of NbO can be achieved after
oxidation of Nb at 340 °C in a low-pressure dry oxygen
atmosphere [33], which could in this case hinder nitrogen
diffusion. Such a passivating layer was not present in the
sample under test, as confirmed by the regrowth of the
oxides NbO2 and Nb2O5 after it was reexposed to air.
Moreover, in contrast to what was observed for cavity-
grade Nb upon high-temperature annealing, where
rectangular- and triangular-shaped precipitates were
observed at the surface [10,14], no precipitates were
detected by SEM after infusion [see Fig. S1(a) in
Supplemental Material [34]]. This indicates that the initial
material purity may also play a role in the formation of
such features on the surface.
Although SIMSmeasurements are difficult when dealing

with nitrogen, as well as suffering from an inability
to define the exact location of the oxide-metal interface
[35], nitrogen incorporation in Nb after exposure to
3.3 × 10−2 mbar nitrogen at 120 °C [2,16] was reported.
The reported concentrations should have been easily
detectable by XRR measurements. One hypothesis to
explain such discrepancies is the absence of grain bounda-
ries in the samples studied in this work, which could act as
enhanced diffusion sites for nitrogen atoms [36]. XPS
results from the Nb 3d core level for polycrystalline Nb
subjected to annealing cycles of 800 °C for 3 h in a high
vacuum followed by 48 h at 140 °C with a nitrogen pressure
of 3.3 × 10−2 mbar were interpreted as displaying
NbNð1−xÞOx at a peak position of 203.2 eV [16]. Such a
peak was also attributed by other authors [37,38] as
belonging to NbC as well as NbO; therefore, an analysis

of the C 1s, N 1s, and O 1s core levels is necessary to
understand the system fully. This is presented below.

C. Stepwise annealing and interstitial
x-ray diffuse scattering

Interstitial atoms, such as oxygen and nitrogen, can
occupy octahedral sites in the Nb bcc lattice [39,40].
Together with the natural mechanical instability along
the [111] direction of the lattice leading to the ω phase
[39,41], oxygen- and nitrogen-induced local distortions can
produce diffuse scattering maxima at the reduced scattering
vector q� ¼ 2

3
ð1 1 1Þ and space group Im-3m symmetry

equivalent places in reciprocal space [23]. This diffracted
intensity, in a regime of random defect concentration, can
be written as [42]

ID ∝ cð1 − cÞSðQÞ; ð1Þ

where c is the concentration of the defect which is
responsible for the intensity while SðQÞ is the square of
the scattering amplitude of a single defect.
Contrary to the (110) surface, where the [111] direction

resides in plane, for the (100) surface the diffuse maxima
has an out-of-plane component. This makes the tuning of
the x-ray exit angle impossible during the experiment.
However, the probed depth can still be changed by
modifying the x-ray incidence angle. Taking into account
the sample curvature, it is possible to calculate an effective
scattering depth (Λeff ) for each measured step [24].
The evolution of the diffuse intensity was followed

in situ during stepwise annealing in UHV (10−8 mbar)
as well as in a nitrogen atmosphere. Starting from room
temperature (RT), the sample was annealed at 120 °C,
200 °C, and 250 °C, sequentially. At 250 °C, nitrogen
was inserted into the chamber until the pressure reached
3.3 × 10−2 mbar. Similar to the previous experiments, the
N2 atmosphere was kept under static conditions.
Furthermore, the sample temperature was increased to
500 °C in the N2 atmosphere as a last annealing step before
air exposure. Together with diffuse scattering measurements,
XRR curves were obtained for each temperature, providing
information about the surface oxides. Table I summarizes the
annealing temperatures and times at each step.
The thickness and roughness of the oxide layers during

each step of annealing are presented in Fig. 4, while Fig. 5
shows the related in situ XRR curves and respective
electron-density profiles extracted. The natural oxide layer
was composed, beginning at the surface and ending at the
metal-oxide interface, of Nb2O5, NbO2, and NbO. The
outermost oxide, Nb2O5, gradually decreased in thickness
upon annealing up to 200 °C and vanished at 250 °C. Until
200 °C, NbO2 followed the same trend as Nb2O5. However,
upon further annealing it experiences a slight increase in
thickness of about 0.09 nm, remaining almost constant
thereafter. Hardly affected by annealing at 120 °C, NbO
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grows at the expense of the other oxides after annealing at
200 °C and starts to dissolve upon further annealing. The
substrate roughness is barely affected by annealing at
120 °C and shows a steady growth as the temperature is
increased. The stepwise dissolution of the natural oxides
was also observed for the Nb(110) surface by both XPS and
XRR measurements [28]. For the (110) surface, Nb2O5

dissolves faster than the other oxides (NbO2 and NbO) at
the surface, with its layer thickness decreasing ∼0:23 nm
after annealing for 5 h in UHVat 145 °C. On the other hand,
as shown here, NbO2 is consumed faster on the (100)
surface, with a thickness decrease of ∼0.22 nm.
The behavior of the natural oxides proposed here is

similar to what was observed in STM studies of the (100)
surface, for which a reduction from Nb2O5 to NbO2 was
observed in the form of a ladderlike structure caused by
oxygen segregation at the surface during annealing at
580 °C in UHV with subsequent regrowth of Nb2O5 after
air exposure [43].
After N2 exposure, no new nitride or nitrogen-rich layer

was observed at 250 °C, and the dissolution of the natural
oxides has virtually stopped. However, at 500 °C a new
layer with a thickness of 1.41 nm was formed between NbO

and Nb. The electron density of this layer is similar to the
theoretically calculated value for the β‐Nb2N phase, which is
known to precipitate upon high-temperature treatments
in a N2 atmosphere [10,14]. Therefore, it can be concluded
that the layer relates to the presence of a possible NbxNy

compound underneath the oxide layer, as the presence of
typical β‐Nb2N precipitates at the surface was not observed
by SEM [Fig. S1(b) in Supplemental Material [34]].

FIG. 4. Thickness and substrate roughness (inset) obtained by
XRR in each step of the sample treatment.

FIG. 5. (a) X-ray reflectivity data (open circles) measured with
photon energies of 70 keV with the respective fits (solid lines).
The scans are offset in the y direction. (b) Electron-density
profiles obtained from the fits for the data collected from RT up to
the addition of N2 at 3.33 × 10−2 mbar at 250 °C. (c) Comparison
between the electron density profiles obtained at 250 °C and
500 °C in a N2 atmosphere.

TABLE I. Temperature, total time, and fitted decay lengths
obtained by grazing incidence diffuse scattering measurements.

Temperature (°C) Total time (hh:min) Decay length (nm)

RT � � � 0.969
120 13∶45 0.989
200 14∶00 1.970
250 15∶20 2.713
250þ N2 14∶20 3.576
500þ N2 10∶00 � � �a

aDiffuse scattering measurements for the 500 °Cþ N2

annealing step are not discussed.
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During the high-energy GIXRD measurements, the
sample is rotated around the Nb surface normal over 20°
whereby the Nb hhl plane is swept through the Ewald
sphere. The resulting diffraction patterns, obtained at
different temperatures, are displayed in Fig. 6 for a fixed
incident angle of 0.04°, corresponding to a scattering depth
Λeff of ∼100 nm. The detector is locally shielded by lead
pieces at the strong Nb Bragg peak positions, which are
labeled according to their hkl coordinates. Some powder
rings from the beryllium window of the vacuum chamber
are also visible. In between the Nb Bragg peaks, distinct
diffuse scattering intensity is present. Close to the Bragg
peaks, mostly thermal diffuse scattering (TDS) is observed,
which grows in intensity with an increasing temperature.
Oxygen and nitrogen interstitials give rise to pronounced
diffuse scattering maxima near Q ¼ 4

3
ð111Þ (see also

Fig. 1). Clearly, at 120 °C, the overall diffuse scattering
is very pronounced, and this is related to the dissolution of
the native oxide layer and subsequent formation of oxygen
interstitials.
In order to retrieve the depth-resolved concentration

of the interstitials in the sample, a region of interest
around Q ¼ 4

3
ð111Þ (Δqxy ¼ Δqz ¼ 0.42 Å−1) was ana-

lyzed in more detail. The integrated intensity in this area
is evaluated as a function of the incident angle, which
corresponds to a particular scattering depth Λeff . The
resulting curve was fitted using an exponential decay
model for the interstitial concentration such as

cðzÞ ¼ aeð−z−z0Þ=τ þ d; for z < z0; ð2Þ

where the fitted parameters are a preexponential factor a,
giving the excess concentration at the interface, an expo-
nential decay length τ, and a final bulk concentration d. z is
the depth, with zero being the vacuum-oxide interface and
z0 the position of the metal-oxide interface. The values of a
and d are concentrations given in terms of the ratio between
the number of defects ND and the total number of atoms
NT . Thermal diffuse-scattering contributions as well as
optical factors [24,26] were also taken into account by the
fitting routine.
Figure 7(a) shows the diffuse scattering data collected

from RT up to 250 °C in a N2 atmosphere. The interstitial
concentration profile extracted from the fits is presented in
Fig. 7(b). An increase in the decay length of subsurface
oxygen, associated with a decrease of the initial concen-
tration (at z ¼ 0), was observed as the temperature was
increased, as seen in the inset in Fig. 7(b). This behavior
can be understood as the progressive diffusion of oxygen
liberated from the oxide layers, which in turn decrease in
total thickness. Furthermore, as the temperature increases,
the diffusion length of the liberated oxygen in Nb increases
drastically. The interstitial concentration in the first 10 nm
is the highest during annealing at 120 °C, which agrees with
the 12 nm of calculated diffusion length of oxygen in pure
Nb [17]. Compared to 120 °C, annealing at 200 °C liberates
more oxygen in the Nb matrix and enables it to diffuse

FIG. 6. Diffraction patterns obtained at different temperatures with an incident angle of 0.04°, corresponding to a scattering depth Λeff
of ∼100 nm. At 120 °C, a clear increase in diffuse intensity is observed due to the presence of subsurface oxygen. Lead (Pb) pieces block
the Nb Bragg peaks. Powder rings originating from the beryllium (Be) windows of the chamber are also observed. The region of interest
employed in the data analysis is schematically shown in blue (see the text for details).
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further. This is seen by the increase in the bulk concen-
tration from ∼3 × 10−9 to ∼3 × 10−8 as well as the decay-
length increase from 0.98 to 1.97 nm. On the other hand,
the subsurface concentration in the first tens of nanometers
decreases. The same trend continued during annealing at
250 °C, increasing even more the decay length up to
2.71 nm and the bulk concentration to ∼5 × 10−6. The
total number of interstitials is determined by the availability
of oxygen and nitrogen species. The XRR results indicate
that the dissolution rate of the oxides has decreased
considerably after the first annealing step to 250 °C, and
it is concluded that this process has nearly ended.
Therefore, the number of interstitials diffusing into the
bulk from the near-surface region is higher than the influx
from the surface. Hence, the interstitial concentration
within the first few nanometers decreased, while the decay
length increased to 3.57 nm. The concentration in the large
bulk reservoir remained essentially the same. This means
that annealing in a N2 atmosphere at 250 °C promoted only
further diffusion of oxygen originating from the surface
oxides into Nb with no evidence of nitrogen incorporation
in the metallic Nb matrix. The corresponding decay lengths
for different annealing steps are summarized in Table I.
High-resolution XPS measurements were performed

after the sample was reexposed to air for 10 days.
Deconvoluted XPS spectra of Nb 3d observed for the
normal, as well as the grazing-exit mode, are shown in
Figs. 8(a) and 8(b), which confirm the regrowth of the
natural oxide layers previously partially dissolved due to
the stepwise UHVannealing. The characteristic doublets of
metallic Nb are observed at the binding energies of 202.0
and 204.7 eV. The top surface oxide layer on Nb is
consisting of NbxO, NbO, NbO2, and Nb2O5, for which
the binding energies exceed to metallic Nb by 0.7, 1.9, 3.0,
and 5.0 eV, respectively. A strong contribution from NbC
is suggested by the presence of 3d5=2 and 3d3=2 peaks at

203.3 and 206.0 eV, respectively, and confirmed by the
presence of a peak in C 1s core level at 282.6 eV assigned
to the Nb─C bond [44] (Fig. S2 in Supplemental Material
[34]). Furthermore, a contribution from two peaks at
binding energies of 204.3 and 207.0 eV is detected, which
can be attributed to a NbNxOy phase, supported by the
presence of a peak in N 1s core level [Figs. 8(c) and 8(d)] at
the binding energy of ∼397.5 eV, which corresponds to Nb
bound to N in niobium nitrides and oxynitrides as reported
for the nitrogen-doped niobium samples [10]. The peak at a
higher binding energy in the N 1s region at ∼400 eV is
assigned to the adsorbed N on the surface. The intensity of
the lower binding energy peak in the N 1s spectrum is

FIG. 7. (a) Diffuse scattering intensities obtained for each temperature step (squares) and the respective fit (solid line). The curves are
offset in the y direction. (b) Interstitial concentration obtained from the fit plotted in the linear scale and the concentration in the log scale
(inset). The profiles are represented by connected squares (room temperature), solid (120 °C), dashed (200 °C), dot-dashed (250 °C), and
dotted lines (250 °C under a N2 atmosphere).

FIG. 8. Deconvolution of Nb 3d and N 1s lines in normal exit
mode (a),(c) and with a 70° exit angle (b),(d). Phases correspond-
ing to niobium, niobium oxides, and niobium carbides are
represented in gray. Contributions from niobium nitrides are
shown in black.
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significantly suppressed when measured at the grazing-exit
angle given in Fig. 8(d), where the majority of detected
photoelectrons correspond to the top surface layer.
Moreover, the peaks corresponding to the NbNxOy phase
in the normal-exit Nb 3d spectrum in Fig. 8(a) are not
observable in the grazing-exit Nb 3d spectrum in Fig. 8(b).
These results indicate that the nitrogen-containing phase
does not reside on the top layer but close to the oxide-metal
interface, which is in line with the in situ XRR measure-
ments on the same sample at 500 °C in a nitrogen
atmosphere.

IV. CONCLUSIONS

The effect of different thermal treatments that have been
recently applied to Nb SRF cavities was studied in the near-
surface region of single-crystalline Nb(100). In situ XRR
revealed that annealing to 800 °C in UHV reduces the
natural oxide layer composed of Nb2O5, NbO2, and NbO
into solely NbO; the natural oxide layer was observed to
regrow after exposure to air. After a nitrogen exposure at
120 °C and 3.3 × 10−2 mbar, neither a nitrogen-rich layer
nor interstitial nitrogen were detected. In situ high-energy
x-ray diffuse scattering combined with XRR measurements
during stepwise annealing in UHV up to 250 °C demon-
strated that the partial dissolution of the natural oxides leads
to the diffusion of oxygen into Nb. At 120 °C, interstitial
oxygen is mostly present within the first 10 nm, while a
temperature increase leads to further diffusion into the bulk.
When the sample was exposed to 3.3 × 10−2 mbar of N2 at
250 °C, no evidence of nitrogen presence either in the form
of a nitrogen-containing layer or as interstitial nitrogen was
detected. Annealing at 500 °C resulted in the formation of a
NbxNy layer underneath the remaining NbO2 and NbO at

the surface. A schematic representation of the stepwise
procedure is shown in Fig. 9.
Ex situ photoelectron spectroscopy measurements con-

firm the presence of Nb-N bonding as well as the regrowth
of the natural oxide layer at the surface upon exposure to
air. These results suggest that higher-temperature treat-
ments (e.g., above 250 °C) are necessary for nitrogen to
react effectively for the case of the ideal situation of
ultrapure Nb single crystals, in line with Nb-N thermody-
namics. In turn, we may conclude that the nitrogen-
induced increased performance of SRF cavities after
low-temperature annealing is related to real cavity material
properties such as grain boundaries and its higher level of
impurities, such as carbon. A rearrangement of the oxygen
interstitial profile takes place during the low-temperature
annealing of Nb in a nitrogen atmosphere, which is
suggested in the literature to be potentially partially
responsible for cavity improvements [2]. Further studies
concerning the effect of grain boundaries as well as other
crystal orientations are recommended in order to elucidate
the apparent improvement in the performance of SRF
cavities subjected to low-temperature thermal treatments.
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