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The ever-present native oxide layer on niobium plays a fundamental role in the performance of Nb super-
conducting radio frequency (SRF) cavities for particle accelerators and light sources. Using Nb(111) and Nb(100)
ST™M as model systems, oxygen dissolution and surface structural evolution as a function of thermal treatments in

AES ultrahigh vacuum (UHV) were studied using combined Auger electron spectroscopy (AES) and scanning tun-
Surface oxide . . PN . . . .
Niobium neling microscopy (STM), providing novel, real space information regarding the complex evolution of the Nb

surface oxide. The surface crystallographic orientation was shown to influence oxide surface structure; Nb(111)
displayed disordered surface oxide domains while Nb(100) was comprised of well-ordered, (n X 1)-O domains.
The temperature-dependent dissolution of the native oxide layer on Nb(100) was characterized to ascertain the
energetics for oxygen dissolution, and evolution of the surface oxide superlattice structure following thermal
annealing was observed with STM. By understanding the kinetic behavior of oxygen dissolution during thermal
annealing and subsequent structural evolution of the Nb(n X 1)-O superlattice on Nb(100), a more thorough
understanding of the complex interactions driving chemical composition and cavity surface structure under Nb

SRF cavities

SRF cavity processing and operating conditions may be understood.

1. Introduction

Niobium (Nb) is the current material of choice for superconducting
radio frequency (SRF) cavities for particle accelerators due to its ultra-
low surface resistance (R;) and high cavity quality factor (Q) at oper-
ating temperatures < 2K [1-4]. To ensure optimal SRF cavity perfor-
mance, much work has been done to characterize factors impacting SRF
cavity performance and to improve cavity preparation techniques
[5-9]. It was determined through these studies that Nb super-
conductivity is dependent on the chemical and structural properties of
the first 40-100 nm of the interior cavity surface [1]. Under actual Nb
SRF cavity fabrication and operating conditions, an ever-present native
oxide layer covers the entirety of the Nb surface, and the surface
structure and chemical identity of the oxide layer directly effects SRF
cavity performance. During electrochemical polishing procedures that
remove = 120 um of the cavity surface, the Nb oxide layer is stripped,
allowing the rapid incorporation of hydrogen into the Nb cavity
[7,10,11]; immediately following electrochemical polishing, the native
oxide reforms, effectively trapping the absorbed hydrogen. This in-
corporated hydrogen segregates to the surface of Nb cavities forming
Nb hydride features that quench superconducting behavior, and sig-
nificant work is being done to identify beneficial dopants to inhibit the
growth of harmful Nb hydride species [2,12,13]. In addition to the
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formation and removal of the native oxide allowing the incorporation
of harmful or beneficial chemical dopants, the quality of the native
oxide directly effects the formation of uniform thin films of high effi-
ciency alloys, such as Nb3Sn [14]. Nb3Sn has a lower R, than Nb as a
function of temperature, resulting in higher Q factors at a given tem-
perature, thus improving the performance of particle accelerator facil-
ities [15-17]. Results suggesting the importance of the native oxide
characteristics and quality influencing Nb3Sn growth further supports
the continued interest in understanding the behavior of Nb oxide under
fabrication and operating conditions. It is, therefore, imperative to
obtain a fundamental understanding of the complex interplay between
surface and near surface chemical species and evolution of the native
Nb oxide surface structure under various fabrication and operating
conditions.

Particular emphasis on elucidating the intermolecular interactions
between Nb and impurities such as oxygen, hydrogen, nitrogen, and
carbon which significantly influence SRF cavity Ry and Q
[2-5,7,8,10-13] is especially relevant. Nb readily binds oxygen, and the
oxidation of Nb and subsequent effect on superconductivity is of great
interest and has been extensively studied in the past [18-34]. It was
determined that bulk oxide films quench superconductivity while thin
films of surface oxide do not effect superconducting behavior to such a
large degree. In operational SRF cavities, mild baking of the cavities at
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100 - 200 °C in vacuum or air has profound effects on cavity perfor-
mance [1,7,9], and it is necessary to understand the complex surface
evolution that occurs during the initial stages of oxidation. The initial
stages of Nb oxidation have been investigated using a variety of ultra-
high vacuum (UHV) surface science techniques such as Auger electron
spectroscopy [20-24,35,36], x-ray photoelectron spectroscopy (XPS)
[23,24,30,37], ultra-violet photoelectron spectroscopy (UPS)
[23,25,26], electron energy loss spectroscopy (EELS) [18,22,26], mirror
electron microscopy [35], and secondary ion mass spectrometry (SIMS)
[21,22]. Such studies have revealed complex interactions between
oxygen and Nb, and that producing a clean, oxygen-free Nb surface is
experimentally extremely difficult [18-23,26,36]. This is due to the
high reactivity of Nb to oxygen and a strong preference for oxygen
surface segregation. Farrell et al. [20] found that oxygen was detected
on the Nb surface using AES at temperatures up to 1900K, and Nb
samples on the order of 1300 K with bulk oxygen concentrations well
below the bulk solubility limit still exhibited roughly quarter mono-
layer surface oxygen coverage. Oxygen removal occurs via desorption of
oxygen incorporated into NbO and NbO, [18,35,38] and begins at
temperatures greater than 1900 K in UHV; complete oxygen removal is
only achieved at temperatures greater than 2500K [18,20,21,35,36].

Due to the high reactivity of Nb to oxygen, exposure of a cleaned Nb
surface to low pressures of oxygen at room temperature results in
oxygen chemisorption [18,21,22] and the subsequent formation of
NbO, NbO,, and Nb,Os oxidic phases [18,21-23,25,26]. The surface
oxide layers at atmospheric pressure are comprised of Nb,Os, NbO,,
NbO, as well as metal-rich suboxides [39]. The Nb,Os bulk pentoxide is
most stable under ambient conditions and is the dominant oxide phase
on the surface when present [39]. Removal of Nb,Os is achieved when
the sample is annealed in UHV above 600 K; Nb,Os is reduced to NbO,
and then NbO as oxygen is dissolved in the bulk of the metal
[30,37,40]. The morphology of the niobium surface during thermal
cleaning and oxidation has been studied in the past with low energy
electron diffraction (LEED) [20,29,35,36].

More recently, atomically resolved structures have been observed
on Nb(100) [33,34,41-43] and Nb(110) [31,32,44] with scanning
tunneling microscopy (STM). On Nb(110), a surface comprised of
quasiperiodical features is reported after Ar* ion sputtering and an-
nealing between 1200-2200 K in UHV [31,32,44]. An et al. [41] pro-
vide a thorough review of the oxygen-induced structures that form on
Nb(100). As a result of thermal cleaning in UHV, a (3 x 1)-O structure
forms as a result of the epitaxial growth of NbO/Nb above 873 K. A less
oxygen-rich (4 X 1)-O structure forms after annealing the (3 x 1)-O
structure at 2270 K as a result of oxygen desorption at higher annealing
temperatures. While the two ladder structures, (3 X 1)-O and (4 x 1)-
O, have been well characterized, no studies have been done in-
vestigating the energetics of oxygen dissolution at elevated tempera-
tures relevant to Nb SRF cavity fabrication, nor has the surface evolu-
tion of the oxidized surface following thermal annealing been
elucidated. To better understand the mechanism for oxygen dissolution
of (3 x 1)-O/Nb(100), our study focuses on the atomic-scale structural
evolution and kinetics of the (3 x 1)-O structure as a result of oxygen
dissolution of the surface oxide layers on Nb(100).

2. Experimental

Niobium single crystals oriented to the (111), (110), and (100) faces
with 99.99% purity were obtained from Surface Preparation
Laboratory. The crystals were mounted in a custom RHK six-contact
sample puck with the interior shelf mechanically removed to hold a
hand-coiled thoriated tungsten filament for electron-beam heating. The
crystals were put into a custom UHV preparatory chamber equipped
with AES, XPS, ion sputtering, and a Residual Gas Analyzer (RGA). The
chamber has a base pressure of < 1.0 x 10~ ° torr. The crystal surfaces
were cleaned by cycling between Ar™ ion sputtering for 30 min and
annealing at 2100K for 10 min. The surface temperature was
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monitored with an infrared pyrometer mounted outside of the UHV
chamber.

All scanning tunneling microscopy (STM) images were taken at
room temperature using an RHK Variable Temperature Beetle-style
STM kept in an adjoining UHV chamber with a base pressure of
5.0 x 10~ torr. Mechanically cut Pt/Ir (0.8p,/0.2;;) was used for the
STM tip and no additional conditioning or sharpening of the tip was
performed. STM measurements were performed in constant-current
mode. No appreciable bias dependence was observed in the STM
images.

For the AES kinetic measurements, native oxide layer was grown by
exposure to atmosphere following the aforementioned cleaning
methods in UHV. To study structural evolution of the oxidized Nb(100)
surface, in situ oxygen exposure was performed while the crystal was in
the STM stage by introducing ultra-high purity oxygen gas to the UHV
chamber through a variable leak valve. The crystal was held at room
temperature during exposure, and the STM tip was retracted out of
tunneling range.

3. Results and discussion

STM images of Nb(100) and Nb(111) after preparation are shown in
Fig. 1. Despite heating the Nb(111) surface for more than 3 h at 2100 K,
and with a clean AES spectra, only disordered clusters were observed in
the STM images (Fig. 1A). While these clusters do have some internal
structure, there is no obvious long-range order present on the surface.
The Nb(100) crystal, however, was prepared in the same manner and
regular (3 x 1)-O ladders covered the crystal surface. As the only dif-
ference between the two crystals is the orientation of the surface atoms,
the surface geometry of the Nb crystal must play a significant role in the
ordering of NbO. We note that niobium is a classic bcc crystal with a
bulk lattice parameter of 330.04 pm. The (111) plane, therefore, has an
interatomic distance of 466.7 pm, while the spacing in the (100) plane
is equal to the bulk lattice parameter of 330.04 pm. The (111) face,
therefore, has a more open crystal structure in which the top 3 layers of
atoms are exposed, as shown in the inset of Fig. 1A. This results in
surface Nb atoms being undercoordinated. Fully coordinated surface
atoms are energetically favored, and the surface reconstructs and binds
O to achieve full coordination. It was expected that long annealing
times at temperatures in which surface atoms can overcome the en-
ergetic barrier to move to equivalent binding sites on the surface would
improve long-range order; this was not observed, however, on Nb(111).
In contrast, the Nb(100) face is more closely packed and exposes only
the first two layers of Nb atoms (Fig. 1B). As a result, Nb(100) exhibits
more long-range order of the Nb(n x 1)-O superlattice on Nb(100).

Because Nb(100) is a more well-defined surface than Nb(111) fol-
lowing UHV surface preparation, oxygen dissolution on oxidic Nb

Fig. 1. STM images show surface crystallographic orientation effects on NbO
surface structure. (A) V= —0.5V, I = —0.1 nA. Nb(111) presents disordered
oxide domains with no long-range order due to the open nature of the Nb(111)
plane; (B) V= —0.5V, I = —19 pA. Nb(100) presents highly-ordered (n x 1)-
O superlattices due to the closely-packed Nb(100) plane.
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Fig. 2. (A) AES spectra before and after annealing Nb(100) at 600 K. Nb peak at
169 eV, O peak at 519 eV; (B) Ratio of O/Nb current intensity, Io/Inp, VS. anneal
length for various Ts.

phases was studied utilizing the Nb(100) crystal. Fig. 2A shows AES
spectra of the Nb(100) crystal before (blue) and after (red) annealing
(sample temperature, Ts) with the native oxide layer present to promote
oxygen dissolution into the bulk metal. The principle Nb AES peak is at
169 eV while the O peak is at 519 eV. Following annealing, there is a
significant decrease in the O peak at 519 eV and an increase in the Nb
peak intensity at 169 eV. The room temperature O/Nb current intensity
ratio (Io/Inp) Was observed to plateau at = 0.2.

In order to determine the activation energy (E,) for oxygen dis-
solution into the bulk, the crystal was annealed at Ts = 450, 500, 550,
and 600K until the Io/Iy, value plateaued. As shown in Fig. 2B,
Tg = 450K Io/Iynp stabilized after 350 min with Io/Inp = 0.60,
Ts = 500 K after 300 min with Io/Inp = 0.32, Ts = 550 K after 100 min
with Io/In, = 0.31, and Ts = 600K after 25 min with Io/Inp = 0.22.
For Ts > 600K, there was rapid oxygen dissolution, and while a final
Io/Inp = 0.22 was determined, sequential Io/In, values could not be
obtained. Not only did lower Ts result in longer annealing times before
Io/Inp stabilized, but the amount of oxygen remaining on the surface
was higher for lower Ts. This suggests that not only is the rate of oxygen
dissolution dependent on Ts, but the oxidic phase present on the surface
is in part determined by Ts. The activation energy, E,, for O dissolution
was determined to be 0.6 eV/atom (Fig. 3). Previous work has indicated
an E, for oxygen removal, either via evaporation or surface-bulk dif-
fusion, to be 0.74 eV/atom [20], and is in agreement with our experi-
mentally determined E, of 0.6 eV/atom.

Following sputtering and annealing, Nb(100) was placed into the
UHV-STM, and the (3 X 1)-O ladder structure was observed on all
terraces of the Nb(100) surface, as shown in Fig. 4. Further analysis of
the parallel rows of (3 x 1)-O ladders shows that while the spacing
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E, = 0.6 ev/atom
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Fig. 3. Arrhenius plot created using the calculated rate constants from the

dissolution trials in Fig. 2. An activation energy for oxygen dissolution of
0.6 eV/atom was calculated.

3.0x10°

Fig. 4. UHV-STM image (V= —0.5V, I = —19 pA) of the Nb(100) surface
after Ar-ion sputtering and annealing at 1700 K with (3 x 1)-O schematic inset.
Large, flat terraces displaying the (3 X 1)-O superlattice populate the entirety
of the Nb(100) crystal.

between the ladders is a constant in the (3 X 1)-O structure, the widths
of the ladders are not constant, and are rather distributed in a range of
sizes. Fig. 5A shows the statistical distribution of the periodic widths of
the (3 x 1)-O ladder structures in units of the surface layer Nb-to-Nb
interatomic distance (0.31 nm) [41]. The distribution of the ladder
widths is symmetric and centered around 10 Nb atoms. This is con-
sistent with previously reported statistical analysis of the periodic
widths of the (3 x 1)-O ladder widths on Nb(100) [34,36].

To characterize the structural evolution of the ladder structures as a
result of oxygen dissolution, the (3 X 1)-O ladders were exposed to
oxygen gas and annealed at 725K to promote oxygen dissolution but
not regrow the ladder structures. This allowed us to make comparisons
between the thermal annealed Nb(100) surface following oxygen dis-
solution to the initial, pristine Nb(100) (3 x 1)-O surface. The surface
comprised of ladder structures in Fig. 5A was exposed to 3.6L O, at
Ts = 300 K. This resulted in the chemisorption of oxygen atoms (O,q)
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Fig. 5. STM images of the Nb(100) (3 x 1)-O surface after two subsequent doses of 3.6 L of oxygen gas at Tc = 300 K and subsequent annealing at 725 K. (A) Pristine
(3 x 1)-O surface and ladder width histogram; (B) (3 x 1)-O surface with chemisorbed 0,4 following a 3.6 L O exposure with no anneal; (C) (3 X 1)-O surface with
3.6 L O, annealed at 725K for 20 min total and ladder width histogram; (D) (3 x 1)-O surface with 3.6 L. O, annealed at 725K for 40 min total and ladder width
histogram. Imaging conditions: (A) V= — 0.5V,I= —19pA; B) V= —-05V,I= -18pA; (C) V= —051V,I= —-19pA (D) V= —-0.51V,I= —18 pA.

across the NbO surface oxide with no incorporation of oxygen into the
ladder structure nor evolution of the underlying ladder structure, as
seen in Fig. 5B. Statistical analysis was performed on the ladder
structures in Fig. 5B to confirm that the underlying surface structure of
the ladders had not been altered, and similar to the distribution of
ladder widths in Fig. 5A, the majority of ladders were 10 Nb atoms
wide. After confirming that the chemisorption of O.4 did not perturb
the underlying (3 x 1)-O ladder structure, the surface was annealed at
Ts = 725K for 20 min to promote the dissolution of chemisorbed
oxygen through the ladder structures into the Nb bulk as shown in
Fig. 5C. The ladder structures, while still present, have begun to break
apart as a result of oxygen dissolution into the bulk of the Nb crystal.
The ladders are now interrupted with dark pits on the surface, con-
sistent with more extensive oxidation, and ladder rungs are segmented
into smaller ladder fragments. Visually, there is a marked decrease in
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overall ladder domain order compared to the pristine ladder surface in
Fig. 5A. A histogram of the periodic ladder lengths, shown in the his-
togram inset of Fig. 5C, confirms the evolution of the ladder widths,
with a larger portion of the Nb surface comprised of narrower ladder
features. While there are still 10 Nb atom wide ladders present on the
surface, a significant portion of the ladders have been disrupted by the
oxygen dissolution and a noticeable increase in narrower ladder widths
are observed.

Following the 20 min anneal at Ts = 725K, the surface was an-
nealed for an additional 20 min, resulting in a total anneal time of
40 min. Fig. 5D shows the continued surface evolution following the
40 min total anneal at Ts = 725K. In addition to the dark pits con-
sistent with further surface oxidation as was shown in Fig. 5C, there are
small areas where no ladder pattern is discernable. Additionally, there
is an increase in the occurrence of narrow ladder widths compared to
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Fig. 5A-C, as seen in the histogram inset of Fig. 5D. The most frequent
ladder width in Fig. 5D has also shifted from 10 Nb atoms to 9, con-
sistent with continual surface evolution as the oxygen dissolution dis-
rupts the original pristine ladders as it diffuses into the bulk. It is in-
teresting to note the frequent occurrence of 5 Nb atoms in this
histogram inset of Fig. 5D, which is half of the unperturbed ladder
length of 10 Nb atoms. This could indicate a preferred location for O,q
penetration into the bulk at the center point of the existing ladder
rungs. Following the extensive anneal at Tg = 725K, the surface was
annealed further above Tg = 900 K, and the pristine (3 X 1)-O surface
was restored.

These surface reconstructions provide the first detailed visualization
of changes to the Nb(n x 1)-O superlattice on Nb(100) that result from
chemisorbed O,4 dissolving into the bulk. This is important for under-
standing the changes that occur at the oxide/metal interface during
mild bake treatments to improve SRF cavity performance, contaminant
and dopant incorporation into the Nb bulk, and the growth of thin films
on oxide covered niobium to improve SRF performance with next
generation superconducting alloys such as NbsSn. Future studies will
combine these results with first principles calculations to develop an
atomic scale model for oxygen dissolution and mass transport through
the Nb(100) (3 x 1)-O ladder structures.

4. Conclusion

In order to elucidate the energetics of oxygen dissolution through
relevant (3 x 1)-O ladder structures on Nb(100) and subsequent
atomic-scale structural evolution as a result of oxygen dissolution, the
(3 x 1)-0O ladder structure on Nb(100) was studied with AES and STM
following thermal annealing to provide ensemble chemical and local
structural information of the Nb surface. The (111) and (100) faces of
Nb were used as model systems to investigate differences in surface
oxide ordering, and it was discovered that the Nb(100) surface forms
(3 X 1)-0O ladder structures with large, ordered domains while the Nb
(111) surface oxide does not form long-range order despite extended
high temperature thermal annealing. Surface reconstructions of the Nb
(100) (3 x 1)-O surface were observed as a result of oxygen dissolution
into the bulk, and these results provide a detailed visualization of the
changing structure of the oxide/metal interface during oxygen dis-
solution promoted by mild heat treatments of the niobium metal. In
addition, the rate for oxygen dissolution was determined across a range
of temperatures yielding an activation energy for oxygen dissolution of
0.6 eV/atom. This work provides real-space structural information re-
garding the complex surface evolution of Nb oxide as a function of
thermal annealing, and has significant implications for actual SRF
cavity fabrication processes. The importance of Nb oxide structure and
chemical composition dictates the efficacy of beneficial dopant in-
corporation, the formation of high Q thin films such as Nb;Sn, and the
overall performance of SRF cavities under operating conditions. By
increasing our understanding of the fundamental energetics and struc-
tural evolution of the Nb(100) (3 x 1)-O surface during oxygen dis-
solution, the opportunity to optimize Nb SRF cavity fabrication for in-
creased particle accelerator facility performance may be realized.
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