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Abstract

CrossMark

Helium atom scattering and Auger electron spectroscopy (AES) are used to characterize the
(3 x 1)-O reconstruction of the Nb(100) surface at elevated temperatures. Persistent helium
diffraction peaks and specular lineshape analysis indicate that the oxide structure persists,
apparently unchanged, until surface temperatures of at least 1130 K. In a complementary
experiment, AES oxygen to niobium ratios for Nb(100) show little to no change when the
surface temperature is varied from 300 K to 1150 K. These data inform future development of
superconducting radio frequency (SRF) cavities. In particular, these findings demonstrate the
important role that persistent niobium oxides will play in the optimization of thin film growth
strategies and coating procedures for Nb3;Sn and other next—generation SRF superconducting

alloy materials.
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1. Introduction

Niobium has become the material of choice for modern super-
conducting radio frequency (SRF) cavities in particle acceler-
ators. Its low surface resistance (Rys), high critical temperature
(T¢), and relatively high cavity quality (Q) factor at large fields
all have contributed to its successful utilization in SRF cavities
[1-4]. In addition, pure Nb is relatively soft and ductile, which
allows it to be formed and welded into the cavity geometries
required to optimize Q factors and accelerating gradients [1].
Extensive research has been performed on these cavities and
enables them to operate close to the fundamental limits of Nb
[3-9]. Future progress, then, rests on the development of new
materials: one of the most promising options is Nb3Sn. The-
oretical and experimental advances show that Nb3Sn cavities
could yield higher Q factors with larger accelerating gradients
at higher operational temperatures than traditional Nb cavities
[10-15], improving performance while also greatly reducing
the cost of infrastructure and cryogens.

1361-6668/20/105012+7$33.00

Unlike Nb, there are substantial issues associated with mak-
ing cavities from Nb3Sn [3]. While its brittle nature and poor
thermal conductivity prevent it from being fashioned into a
cavity directly, thin Nb3Sn coatings formed on Nb have shown
promising results [3, 16]. This process typically involves coat-
ing an existing Nb cavity with Sn, and then annealing at high
temperatures to form the Nb3Sn thin film at or near the surface
[6, 17]. Research into the microscopic formation of these thin
films is necessary for advancement of SRF technology.

One complication present in the growth of Nb3Sn thin films
is the role of Nb’s native oxide layer. Nb is highly react-
ive to oxygen and its surface usually is covered by one of
many possible oxide structures, both in air and in vacuum
[18, 19]. The oxygen exposures required to reach these differ-
ent oxide structures, as well as the structures themselves, have
been well characterized [18-22]. Generally, a thick insulating
Nb,Os layer dominates the surface in air, while thin ordered
(n x 1)-O domains (‘ladders’) form readily on a Nb(100) sur-
face after high temperature annealing in vacuum [20, 23-25].

© 2020 IOP Publishing Ltd  Printed in the UK
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As a refractory metal, Nb has a high melting temperature
of 2741 K [26]. The oxygen in Nb starts to desorb as NbO
and NbO; [27, 28] above 1900 K [18] in ultra-high vacuum
(UHV), and it is not until Nb is heated above 2500 K that pure,
clean, oxygen-free Nb is observed [18, 27-31]. The extreme
temperatures needed to remove oxygen mean that the Nb SRF
cavities are coated in an oxide layer, and that the Sn depos-
ited to form Nb3;Sn is deposited on one of many Nb oxides.
The growth morphology of Nb3Sn on Nb is dependent on
the interaction of Sn with the oxide layer. Thus, a complete,
temperature—dependent, microscopic understanding of the Nb
oxide surface is critical to the development of consistent, well-
formed Nb3Sn thin films. Such understanding will allow for
the development of alloy growth procedures with improved
overall quality, homogeneity, and stoichiometry, enhancing
critical operational SRF characteristics in high fields.

A key, missing factor in the literature is the nature of the Nb
oxide surface at elevated temperatures. Up until now, studies
have been limited to analyses at or below room temperature:
thermal history and desorption temperatures are known, but
the structure and stoichiometry at high temperatures has not
been elaborated. In Nb3Sn SRF cavity fabrication processes,
the Nb surface temperature is elevated during Sn nucleation,
annealing, and degassing [3, 6, 17]. An understanding of the
Nb oxide surface at elevated temperatures will guide current
and new routes for improved Nb3;Sn cavity production. To our
knowledge, this combined helium atom scattering (HAS) and
Auger electron spectroscopy (AES) study represents the first
investigation of the Nb(100) oxide ladder structures at elevated
temperatures, and it is one of the few in-situ studies of metal
oxide structures at high temperatures.

HAS is a unique, nondestructive, surface sensitive tech-
nique that elucidates surface structure and dynamics [32]. The
helium atoms are neutral probes that scatter off the electron
cloud a few angstroms away from the surface: the surface is
not damaged in any way [33-35]. HAS is particularly suited
for examining surface structure at elevated temperatures.
Unlike in typical low-energy electron diffraction (LEED),
where electron bombardment heating presents experimental
challenges, the neutral helium probe is not affected by the
high voltages required for electron bombardment. Scanning
tunneling microscopy (STM) also becomes very difficult at
extremely high sample temperatures, due to atomic thermal
fluctuations and instrument instability [36]. Debye—Waller
attenuation of scattered He does become increasingly more
important at elevated surface temperatures [33], but if the crys-
tal is sufficiently reflective, diffracted He signal can be seen
above the diffuse scattering background and the surface struc-
ture obtained.

2. Experimental

2.1. HAS—methods and sample preparation

The surface structure of Nb(100) was characterized with a
UHV HAS apparatus that has high momentum and energy

resolution. The apparatus has been described in detail else-
where but is summarized here [37]. The HAS instrument con-
sists of three regions: a differentially pumped beam source, a
sample chamber, and a rotatable detector arm, resulting in a
total helium flight path of 1.0701 m (chopper-to-crystal dis-
tance of 0.4996 m, crystal-to-ionizer distance of 0.5705 m).

The helium was expanded through a 15 pum nozzle that
was cooled by a closed-cycle helium refrigerator. This gener-
ated a nearly monoenergetic (Av/v < 1%), supersonic helium
beam that was collimated into an approximately 4 mm spot
on the crystal surface. A mechanical chopper modulated the
beam prior to collision with the surface; a 50% duty cycle was
used for angular distributions and a 1% duty cycle for time-
of-flight measurements to determine the beam energy. The
Nb(100) crystal was mounted on a six-axis manipulator that
precisely controlled the incident angle, 6;, the azimuthal angle,
¢, and the tilt, y, with respect to the scattering plane. Sample
temperatures ranging from 300 K to 1900 K were achieved
using electron bombardment in combination with a closed-
cycle helium refrigerator. Reflected helium atoms entered a
triply differentially pumped, computer—controlled, rotatable
detector arm; were ionized via electron bombardment; filtered
using a quadruple mass spectrometer; and detected with an
electron multiplier followed by pulse counting electronics.
Angular distributions were obtained by rotating the detector at
0.2° increments while holding the incident angle and energy
fixed. The overall instrument resolution was 0.45°. The incid-
ent helium beam was held at 21 meV (k;, = 6.3 A-! and
T, = 96.9 K) so that the specular, first-order primitive, and
(3 x 1)-O superlattice diffraction peaks could be observed in
the same angular distribution.

Nb(100) was obtained from the Surface Preparation Labor-
atory (Netherlands, 99.99% purity, ~0.1° cut accuracy) and
prepared in the HAS apparatus by cycles of annealing at and
flashing to 1900 K. The primary initial impurities identified
by AES were carbon, boron, sulfur, and nitrogen. Sputtering
with 500 eV Ne* ions (3 A maximum) removed the boron
and sulfur contaminants while the combination of annealing
and flashing eventually removed the carbon. Annealing and
sputtering continued until AES analysis showed only niobium
and oxygen present on the surface. Flashes to 1300 K were
performed before experiments to remove any trace adsorbates
from the crystal surface.

2.2. AES—methods and sample preparation

AES measurements of Nb(100) from the Surface Preparation
Laboratory (Netherlands, 99.99% purity, ~0.1° cut accuracy)
were performed in a UHV experimental system composed of
a STM chamber (UHV VT-STM, RHK Technology) and a
preparation chamber equipped with AES capabilities, as pre-
viously described [23]. The Nb(100) crystal was cleaned via
repeated cycles of Art ion sputtering and electron bombard-
ment annealing at a sample temperature (7s) of approximately
2100 K, as measured using a Mikron Infrared (MG—-140) pyro-
meter. Surface cleanliness was confirmed by AES and STM
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Figure 1. Representative diffraction spectrum for He on
(3 x 1)-O/Nb(100) along the <100> symmetry axis as a function of
parallel momentum exchange.

analyses, which showed the characteristic (3 x 1)-O superlat-
tice with no surface contaminants [20, 23, 38].

3. Results and discussion

3.1. Helium diffraction

After preparation in vacuum, the Nb(100) surface recon-
structs into a (3 x 1)-O ladder structure, as observed else-
where [23]. Figure 1 shows an angular distribution of helium
back-scattered from the Nb(100)/(3 x 1)-O surface along the
<100>, (I’ — X) azimuthal direction. The diffraction spectrum
was taken at a surface temperature of 360 K with an incident
angle of §; = 35.2°. The reproducibility of the surface was con-
firmed through repeated scans at 7y = 360 K after flashing the
crystal to 1300 K. Three diffraction peaks are resolved clearly:
a zeroth-order specular peak (6; = 0y) at AK =0 A1, afirst-
order, (OT) diffraction peak at AK = —2.0 A1 (0 =14.7°),

and a (3 x 1)-O superlattice, (Og) diffraction peak at

AK = 2.6 A~! (0y = 9.1°). These elastic diffraction peaks
arise when the requirements for Bragg diffraction are satisfied,
such that

AK = k; (sin; — sinby) = G, €))

where AK is the change in the surface-parallel component of
the helium wavevector k;; ; and 6y, respectively, are the ini-
tial and final scattering angles relative to the surface normal;
and G, is a linear combination of surface reciprocal lat-
tice vectors. From the first-order, (OI) diffraction peak, the
Nb-Nb lattice spacing was determined to be 3.08 =+ 0.02 A,
which corresponds favorably to surface lattice constants found
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Figure 2. Representative diffraction spectrum for He on
(3 x 1)-O/Nb(100) along the <110> symmetry axis as a function of
parallel momentum exchange.

through LEED measurements [20]. The diffraction peak at
AK = —2.6 A~ was identified as (3 x 1)-O superlattice
peak, since its AK value is approximately % times that of the
(OT), primitive peak. This also aligns with previous LEED
studies that show the (3 x 1)-O superlattice structure [20].

The intensities of both the (01) and (Og) peaks are far

greater than that of the specular peak, which is in contrast to
HAS from the bare Nb(100) surface and suggests an increase
in surface corrugation as a result of the ladder structure
[31, 39].

The angular distribution of the <110>, (I' —M) azi-
muthal direction was determined and is shown in figure 2 at
Ts = 360 K. In this direction, the specular peak is far more
intense than in the <100> direction, again indicating a high
surface corrugation. The small, secondary specular peak can
be attributed to surface faceting from the anneal process and
was ignored in analysis [31]. The peak at AK = —2.7 A~!
corresponds to the (ﬁ) diffraction peak.

The high intensity of the specular peak in the <110> dir-
ection allowed us to analyze the peak lineshape with minimal
contributions from the diffuse elastic and multiphonon back-
ground seen in the <100> direction. The helium beam strikes
the surface with a 4 mm spot size, averaging over many atom-
ically flat terraces. The average width of these terraces has
been shown to be approximately equal to the coherence length,
I, [40, 41]. The specular peak broadening from the average
domain size, Af,,, can be found through a deconvolution of the
measured specular peak full width half maximum (FWHM),
Ab,,, and the instrument function broadening, A,

Ab, = NG, — A6, )
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Figure 3. Width analysis of a specular (§; = 0y) He diffraction peak
on (3 x 1)-O/Nb(100) along the <110> symmetry axis, plotted vs.
final scattered angle (6y). The solid red line is a Gaussian fit to the
coherent elastic peak, the dashed red line is a Gaussian fit to the
diffuse elastic and multiphonon background, and the solid black line
is the overall fit to the data (black crosses). The narrow, coherent
elastic peak (solid red line) has a FWHM of 0.54 + 0.01°.
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Figure 4. Decay of diffraction spectra for He on (3 x 1)-O/Nb(100)
along the <100> symmetry axis as a function of surface
temperature, plotted vs. parallel momentum exchange.

The coherence length then can be determined through the
equation [41],

5.54

le = A6, k;cos (6)

3)
Figure 3 shows the fitting function used to determine the width
of the specular peak. The normalized peak was fit with one
sharp Gaussian function for the coherent elastic signal and one
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Figure 5. Decay of diffraction spectra for He on (3 x 1)-O/Nb(100)
along the <110> symmetry axis as a function of surface
temperature, plotted vs. parallel momentum exchange.
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Figure 6. FWHM of Gaussian fits to the coherent elastic portion of
specular (0; = 6y) He diffraction peaks on (3 x 1)-O/Nb(100) along
the <110> symmetry axis, plotted vs. surface temperature. All peaks
were fit with two Gaussians, as illustrated in figure 3.

broad Gaussian for the diffuse elastic and multiphonon back-
ground signal [42]. With an overall instrument resolution of
0.45° and a measured specular FWHM of 0.54 £ 0.01°, the
average domain size was found to be 210 + 10 A.

Diffraction spectra in the <100> direction, as a function of
increasing temperature, are shown in figure 4. Surface stability
at each temperature was determined by immediately repeating
each scan; the identical scans indicated that the surface struc-
ture was unchanging. While the specular peak is enveloped by

the background at around 1053 K, the (01) and (Og) diffrac-

tion peaks are visible up to at least 1130 K. At 1170 K, the

peak intensities are lower than the detected background.
Temperature dependent spectra in the <110> direction

are shown in figure 5. Spectra were recorded as a function
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Figure 7. O/Nb AES ratios taken at 7y between 300 K and 1150 K. There is no significant decrease in O content on Nb(100) below 1200 K.

of increasing temperature, except for the spectrum taken at
550 K, which was taken after a 1900 K flash. The specular
intensities at five different surface temperatures were fit in
a similar manner to that shown in figure 3, and the FWHM
of each coherent elastic peak is shown in figure 6. HAS
lineshapes are very sensitive to surface disorder [33, 39]; any
oxygen dissolution or disorder caused by the elevated temper-
atures would dramatically increase the width of the specular
peak. Instead, the width stays nearly constant as a function of
surface temperature up to 1210 K, as seen in figure 6. This,
in addition to the existence of the superlattice diffraction peak
in figure 4 at 1130 K, indicate that the (3 x 1)-O superlat-
tice remains unchanged on the Nb(100) surface up to at least
1130 K, and presumably up to at least 1210 K.

3.2. AES

A second Nb(100) single crystal was prepared in a separate
UHYV experimental system, which resulted in the (3 x 1)-O
superlattice structure [23, 43]. In order to determine the con-
centration of surface oxygen on Nb(100) at elevated temperat-
ures, a ratio of the peak-to-peak intensities of the principle O
and Nb peaks were obtained, at 519 eV and 169 eV, respect-
ively [44], for T ranging from 300 K to 1150 K. The O/Nb
ratios displayed in figure 7, plotted as a function of Ts, quant-
itatively describe the surface composition at elevated surface
temperatures; the displayed error bars account for varying
near-surface and surface oxide contributions.

Across the entire temperature range studied in this work,
the O/Nb ratio is stable, providing evidence for a constant sur-
face oxygen concentration up to 1150 K. The near surface
does not lose oxygen from the thermal annealing [23], even

though the subsurface oxygen content may vary due to the
cleaning procedure and the amount of oxygen in the bulk, as
seen by slight fluctuations in the O/Nb ratio at Tg = 300 K.
The average measured Auger peak intensities did not change
as a function of primary beam exposure time, indicating that
the AES experiments did not modify the surface elemental
composition over the course of data collection. Furthermore,
the Nb(100) surface was analyzed by in-situ, room temperat-
ure STM following the AES measurements. The STM work
confirmed that the surface remained covered by the character-
istic (3 x 1)-O superlattice and that the sample was not dam-
aged by the high temperature AES measurements. Residual
gas analyzer spectra indicated that the oxide did not desorb
within the studied temperature range, so any observed reduc-
tion in the O/Nb ratio denotes oxygen dissolution into the bulk
crystal. However, based on the AES O/NbD ratios detailed in
figure 7, there is no evidence of appreciable oxygen dissolution
below 1200 K. This AES analysis confirms the HAS measure-
ments that show no appreciable oxygen dissolution or disorder
within the T range studied.

4. Conclusion

HAS and AES provide evidence for the continued existence
of a (3 x 1)-O ladder structure on the Nb(100) surface until
at least 1130 K and, to our knowledge, this work is the first
investigation of the niobium oxide surface at elevated temper-
atures. Helium diffraction peaks from the oxide structure were
persistent until 1130 K, and the specular peak lineshapes indic-
ated little to no surface disorder up to 1210 K. The constant
AES oxygen to niobium peak ratios of Nb(100) also indic-
ated that oxygen did not leave the surface either through dis-
solution or evaporation until above 1200 K, consistent with
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previous studies [18, 20]. The unvaried oxide reconstruction at
the investigated high temperatures informs future SRF cavity
research and development. The next-generation method of
coating Nb cavities with a thin film of Nb3Sn involves an initial
nucleation step where the surface is held at about 770 K [3],
below the 1130 K temperature measured here. Our research
shows that Sn is nucleating on an oxide, not on bare Nb. This
further illuminates the role of oxygen in the Sn deposition
and cavity optimization processes. The oxide structure above
1130 K, including at approximately 1375 K [3] where the Sn-
coated cavities are annealed, is still unknown, and would bring
similarly interesting information to the discussion on SRF cav-
ity production. Additional unanswered questions include Sn
mobility, long-term stability, the mechanisms and kinetics for
Sn incorporation into the Nb substrate, and the development
Nb3;Sn alloy materials with lower defect concentrations and
higher chemical and spatial uniformity. These questions need
to be addressed to realize the SRF community’s ambitious
goal to successfully implement this promising alloy in next-
generation accelerator applications.
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