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ABSTRACT

Nanoscale structural defects such as grain boundaries, atomic dislocations, and surface roughness inhibit the stoichiometrically homogeneous
growth of Nb;Sn on Nb. This is a critical technological bottleneck for the implementation of next-generation Nb;Sn superconducting radio fre-
quency cavities, as thin film inhomogeneities are known to degrade superconducting properties that are essential for reaching optimal cavity
performance. To determine the influence of structural defects on Nb;Sn film growth, low and moderate surface defect densities were intention-
ally induced onto a (3 x 1)-O Nb(100) substrate, which serves as a model system to study atomic-scale Sn adsorption and diffusion. Scanning
tunneling microscopy shows that, while initial Sn adsorption behavior at room temperature differs between the low and moderate defect
density Nb(100) surfaces, the overall diffusion pathways at elevated temperatures are guided by the underlying oxide structure with variations
resulting from increased nanoscale surface defects. The (3 x 1)-O Nb(100) surface with a moderate defect density also demonstrates enhanced
Sn thermal stability, with the Sn desorption threshold occurring between 850 and 900 °C, approximately 50 °C higher than desorption from
both the low defect density and pristine thin oxide surfaces. This suggests that structural surface defects may stabilize adsorbed Sn species on
oxidized Nb at the elevated temperatures utilized in Nb;Sn alloy growth procedures. Auger electron spectroscopy shows no significant differ-
ence in surface composition following Sn deposition at varying coverages on the pristine and defect-induced (3 x 1)-O Nb(100) surfaces. This
indicates that the surface and near-surface composition are not influenced by the presence of nanoscale surface defects despite slight attenua-
tions in Sn diffusion pathways on defected substrates. These results provide the first in situ visualization of Sn adsorption and diffusion behavior
on oxidized Nb at the nanoscale, revealing the significance of the underlying Nb oxide surface structure and defect density on NbsSn film

growth and, ultimately, cavity performance.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001374

I. INTRODUCTION

Nb is the current standard material for superconducting radio
frequency (SRF) cavities as it has the lowest critical temperature
(Tc) of all elemental superconductors (Tc=9.8 K), allowing for
operating temperatures of ~ 2 K.'™ NbsSn (T =18.3 K) has been
identified as one promising SRF material, with recent efforts dem-
onstrating NbsSn SRF cavity operation at ~ 4.2 K.""® This change
in the operating temperature will prove crucial to the implementa-
tion of next-generation accelerators and free electron light sources
due to substantially reduced costs in cryo-infrastructure.

Unlike Nb, which is malleable and can be manually formed
into the desired high-, medium-, or low-velocity cavity geometry,"”

the brittle nature of NbsSn prevents the manual formation of
Nb;Sn sheets into SRF cavities. Nb;Sn SRF cavities must, therefore,
be grown on preexisting Nb cavities, commonly via a Sn vapor dep-
osition procedure.””” There is a strong correlation between cavity
performance and Nbs;Sn film quality. The SRF performance of
Nb;Sn thin films grown via vapor deposition is limited by micro-
structural surface inhomogeneities such as the persistence of patchy
Sn-deficient regions, grain boundaries, surface roughness, and thin
film areas on NbsSn coated cavity coupons.'’™"* Simulations of sub-
stitutional defects such as Sn solute segregation at grain boundaries
have been shown to induce flux pinning, appreciably diminishing
Tc surrounding deleterious surface features on NbsSn films."''
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Despite attempts to advance preexisting NbsSn growth procedures,
fabrication of optimally performing, atomically smooth, and homo-
geneous Nb;Sn films has been difficult to achieve. This has proven
to be a significant barrier in implementing NbsSn coated SRF cavities
in superconducting particle accelerator facilities. Recent work by
Posen et al."” has shown that there is a significant difference in per-
formance between Nbs;Sn SRF cavities that are visually shiny and
comprised of smaller, smoother grains compared to visually matted
Nb;Sn with larger, rougher grains. The observed results may be due
to increased Sn flux during the nucleation step at 500 °C, increased
Sn overpressure during cavity coating, the addition of a postfabrica-
tion nitrogen infusion step, or that the surface is comprised of
thinner, smoother, smaller grains. Unfortunately, it is difficult to
deconvolute the various interdependent growth parameters leading
to the observed improved cavity performance.

While there have been studies investigating the relationship
between Nb;Sn film morphology and accelerating perfor-
mance,”>'*>'"” there is not a comprehensive understanding of the
intermolecular interactions guiding optimally performing Nbs;Sn
alloy growth. The interactions between the Nb substrate and imping-
ing Sn atoms during Nb;Sn growth procedures significantly influence
the surface-mediated alloy growth process. Sn deposition on highly
oxidized Nb terminated in the persistent bulk pentoxide (Nb,Os)
results in distinct Sn diffusion pathways and NbsSn film quality com-
pared to Sn deposited on Nb surfaces terminated in thinner oxides or
elemental Nb."” Specifically, it has been demonstrated that deposition
on thicker Nb,Os surfaces may result in enhanced Sn wetting and
modify incorporation mechanisms promoting homogeneous alloy
film growth with a persistent near-surface oxygen contribution.'®
Additionally, any suppression of Sn lateral diffusion required to uni-
formly wet the Nb surface during the initial coating steps may influ-
ence Sn diffusion into the Nb bulk during alloy formation, likely
resulting in inhomogeneous Nb;Sn grains.'>'” Preventing the growth
of inhomogeneous Nb;Sn grains is a point of significant interest
when developing modified Nb;Sn growth procedures.”'>'*"
However, there is not currently a predictive Nb;Sn growth model on
oxidized Nb surfaces that details how specific morphological factors
such as the Nb oxide composition, thickness, crystalline structure,
and defect density influence Sn adsorption, lateral diffusion, and
incorporation behavior during alloy growth.

The work presented herein investigates the structural and
chemical consequences of nanoscale defects on Sn adsorption and
diffusion pathways. By depositing sub-monolayer (ML) quantities
of Sn onto a well characterized single crystal Nb(100) oxide recon-
struction, we utilize in situ preparation and analysis techniques to
determine the effects of defect density on Sn adsorption and diffu-
sion pathways. The (3 x 1)-O/Nb(100) reconstruction is comprised
of highly ordered “ladder” structures whose pristine (pp) structure
is modified to produce both low (p;) and moderate (py;) surface
defect densities.”””' Room temperature scanning tunneling micros-
copy (STM) analysis of the Sn/(3 x 1)-O/Nb(100) samples reveals
the effect of surface roughness and defect density on initial Sn
adsorption and aggregation behavior. Subsequent annealing at
sample temperature (Ts) equal to 500, 700, and 850 °C induces Sn
diffusion on the p; and py surfaces. Atomically resolved STM anal-
ysis of annealed p;, and py; samples reveals the interplay between
surface defect density and the underlying oxide structure and
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composition on Sn diffusion pathways. Complementary Auger elec-
tron spectroscopy (AES) analysis of pp, pr, and py; substrates fol-
lowing sub-ML and multilayer Sn deposition reveals that, while the
exact adsorption and diffusion pathways vary as a function of
surface defect density, the surface elemental composition following
Sn deposition on (3 x 1)-O/Nb(100) at Ts=24°C does not vary
with surface defect density. This highlights the significance of con-
trolling the underlying oxidized Nb SRF cavity surface morphology
prior to the initiation of Nb;Sn growth procedures to ensure
uniform Sn adsorption and diffusion, resulting in optimally per-
forming Nb;Sn films.

Il. EXPERIMENT

All experiments were conducted on a Nb(100) single crystal
(1 cm diameter, Surface Preparation Laboratory) in an ultrahigh
vacuum (UHV) system equipped with an STM chamber (UHV
VT-STM, RHK Technology) and preparation chamber containing
an AES analyzer, described in Veit et al.”">** A newly constructed
custom deposition chamber was attached to the preexisting UHV
apparatus, allowing for in situ Sn deposition, sample preparation,
and analysis. The Sn deposition chamber, which has a base pres-
sure of <1.0 x 107° Torr, is equipped with an electron beam evapo-
rator (EFM 3, Focus GmbH) for sub-ML precision Sn exposure, a
quartz crystal microbalance (QCM, UHV Bakeable Sensor, Inficon)
to calibrate Sn deposition rates, and a custom sample stage allowing
for reproducible sample positioning and heating during Sn exposure.

The (3 x1)-O/Nb(100) reconstruction was formed via
repeated cycles of Ar" ion sputtering (1.5 keV) and annealing at a
Ts ~1630°C as measured using an infrared pyrometer (Mikron
Infrared, MG-140)."” Initial surface cleanliness was confirmed
using AES, x-ray photoelectron spectroscopy, and STM analysis to
confirm the presence of a pristine (3 x1)-O (pp) surface. Surface
compositions (at. %) were obtained using the corrected AES peak-
peak ratios of the differentiated spectra. STM image processing was
completed using GWYDDION, an open-source scanning probe micros-
copy analysis software. Edge site surface area calculations and
QCM Sn coverage calibrations were obtained using mask opera-
tions in GwyDDION to distinguish image pixels corresponding to
specific surface features.

AES analysis of the pp surface reproducibly measures
11.2 £ 1.3 at. % O and STM analysis demonstrate that 4.6 + 1.9% of
the pp surface area is comprised of edge sites associated with
step edges, dislocations, and adatoms. The sample was prepared
as either a low defect density (pr) sample, with surface defect
density = 17.8 + 1.2%, or moderate defect density (pyr) sample, with
surface defect density = 31.3 +2.1%, as follows:

pr sample: The pp (3 x 1)-O surface was sputtered with Ar*
for 15 min at 1 keV and then annealed at T =900 °C for 15 min.

pum sample: Beginning with the pristine (3 x 1)-O surface, the
sample was sputtered with Ar" for 15 min at 1 keV and flashed to
Ts =900 °C.

Following either the p; or py sample preparation, the
Nb(100) sample was transferred to the deposition chamber for
in situ Sn exposure. The EFM 3 filament conditions were moni-
tored by the EFM 3 control box, to ensure complete melting of the
99.998-99.999% purity Sn pellets (Kurt J. Lesker) contained in the
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EFM crucible. The QCM crystal and sample were positioned at the
same working distance and angle with respect to the EFM crucible
to ensure that a 1cm diameter Sn vapor beam was uniformly
impinged on both the sample and QCM crystal; covering the
entirety of both surfaces ensured an accurate flux calibration. This
allowed for the deposition rate in ng min~" for specific Sn exposure
fluxes to be quantified. Complementary STM data confirmed the
Sn packing density on the pristine (3 x 1)-O Nb(100) surface, pro-
viding a direct conversion between deposition rate in ngmin~" to
ML min~".

For sub-ML Sn deposition, exposure conditions were set to
achieve a flux of 0.47-0.56 ML min~" calibrated using QCM and
STM data. The pp, pr, and py samples were exposed to the
Sn beam for 30s at Tg=24°C, resulting in 0.28 and 0.24 ML
equivalence Sn coverage for p; and pyy, respectively. For multilayer
Sn deposition, exposure conditions were set to achieve 0.80-
0.84 ML min~". The pp, pr, and py samples were exposed to the Sn
beam for 20 min at Tg=24°C, resulting in 16.22 and 16.77 ML
equivalences Sn coverage for p;, and py, respectively. Following Sn
deposition, the sample was transferred into the preparation
chamber for AES analysis to characterize the surface composition
and/or heating at Ts =24, 500, 700, or 850 °C and then transferred
into the STM chamber for spatially resolved analysis of sub-ML
adlayers on the p; and py; (3 % 1)-O Nb(100) samples.

lll. RESULTS AND DISCUSSION

Following preparation of the pp (3x1)-O Nb(100) under
UHV conditions, the ever-present NbO surface oxide reconstructs
into a ladder structure as previously characterized.””*"*>**
Characterization of the chemical composition of the pp, pr, and py
NbO/Nb(100) surfaces via AES, shown in Fig. 1, confirms compa-
rable Nb, Sn, and O peak intensities for each sample preparation.
Both p; and py samples require either an anneal or flash to
Ts =900 °C after sputtering procedures due to bulk carbon contam-
inants present on the surface following Ar" sputtering; the p; and
pm samples show no evidence of contaminant incorporation upon
completion of sample preparation methods. It is known that O dif-
fuses into the Nb bulk upon heating and diffuses to the surface and
near-surface region of the crystal upon sample cooling, allowing for
the regular reformation of stable Nb,O, phases.””""*** Therefore,
it is not possible to determine whether O or Nb is preferentially
sputtered from the (3 x 1)-O Nb(100) surface following py, or py
sample preparation.”” A representative AES survey spectrum of the
pm sample with 16.77 ML equivalence of Sn deposited at Ts=24"°
C shows no evidence of contamination following Sn deposition
procedures.

While AES analysis of the pp, pr, and py samples confirms
chemical composition and cleanliness of the prepared surfaces,
STM is needed to provide spatially resolved structural information
of the intentionally defected NbO/Nb(100) surfaces. A representa-
tive STM image of the pp (3 x 1)-O surface is shown in Fig. 2(a).
The surface is comprised of large, flat terraces with crisp step edges
and minimal NbO adatoms; body-centered cubic NbO adatoms
display as bright rectangular protrusions from the Nb(100) terrace.
The p;, sample, shown in Fig. 2(b), has visibly narrowed terraces
with NbO adatoms uniformly protruding across the surface. The
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FIG. 1. AES spectra of the pristine (pp), low defect density (p.), moderate
defect density (pym), and py surface with 16.77 ML equivalence of Sn
(pm*16.77 ML Sn) deposited at Ts =24 °C. There is no evidence of surface
contamination following the low defect density or moderate defect density
sample preparation nor following Sn deposition. The p, and py spectra have
11.5 and 12.3 O at. %, respectively.

pm sample, shown in Fig. 2(c), is the most visually defected surface,
containing the highest concentration of NbO adatoms from the
(3 x1)-O terraces. The quantity of surface defects resulting from
terrace reconstructions on the py; surface inhibits the identification
of discrete terraces and step edges from STM line scans.

The defect density of each (3 x 1)-O Nb(100) surface prepara-
tion was obtained by identifying edge corrugation resulting from
NbO step edges, adatoms, and pits. Despite the varying defect den-
sities across the three sample preparations, the underlying pp, py,
and py NDO oxide structure is consistent with the characteristic
(3 x 1)-O ladder structure. Figure 2(d) shows the quantified surface
area attributable to edge sites for each sample preparation, revealing
that the pp, p1, and py; surfaces have unique defect densities. Edge
sites comprise 4.6 + 1.9% of the pp surface, 17.8 £ 1.2% of the pr,
surface, and 31.3 + 2.1% of the py; surface. The development of the
pr and py; surface preparation methods allows for a highly repro-
ducible method to impart nanoscale defects on the (3 x1)-O Nb
(100) surface. The difference in defect density between the pp, pr,
and py surfaces, while maintaining an identical (3 x 1)-O unit cell,
enables the investigation of Sn adsorption and diffusion behavior
solely as a function of nanoscale structural defects.
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Pp PL
Sample Preparation

FIG. 2. Room temperature STM images (125 x 125 nm?) of the (a) pristine (pp)
(3% 1)-O/Nb(100) surface 181 mV, 177 pA; (b) low defect density (p.) (3 x 1)-O/
Nb(100) surface —392 mV, —102 pA; (c) moderate defect density (py) (3 x 1)-O/
Nb(100) surface —0.75V, —148 pA; and (d) quantification of the edge sites
present on each respective surface as determined by the surface area marked
as an edge site. Error bars denote standard error resulting from three averaged
edge site calculations. pp: 4.6 £1.9%, pi: 17.8 £1.2%, and py: 31.3 +2.1%.

Sufficiently low coverages of Sn must be deposited onto the
(3 x1)-O surface to determine the interatomic forces guiding Sn
adsorption and diffusion behavior on the intentionally defected
(3 x 1)-O surfaces. This allows for the simultaneous visualization of
adsorbed Sn adatoms and the underlying (3 x 1)-O ladder struc-
ture, providing necessary information on the interactions between
Sn and the edge sites, adatoms, pits, and terraces of the (3 x 1)-O
surface. AES spectra for the undosed and dosed pM sample (Fig. 1)
show only Nb MNN, Sn MNN, and O KLL peaks with no evidence
of surface contaminants resulting from either the sample prepara-
tion or Sn deposition. Therefore, any features that are not inher-
ently attributable to the underlying (3 x 1)-O surface are attributed
to adsorbed Sn atoms.

Figure 3(a) shows an STM image of the p; sample following
exposure to 0.28 ML equivalence Sn at Tg=24°C. The EFM 3
evaporator source produces a flat top diameter Sn evaporant
profile, which uniformly deposits on the entire Nb crystal. SnCl, is
used as a nucleating agent in Nb;Sn film growth procedures and
results in Sn nucleation sites leading to uniform Sn adsorption,
adlayer formation, and wetting for subsequent Nbs;Sn growth
processes.'*™'® SnCl, readily decomposes upon contact with the Nb
cavity surface at 500 °C, resulting in adsorbed Sn which serves as
the nucleation site.'® The work presented herein utilizes metallic
Sn, rather than SnCl,, as a model system to understand the
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behavior of adsorbed Sn on the oxidized Nb surface. There may be
differences in the adsorption behavior of SnCl, and metallic Sn,
which will be probed in future work.

Sn adatoms, visualized as bright protrusions, are seen to pref-
erentially align along the edges of the (3 x 1)-O ladders following
Sn exposure at Ts=24°C. While there is evidence of Sn aggrega-
tion on the py surface upon deposition, there is no evidence that Sn
is preferentially diffusing to larger scale defects such as step edges.
Rather, Sn aligns with the edges of the (3 x 1)-O ladder structure
between ladder columns. Similar behavior has been observed for
sub-ML quantities of Pd, Rh, and Ir deposited onto a thin alumina
film at 300 K.*® It has also been shown that for other planar metal
oxides, such as MgO(001), transition metal adatoms and small
clusterzs) may diffuse via hopping among oxygen sites at or below
24°C7"

In addition to hopping, adatoms on planar metal oxides at or
below Tg =24 °C may undergo long jumps to a site that is not the
nearest neighbor of the initial adsorption site.””*® The probability
of a long jump is dependent on a dissipation parameter, A, which
is based on the ratio between the energy loss in crossing a single
lattice spacing and the thermal energy, kzT.”’~*" The observed
behavior of Sn preferentially adsorbing along the edge sites of
(3 x 1)-O Nb(100) ladder rows may therefore be due to room tem-
perature hopping and long jump behavior of Sn on p;. Further
computational models of Sn adsorption and diffusion behavior on
(3 x 1)-O Nb(100) are needed to fully rationalize the energetics and
mechanisms of Sn adsorption and diffusion on oxidized Nb at
room temperature.

The 0.28 ML/p;, sample was then annealed at Ts= 500 °C for
15 min and analyzed via STM as shown in Fig. 3(b). Upon anneal-
ing at Ts =500 °C, Sn coalesces into long islands that stretch across
terraces and are confined between the (3 x 1)-O ladders. Despite
the presence of some NbO adatoms, Sn does not preferentially
aggregate at these edge sites or terrace step edges. Rather, the
underlying (3 x 1)-O oxide structure directly influences Sn island
formation along the (3 x 1)-O unit cell with no clear preference for
adsorption to surface defects such as edge sites.

Annealing at Tg=700°C for 15 min results in the formation
of larger Sn islands spanning entire terraces of the (3x1)-O
surface, as shown in Fig. 3(c). The Sn islands blanket the terraces
with no clear drive to diffuse toward defect sites as an initial
adsorption site. Following a 15 min anneal at Ts=2850°C, all Sn
has desorbed from py, as confirmed by AES, and the surface shows
evidence of returning to a pristine (3 x 1)-O surface [Fig. 3(d)].
Despite having 17.8 + 1.2% relative surface area of edge sites on the
(3% 1)-O surface, Sn adsorption and diffusion behavior is more
directly influenced by the underlying ladder surface structure than
the increased presence of edge sites.

With an understanding that Sn adsorption and diffusion
behavior is unaffected at defect densities <18%, the defect density
of the surface was increased to 31.3 £ 2.1% (pp1). pm Was exposed to
0.24 ML equivalence of Sn at Ts=24°C and analyzed via room
temperature STM. Unlike py, Sn is uniformly adsorbed on the py;
surface following deposition at Ts=24°C, as shown in Fig. 3(e).
While there is some evidence of directionality in the Sn adsorbate
structure, the corrugation of the py; surface resulting in uniform Sn
adsorption across the surface makes distinguishing between
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FIG. 3. Visualization of Sn adsorption and diffusion behavior on low defect density (p;) and moderate defect density (py) (3 x 1)-O/Nb(100) via room temperature STM
(scale bar =20 nm, 50 x 50 nm?). Samples annealed for 15 min at each temperature. A representative region of adsorbed Sn is masked in the lower right hand corner of
each image. (a) 0.28 ML equivalence Sn deposition at Ts =24 °C. Sn adsorbs along the (3 x 1)-O ladder structure. 344 mV, 141 pA; (b) Ts =500 °C. Sn aggregates along
the ladder structure and not at edge sites —0.70 V, —105 pA; and (c) Ts =700 °C. Sn forms larger islands with no evidence of preference for nanoscale defects. —388 mV,
—83 pA; (d) Ts=850 °C. Sn desorbs by Ts =850 °C —331 mV, —108 pA; (e) 0.24 ML equivalence Sn deposition at Ts =24 °C. Sn adsorbs as bright features across the
entire surface with some alignment with (3 x 1)-O ladders —144 mV, —149 pA; (f) Ts =500 °C. Sn diffuses to ladder structure edges —438 mV, —205 pA; (g) Ts =700 °C.
Sn forms larger islands with no evidence of preference for nanoscale defects 0.75V, 119 pA; (h) anneal at Ts =850 °C. Sn forms large islands and does not desorb

—0.81V, —125 pA.

adsorbed Sn atoms and the underlying (3 x 1)-O ladder structure
technically difficult. Complementary AES confirms deposition of
0.24 ML equivalence of Sn on the surface; the difference in Sn
adsorption behavior is not due to excess Sn on the py; surface. The
difference in Sn adsorption is, therefore, attributable to the higher
defect density on the py surface. The hopping and long jump
behavior that is seen on planar metal oxides may be disrupted by
the increase in surface defects on the py sample, which act as trap-
ping sites, leading to no obvious Sn ordering on the py; surface fol-
lowing Sn deposition at Tg =24 °C.*"~"’

Upon annealing the 0.24 ML Sn/py; surface at Ts =500 °C for
15 min, the underlying (3 x 1)-O ladders are again visible as well as
small, bright clusters of Sn adatoms [Fig. 3(f)]. While the Sn adsor-
bate structure in Fig. 3(b) shows columns of Sn along the (3 x 1)-O
ladder edges, the Sn adsorbate islands in Fig. 3(f) are much smaller
in length and have a less obvious association with (3 x 1)-O ladder
edge sites. This may be due to the increased defect density and
surface corrugation resulting in shorter terrace widths, displaced
NbO resulting in pits, or the much larger NbO protrusions across
the surface. Annealing at Tg=700°C for 15 min, however, results
in Sn adsorbate structures [Fig. 3(g)] that are visually similar to
those observed after annealing the 0.28 ML Sn/p;, sample at
Ts=700°C for 15 min. The 0.24 ML/py; sample shows larger

islands of Sn adsorbates occupying areas of the (3 x 1)-O terraces
with no obvious preference for edge sites. Within the Sn islands,
there are regions of squarelike and hexagonal-like packing visible
among the protruding Sn atoms. These atomically resolved struc-
tures are similar to proposed atomic arrangements of Sn on metal-
lic Nb(110) corresponding to ¢(3 x 1), hexagonal-like, and p(1 x 1),
squarelike, low energy electron diffraction patterns.**

Upon annealing at Ts = 850 °C for 15 min, shown in Fig. 3(h),
the py surface appears to have flattened relative to lower tem-
perature annealing points and there are several large Sn islands
scattered across the surface. These larger Sn islands span the
width of the (3 x 1)-O terraces with little evidence for preferen-
tial diffusion toward edge sites. The concomitant formation of
larger Sn islands as the surface defects anneal out suggests that
larger Sn structures can only form in the presence of fewer
surface defects. This may explain experimental results that show
Sn rich and poor regions in Nb;Sn films grown on polycrystal-
line Nb SRF cavities.'”'>'®'” Smoother, less structurally
defected Nb surfaces may be required for uniform Sn diffusion
on Nb surfaces prior to Sn incorporation or alloy formation.

The STM data presented in Fig. 3, which provide novel infor-
mation regarding Sn adsorption, diffusion, and desorption data on
the pr and py; surface, are summarized as follows:
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Sn deposited at Ts=24°C on the p;, surface [Fig. 3(a)] shows
Sn preferentially adsorbing along the (3 x1)-O ladders while Sn
deposited on the py; surface [Fig. 3(e)] shows uniform Sn coverage
with no clear preference for ladder edge sites or surface defects.
Annealing at Tg=500 and 700 °C induces Sn diffusion along the
(3 x1)-O ladder edges on both the p;, and py; surfaces and the for-
mation of comparable squarelike and hexagonal-like Sn surface
structures [Figs. 3(b), 3(c), 3(f), and 3(g)]. Annealing at Ts =850 °C
results in complete Sn desorption from the py, surface while regions
of residual Sn persist on the py; surface [Figs. 3(d) and 3(h)]. These
data reveal that, while an increase in surface defects disrupts ordering
of Sn adsorbates along the (3 x 1)-O ladder edges upon adsorption at
room temperature, the overall diffusion pathway of Sn on the p;, and
pu surface is not influenced by an increase in surface defect density.
Rather, the underlying oxide composition and structure is a more
direct influence on Sn diffusion behavior. There is, however,
enhanced thermal stability for adsorbed Sn on py;, suggesting that
surface defects may stabilize Sn at elevated temperatures during
Nb;Sn growth procedures. Including the oxidized Nb surface compo-
sition and structure is, therefore, essential in developing more repre-
sentative predictive growth models for optimal Nb;Sn films.

To compare the surface and near-surface elemental composi-
tion on the defect-induced (3 x 1)-O Nb(100) surfaces, AES was
employed to investigate the surface chemical compositions follow-
ing exposure to lower (Sn < 0.5 ML) and higher (15 < Sn <20 ML)
Sn exposures at Ts=24°C. As described in Sec. II, sub-ML
and multilayer coverages of Sn were deposited at 0.47-0.56 and
0.80-0.84 ML min ™}, respectively. Proportions of the Nb, Sn, and O
dI/dE peak-peak heights, corrected with sensitivity factors, yield
the relative surface and near-surface composition (at. %). As shown
in Fig. 4, the Nb, Sn, and O at. % of the pp surface evolves in a
linear manner with calibrated ML Sn coverage. Calibration of the
ML deposition rate at varying evaporation conditions accounts for
both the ng/min deposition rate, as determined by QCM measure-
ments, and the Sn surface packing density on pp, visualized via
atomically resolved STM image mapping.

The Sn at. % has a linear relationship with the ML of Sn
exposed during room temperature deposition on pp. For both Sn
coverage regimes displayed in Fig. 4, the Nb, O, and Sn at. % on
the py and py; surfaces fits within the error of the pp experimental
data. In conjunction with the STM data shown in Fig. 3, these
results suggest that, while the diffusion pathways may be influenced
by increased surface defect densities, the at. % of the Sn/(3 x 1)-O
is not significantly altered by nanoscale surface defects. Further
investigations into the effect of grain boundaries on initial Sn
adsorption and diffusion behavior are needed to build a more com-
plete understanding of the role of structural defects on alloying
behavior of polycrystalline oxidized Nb surfaces.

The Nb at. % following Sn deposition on the pp surface
follows a linear decay as a function of Sn coverage. The detected O
is bound to Nb in the (3 x 1)-O surface oxide, and while a propor-
tional decrease in O may be expected, the O at. % remains constant
for all Sn ML coverages investigated. AES signal attenuation due to
ideal ML deposition can be estimated by calculating the signal loss
(Ix/I?(),/15 which is dependent on the Sn adlayer thickness (d),
inelastic mean free path (1),"° and the angle between the analyzer
and the sample (0). If it is assumed that Sn deposition follows
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FIG. 4. Proportions of the corrected peak-peak heights in the differential AES
survey spectra, denoted as atomic percentages (at. %) of Nb, Sn, and O, follow-
ing Sn deposition on pp p, pm (3 * 1)-0/Nb(100) at Ts =24 °C. Linear fit, indi-
cated by dashed lines, for Sn deposition on pp (3 x 1)-O/Nb(100) span both
lower (Sn < 0.5 ML) and higher (15 < Sn < 20 ML) coverage regimes. AES pro-
portions following Sn deposition on p, and py surfaces indicate that the surface
composition following room temperature Sn deposition is not impacted by the
increasing nanoscale surface defects.

either an ML or hybrid ML-island growth mechanism, the
measured Nb AES signal would decay into the background signal
above ~10 ML. As there is not a substantial loss of Nb AES signal
beyond ~10 ML Sn deposition, there is likely Sn island formation
rather than strictly ML growth, with Sn-Sn adlayer interactions
dominating at higher coverages. Sn island formation at higher cov-
erages, as opposed to uniform surface wetting, likely explains the
detection of the Nb and O signals even at multilayer coverages,
with regions of the underlying (3 x 1)-O surface still within the
AES detection escape depth.

Sn island growth does not, however, explain the near-constant
O at. % with a concomitant decay in Nb at. % at higher Sn cover-
ages. This consistent O signal intensity at high Sn coverages may,
in part, be accounted for by the considerably greater escape depth
of O KLL electrons compared to Nb MNN electrons;'® some
oxygen migration from the underlying Nb to the Sn adlayer phase
may also occur. Further studies aim to elucidate the sub-ML
and multilayer Sn growth behavior on (3 x 1)-O Nb(100) due to
varying substrate conditions such as sample temperature, oxide
composition and structure, and crystallographic orientation as
these initial Sn/Nb/O interactions play a significant role in deter-
mining the eventual homogeneity of Nb;Sn thin films.
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IV. SUMMARY AND CONCLUSIONS

We report the first in situ atomic-scale visualization of Sn
adsorption and diffusion behavior on well characterized p; and py;
(3x1)-O Nb(100) surfaces. Room temperature STM analysis
reveals that Sn preferentially aligns along the (3 x 1)-O ladder edges
following deposition at Tg=24°C on the p;, surface. On the py
surface, Sn adsorbs uniformly across the surface at Ts =24 °C with
some directional uniformity in the Sn adlayer. For both the p; and
pum surfaces, annealing at Ts =500 and 700 °C results in Sn diffu-
sion along the (3x1)-O ladder edges and the formation of Sn
islands comprised of squarelike and hexagonal-like structures. By
Ts=2850°C, there is complete Sn desorption from the p; surface
while Sn islands are still present on the py; surface. The increased
defect density of the py; surface stabilizes Sn adsorbates at elevated
temperatures and suggests that higher defect densities may stabilize
Sn adsorbates at elevated temperatures during Nb;Sn growth proce-
dures. Despite the variation in atomistic adsorption and diffusion
mechanisms, there is no variation in the surface composition at
Ts=24°C, as shown via complementary, in situ AES analysis.
This work provides necessary atomic-scale information regarding
the effect of structural defects on Sn adsorption and diffusion
behavior and our findings indicate that Sn adsorption and diffusion
pathways are primarily dependent on the underlying Nb oxide
structure and not solely driven by structural defects. Further experi-
mental and computational studies are needed to understand the
relationship between nanoscale defects, surface crystallographic ori-
entation, oxidation state of the Nb surface, and Sn deposition con-
ditions on Sn adsorption, diffusion, and alloy growth behavior.
These findings represent new atomic-level information that will
contribute to the development of more accurate and predictive
Nb;Sn growth models.
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