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ARTICLE INFO ABSTRACT

Keywords: The enhanced accelerating performance of NbsSn-coated Nb superconducting radio frequency (SRF) cavities is
NbsSn severely limited by quenching sites at material defects formed during the NbsSn film growth procedure. In this
Sgperconductor work, we aimed to understand the complex surface-mediated interactions that drive initial NbsSn formation
Film gro‘_Nth during the Sn vapor deposition procedure used to fabricate NbsSn coated SRF cavities. Nb substrates were
Metal oxide s . . . . . .
Vapor deposition modified, coated with Sn, and then characterized using an ultra-high vacuum (UHV) chamber equipped with
SRF metal deposition and in situ surface analysis capabilities. The atomic structure of the Nb oxide surface was
modified to assess how the Nb surface defect density and crystallographic orientation impact the size of
nucleated Sn islands and relative Nb3Sn growth rates. Formed NbsSn/Nb surfaces were visualized using ex situ
scanning electron microscopy (SEM) and post-deposition annealing revealed Sn desorption and NbsSn degra-
dation pathways. Finally, we showed that the Sn deposition conditions can be modified to overcome the growth

barriers that are imposed by the Nb morphology. This study provides a unique bridge between fundamental

growth studies in pristine conditions with observed phenomena of Nb3Sn grown on realistic cavity surfaces.

1. Introduction

High-performance linear particle accelerator facilities use niobium
(Nb) SRF cavities to produce powerful beams. The high critical tem-
perature (Tc: ~ 9 K) and quality factor (Q) at Toperation ~ 2 K justifies Nb
as the standard cavity material [1-3]. To achieve higher accelerating
gradients and reduce the cryogenic burden during operation, efforts are
underway to enhance the performance of Nb SRF cavities [4]. One
promising SRF material is the NbsSn alloy, which has a significantly
higher T¢ (~18 K) and superheating field than Nb [5]. The brittle
properties of NbgSn limit its use in SRF as a coating material on the
interior of existing Nb cavities. The typical thickness of the NbsSn
coatings is ~ 1-um in order to limit RF penetration at the intermetallic
interface. It was estimated that a Nb cavity coated with a pristine Nb3Sn
film will enable SRF operation at 4 K with comparable Q factors [6].

However, Nb3Sn coated SRF cavities have not achieved the high
predicted Q factors. This has largely been attributed to material defects
in the grown NbsSn film [7]. These defects include areas of poor film
growth, Sn stoichiometric deficiencies, excess surface roughness, and
segregated Sn [8,9]. The standard procedure for growing NbsSn coatings
on the interior of the Nb SRF cavity is through a Sn vapor deposition and
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infusion process. During growth, a Sn source is inserted into the Nb
cavity, and both the cavity and Sn are independently heated inside a
furnace. The deposition process starts with a lower temperature nucle-
ation step (typical Tnp: 500 °C) followed by a coating stage (typical Tnp:
1100 °C) [10]. SnCl;, is commonly added during the nucleation step to
enhance the Sn vapor pressure. In recent years, significant progress has
been made towards studying and optimizing this growth process [4,11].

One such area of progress is identifying the relatively slow diffusion
of bulk Sn through NbsSn causing extensive Sn deficiencies on larger
Nb3Sn grains. It has been demonstrated that smaller grain Nb3Sn films
with higher grain boundary densities suffer much fewer Sn deficiencies,
supporting the view that Sn grain boundary diffusion is the dominant
growth process [12,13]. One remaining issue regarding Sn diffusion,
however, is the persistence of segregated Sn on the Nb3Sn surface. Re-
sidual Sn islands on Nb3Sn have been observed and identified as a major
limiting factor in the Q slope of Nb3Sn coated cavities [14,15]. At the
same time, the propensity for Sn precipitation and desorption from
Nb3Sn surfaces is also a significant issue during material preparation.
There lacks a thorough understanding of how the delicate balance of Sn
incorporation, surface aggregation, and desorption rates can be opti-
mized by modifying the relative Sn deposition and Nb substrate
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temperatures during growth.

Beyond the complexity introduced by the competing thermally
activated Sn processes, the Nb surface itself plays a major role in driving
Nb3Sn growth. The influence of the Nb substrate morphology is poten-
tially the least understood when considering all the relevant parameters
during the vapor deposition process. This is in part due to the highly
reactive nature of the Nb surface. Nb forms a ~ 5 nm native oxide,
largely composed of the pentoxide (NbyOs) phase with trace monoxide
(NbO) and dioxide (NbO3) components at the metallic interface. Upon
annealing above ~ 300 °C, rapid dissolution of the native oxide leaves a
~ 2 monolayer (ML) NbO phase [3]. This NbO is highly resistant to
thermal reduction and requires temperatures above 2000 °C to achieve
the metallic Nb surface. Chemical alterations to the Nb surface signifi-
cantly impact Nb3Sn growth. Increasing the native oxide thickness via
anodization is a now institutionalized step in the standard Nb3Sn growth
procedure. Increasing the native oxide thickness was associated with the
formation of a more uniform film, but it is not clear whether the oxygen
content at the Nb surface aids in stabilizing the intermetallic interface
[12,16,17]. However, the oxygen dissolution rate at the Sn nucleation
substrate temperatures (500 °C) suggests that a NbO surface oxidation
state is formed under these conditions, even for the thicker pre-anodized
Nb,Os surfaces [18-20]. Literature has shown that the formation of the
Nb3Os layer results from the injection of oxygen into the metallic Nb;
this process exacerbates existing Nb surface defects, creating deep ser-
rations at the metallic Nb interface [21]. The NbO surface formed by
annealing the native oxide to lower temperatures has distinct surface
sites and mass density, due to the relatively slow Nb mass transport at
900 °C [18].

Beyond the Nb oxidation state, it is also poorly understood how other
Nb structural properties influence Sn nucleation [7]. Previous work has
suggested that NbsSn films grown on Nb(111) are patchier than Nb3Sn
films grown on Nb(100) or Nb(110) [22]. However, it is not known
whether the patchy growth on Nb(111) results from the lattice strain at
an NbsSn/Nb(111) interface or whether the Sn nucleation is less
favorable on certain Nb orientations. During polycrystalline film growth
at a high temperature, the adatom behavior is influenced by competing
lateral diffusion, desorption, and film incorporation rates. Generally, the
critical nucleation size and lateral diffusivity of metal adsorbates on
metal oxide surfaces depend on the crystallographic orientation and step
edge density of the substrate [23].

The work presented herein examines how the Nb substrate facilitates
Sn nucleation and initial Nb3Sn formation. 10 nm of Sn was evaporated
onto a Nb substrate with a range of Nb substrate properties and Sn
deposition conditions. Nb substrates were prepared, characterized, and
coated all in an in situ UHV chamber. The formed Nb3Sn/Nb surfaces
were characterized using in situ Auger electron spectroscopy (AES) and
x-ray photoelectron spectroscopy (XPS), giving unique insight towards
the Nb-Sn-O interactions without the influence of atmospheric exposure.
After stopping the Nb3Sn growth relatively early in the process, we used
ex situ SEM and energy dispersive x-ray spectroscopy (EDS) to visualize
the energetically favorable diffusion pathways that dictate the eventual
homogeneity of the fully formed NbsSn film. Growth on polished Nb
single crystal surfaces isolated the Sn surface behavior from the influ-
ence of Nb grain boundaries and larger scale defects. To better represent
the surfaces of Nb SRF cavities, Nb3Sn films were then grown on poly-
crystalline Nb with different initial surface oxides. The initial Nb oxi-
dization state was shown to reduce the Sn nucleation barrier, not due to
the oxygen content, but from the binding site landscape determined by
the surface defect density. Following deposition, SEM, EDS, and XPS
characterization of annealed Nb3Sn/Nb surfaces revealed the film
degradation pathways and the relative thermal stability of Sn species on
the Nb surface. Finally, Sn was deposited on polycrystalline Nb at a
higher growth rate and deposition temperature to demonstrate how the
diffusion barriers imposed by the Nb substrate can be overcome using
improved growth conditions. These results collectively highlight the
significance of the Nb substrate morphology in driving NbsSn
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nucleation. These growth experiments provide a unique glimpse into the
early Sn nucleation process on a dynamic and complex Nb surface.

2. Experimental methods

Modifications to the Nb substrate were conducted in UHV chamber
containing a preparation/analysis chamber (base pressure: < 1 x 10710
torr) and a metal deposition chamber (base pressure: < 1 x 10 torr,
base pressure, during deposition: ~ 5 x 10° torr). Sn deposition ex-
periments were performed on both polycrystalline and single crystal Nb
samples. Polycrystalline samples (99.9 % purity, 10 mm diameter,
Goodfellow) did not undergo any polishing procedure and had a
roughness of Ry, ~ 0.09 pm. Nb(100), Nb(110), and Nb(111) single
crystals (99.99 % purity, 10 mm diameter, Surface Preparation Labo-
ratory) were mechanically polished to R, < 0.03 pm. To reduce carbon
contamination, all Nb samples were subjected to multiple cycles of Ar*
sputtering (1.5 keV) and electron-beam annealing (Tappeal:
1630-1670 °C) under UHV before any additional surface modifications
were carried out. The Nb temperature was monitored using an infrared
pyrometer (Mikron Infrared, MG-140).

To prepare the Nb surface, we relied on previously established pro-
cedures for varying the NbO surface structure [24,25]. Despite any
oxidation or sputtering steps, it is important to note that Nb will form a
persistent NbO surface termination > 300 °C. Due to the relatively slow
Nb diffusion rate compared to O in Nb oxide layers, any changes in the
initial Nb oxidation will ultimately vary the local surface sites during the
heated Sn exposure without deviating from the NbO chemical state [19].
The low-defect density NbO surface was formed by annealing to a higher
temperature before the Sn deposition (Tapnear: 1630 °C) [26]. At these
annealing temperatures, NbO surfaces form ordered reconstructions on
multiple crystallographic orientations [25,27]. Notably, the oxygen
content and structure of the (3 x 1)-O reconstruction that forms on Nb
(100) is stable even at elevated temperatures [28].

To form the native NbyOs, a clean NbO surface was exposed to at-
mosphere in the UHV load lock chamber for 5 min. The load lock
chamber door was opened slightly to prevent carbon contamination,
which was confirmed by AES/XPS analysis. Before Sn exposure, the
formed Nb,Os surface was heated to the deposition temperature (Tgep:
850 °C), during which the Nb2Os surface was reduced to NbO. However,
heating the native oxide surface to only 850 °C is not sufficient to form
the more ordered NbO reconstructions, leaving a NbO surface termi-
nation with a greater concentration of stable Sn binding sites [25]. Since
the temperature of the Sn source is independently controlled, the Nb
substrate was able to reach this deposition temperature before any Sn
vapor was introduced.

The Nb3Sn coating was formed in an in situ metal deposition chamber
equipped with a sample stage that enables electron-beam annealing of
the Nb substrate during deposition. Sn pellets (99.998 %, Kurt Lesker)
were evaporated from a crucible inside an electron beam evaporator
(EFM3T, Focus GmbH). The Sn was thoroughly degassed before any
evaporation. The Sn temperature, or Sn evaporation rate, was monitored
using an internal flux monitor inside the evaporator. The Sn deposition
rate was calibrated with sub-nm precision using a quartz crystal mi-
crobalance (QCM, INFICON). The calculated Sn deposition rates and
coverages were confirmed with scanning tunneling microscopy (STM)
and AES at near monolayer (ML) coverages. A linear relationship was
established between the evaporator flux monitor and the Sn deposition
rate. Directly following deposition, in situ AES and XPS spectra of the
coated Nb samples were taken. A 3.00 keV electron source was used in
AES and a Mg Ka photon source (Specs XR 50) was used for XPS. Both
AES and XPS photoelectron signals were collected using a cylindrical
mirror analyzer (Staib DESA 100). The Mg anode x-ray source has a 0.34
eV half width at half maximum (HWHM) and a ~ 6 mm diameter spot
size.

SEM (Zeiss Merlin) and EDS (Oxford Ultim Max 100) data of the
NbsSn films were taken ex situ. SEM images were taken using the
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Everhart Thornley secondary electron (SE), In-lens SE, In-lens energy
selective Backscatter (EsB), and angle selective Backscatter (AsB) de-
tectors. The primary beam was between 1-7 keV during SEM analysis
and kept at 7 keV during EDS acquisition. The typical primary beam
current was 5 nA. Quantifying the Nb3Sn domain distributions and Sn
island sizes from the SEM images was done using the Gwyddion soft-
ware. X-ray diffraction (XRD, Rigaku SmartLab) confirmed the forma-
tion of the A15 Nb3Sn crystal structure [29]. To test the thermal stability
of the formed NbsSn layers, the samples were returned to the UHV
chamber to undergo annealing experiments at Tappeal = 850, 925, 1000,
and 1100 °C for 60 min. XPS and AES spectra were taken following these
anneals. Background subtraction of XPS data was done in CasaXPS
software and peak fitting was done with the Igor XPST 1.3 Fit Assistant
(WaveMetrics, Inc.).

3. Results and Discussion

A summary of the parameters held constant and changed for each
experiment can be found in Table 1. The total amount of evaporated Sn
was 10 nm in each experiment. Sections 3.1-3.3 of the Results and
Discussion address how changing Nb substrate properties impact Nb3Sn
growth while keeping the deposition conditions the same in each
experiment. A low Nb3Sn growth rate of 0.44 nm/min was used in these
experiments. This relatively low growth rate was selected for these ex-
periments to promote the Sn-deficient growth pathways that are often
associated with poor NbsSn film growth. Intentionally depositing Sn at
these suboptimal conditions will enable us to visualize how the Nb
substrate participates in limiting early film growth. The standard Nb
temperature during deposition was 850 °C. This temperature was
selected to limit Sn desorption while also suppressing the formation of
any alternative Nb-Sn intermetallic species [5,24]. Section 3.3 shows
the impact of annealing the films formed in Section 3.2. SEM, EDS, and
XPS data are shown at successive annealing temperatures as the Nb3Sn
degrades due to Sn precipitation and desorption. Finally, Section 3.4
shows how optimizing our deposition conditions, by increasing the
growth rate and Tgep, can overcome many of the growth barriers
imposed by the Nb substrate.

3.1. NbsSn growth on Nb(100), Nb(110), and Nb(111)

SEM images of the Nb3Sn/Nb surfaces formed following Sn deposited
on Nb(100), Nb(110), and Nb(111) single crystals are shown in Fig. 1.
The Nb crystals were polished and prepared with an initial NbyOs sur-
face before Sn deposition at 850 °C with a 0.44 nm/min growth rate. The
average Nb3Sn nucleation density and domain area are plotted on a log
scale in Fig. 1(d). The highest density of Nb3Sn nucleation sites formed
on Nb(100) as compared to the films grown on Nb(110) and Nb(111).
Across the Nb(100) crystal, the density and appearance of Nb3Sn do-
mains were consistent, with 105 NbsSn nucleation sites formed per
square millimeter. Each Nb3Sn nucleation site formed on Nb(100)

Table 1
Parameters changed during NbsSn growth experiments.
Figure  Nb Substrate Initial Nb Tdep NbsSn Evaporated
Oxidation (O] Growth Sn (nm)
Rate
(nm/min)
1 Polished Nb Nb,Os 850 0.44 10
(100), Nb(110),
& Nb(111)
2,3,4 Unpolished Nb,Os & 850 0.44 10
polycrystalline NbO
Nb
5 Unpolished NbO 850 & 0.44 & 10
polycrystalline 850 — 4.50
Nb 1100

ramp
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typically contained between 2-8 growth Nb3Sn domains. These Nb3Sn
domains on Nb(100) had a high degree of rotational symmetry with
respect to the other domains at each shared nucleation site. The yellow
arrows in Fig. 1(a) show an example of multiple domain growth di-
rections emerging from a single nucleation site on Nb(1 00). The arrows
orientated on individual Nb3Sn domains also denote the preferred
growth rate in the direction away from the shared nucleation site, pro-
ducing petal-shaped domains with a high aspect ratio. The oblong shape
of the NbsSn domains may be due to low Sn diffusivity, favoring
kinetically favored growth pathways [30]. Literature has shown that the
initial NbsSn growth rate is diffusion-limited, supporting that Nb3Sn
growth is heavily driven by the nucleation and availability of Sn islands
[7,30,31]. Sn clusters were observed near the Nb3Sn/Nb(100) film
edges (Fig. 1(b)). However, these Sn islands do appear to be preferen-
tially attached to defect sites on the Nb(100) surface, likely corre-
sponding to step edges of the ~ 100 nm wide terraces.

Sn deposition on Nb(110) (Fig. 1(c)) resulted in a similar Nb3Sn film
coverage as on Nb(100), but formed only 1.5 Nb3Sn nucleation sites per
square millimeter. The area of each Nb3Sn domain on Nb(110) was
significantly larger compared to those formed on Nb(100). The Nb3Sn
growth on Nb(110) also had a stronger degree of radial uniformity,
producing rounder domains that coalesced leaving no exposed Nb(110)
substrate. The lack of preferential growth directions suggests that the
NbsSn on Nb(1 1 0) followed a more thermodynamically favorable route
than on Nb(100) [30]. This is supported by the smaller Sn islands
adsorbed on Nb(110) near the film edges (Fig. 1(d)). Generally, the
diffusion coefficient, D, for adsorbed metal clusters decreases with
respect to the island radius, r, as shown in Eq. (1),

o ZEs)
Dor*e kT (€]

where Eg is a lateral diffusion energy term that is inversely related to r
[32]. x is a constant typically between 1-3, depending on the diffusion
mechanisms [33,34]. Based on, Equation (1), the smaller Sn islands on
Nb(110) have a higher diffusivity than the larger Sn on Nb(100). A
reduced Sn diffusion barrier at the film growth front, may in part,
explain the higher NbsSn growth rate observed on Nb(1 1 0). Overall, the
NbsSn formed the largest domains on Nb(110), suggesting that Nb
(110) may be prone to forming Sn-deficiencies during the later growth
stages due to the relatively slow Sn diffusion through bulk NbsSn [7].

The least NbgSn growth occurred on Nb(111). Across the entire Nb
(111) crystal, only three nucleation sites were formed. This poor
nucleation is attributed to the lack of Sn islands observed at the film
edges (Fig. 1(f)). The poor Nb3Sn growth and lack Sn of islands support a
low Sn concentration on the Nb(11 1) substrate. The lack of Sn islands
may be due to the NbO/Nb(111) surface having a lower diffusivity,
preventing the formation of larger Sn islands. It is likely that the Sn
adatoms on Nb(111) were unable to form more thermodynamically
stable clusters, resulting in extensive desorption from the surface during
deposition at 850 °C. However, we also cannot rule out the possibility
that a Sn monolayer may have persisted on Nb(111). The three formed
domains were all similar in appearance, with the largest domain shown
in Fig. 1(e). The domains on Nb(111) had an intermediate average area
as compared to Nb(100) or Nb(110). Overall, these observations sup-
port that Nb3Sn growth is much less favorable on Nb(111) [22].

3.2. NbsSn growth on polycrystalline Nb with initial NbO or Nb,05
surface

While we observed that the Nb crystallographic orientation strongly
affected the Nb3Sn nucleation and growth, realistic SRF Nb surfaces are
polycrystalline and much rougher. To examine the impact of grain
boundaries and surface roughness, Sn was deposited on unpolished (R,
~ 0.09 pym) polycrystalline Nb at Tqep: 850 °C at 0.44 nm/min, which
was the standard growth condition used in this study. Two different Nb
preparation methods were used in this experiment to make low-defect
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Fig. 1. Macroscale (a,c,e) and detailed (b,d,e) SEM images following Sn deposition at Tgep: 850 °C and 0.44 nm/min on Nb single crystals. Log scale plot (g) compares
the Nb3Sn nucleation site density (#/mm?) and average domain size (mm?) on Nb(1 00), Nb(110), and Nb(111). SEM image sizes denoted by scale bars and were
obtained using the Everhart Thornley SE detector unless otherwise specified. Dotted lines represent the NbsSn film edge and solid circles represent nucleated Sn
islands. (a) Nb(100), yellow arrows indicate Nb3Sn domain growth directions; (b) Nb(100); (c) Nb(110), AsB detector; (d) Nb(110); (e) Nb(111); (f) Nb(111).

and high-defect density surfaces. However, both surfaces were NbO
terminated during deposition at 850 °C. The low-defect density NbO
surface (Fig. 2(a-d)) was prepared with an initial NbO oxidation state
formed from extensive high temperature UHV annealing. The more
defect dense sample (Fig. 2(e-h)) was prepared with an initial native
NbyOs surface that reduced to NbO during deposition at 850 °C. The
initial Nb oxidation was the only procedural change between these two
deposition experiments.

On both Nb polycrystalline substrates (Fig. 2(a,e)), the Nb3Sn do-
mains covered ~ 60 % of the Nb surface. Film coverage varied across
each Nb grain, but surprisingly, there was no observed preferential
Nb3Sn nucleation on micron-scale Nb features or grain boundaries. The
inconsistent film growth across each Nb grain is to be expected since the
Nb3Sn growth does depend on the Nb crystallographic orientation.

A higher magnification SEM of the film formed on the low-defect
density NbO is shown in Fig. 2(b). Unalloyed Sn islands covered the
bare Nb substrate, as was the case for the Sn deposited on Nb(1 00) and
Nb(110). Across each Nb grain, the Sn islands were uniformly distrib-
uted on the low-defect NbO surface. Fig. 2(c) shows a detailed image of
the unalloyed Sn islands along with the Sn diameter distribution in Fig. 2
(d). The Sn islands have a faceted shape corresponding to a triangular-
based pyramid. The morphology of these Sn islands is size dependent,
conforming to a spherical shape below 100 nm. This spherical to tetra-
hedral shape transformation has been observed in similar sized Au FCC
nanoparticles; but the geometric transformations of body-centered
tetragonal metal nanoparticles, such as p-Sn, are not as well under-
stood [35-37].

On the more defect dense Nb substrate (Fig. 2(f)), there is a
decreasing gradient of Sn islands closer to the NbsSn film edge.

Furthermore, Sn islands on the more defect dense NbO have a spherical
geometry (Fig. 2(g)) and smaller average diameter (Fig. 2(h)) than the
islands formed on the low-defect density NbO. By comparing the dif-
ferences in average Sn island size and nucleation density, it is possible to
assess how the Nb substrate preparation impacts the Sn nucleation
process. The high-defect density NbO surface is expected to have a
higher proportion of favorable surface binding sites due to the under-
coordination at step edges and other nanoscale defects [38]. Previous
work of monolayer coverage Sn behavior on NbO/Nb(100) supports
that variation in preferred binding sites [24,25]. The distinct surface
energetics on the more defect dense NbO promote the nucleation of
smaller Sn islands, similar to those observed on the Nb(110) single
crystal. For these deposition conditions, the nucleation of Sn on poly-
crystalline Nb depends heavily on the NbO surface defect density.
Therefore, any Nb pre-deposition treatments, such as annealing or pre-
anodization, will affect the Nb3Sn nucleation.

3.3. Post-deposition annealing NbsSn formed on polycrystalline Nb

To assess the relative Sn thermal stability and NbsSn degradation
pathways, the Nb3Sn films (0.44 nm Nb3Sn/min, Tgep: 850 °C) formed
on polycrystalline Nb, described in Section 3.2, underwent UHV
annealing at Tapnea: 850, 925, 1000, and 1100 °C for 60 min each.
Following each anneal, in situ XPS/AES spectra were taken and then the
sample was removed from UHV for ex situ SEM/EDS analysis. Even
though changing the NbO surface defect density impacted the Sn and
NbsSn nucleation, this did not impact the Nb3Sn degradation process.
Both NbsSn films formed on polycrystalline Nb in Section 3.2 are rep-
resented in Sections 3.3.1 and 3.3.2.
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Fig. 2. SEM images of polycrystalline Nb surface following the Sn deposition at Tgep: 850 °C and 0.44 nm. The Nb substrate had an NbO surface during deposition
with either a low (a-d) or high (e-h) surface defect density at the deposition temperature. All SEM images were taken with the Everhart Thornley SE detector and the
image sizes are denoted by scale bars. Dotted lines represent the Nb3Sn film edge and solid circles represent nucleated Sn islands. (a,e) Large scale images with visible
Nb grain boundary; (b,f) higher magnification images of the regions shown by the boxes in (a,e) respectively; (c,g) Detail of unreacted Sn islands; (d, h) histograms of
Sn island diameters along with each distribution sample size (N), average () and standard deviation (c).

3.3.1. SEM and EDS of Nb3Sn throughout degradation

In Fig. 3, the selected SEM and EDS images are shown to represent
the global trends occurring on the Nb surface following each anneal. The
composition of the Sn islands was confirmed by EDS spectra that showed
an increase in the Sn La x-ray signal and a lack of Nb La x-ray signal. XPS
and AES data taken post-deposition confirm the lack of any additional
elemental components on the surface. After the first anneal at Tappeal:
850 °C (Fig. 3(a)), the Sn islands immediately began coalescing and
desorbing from the surface. The remaining Sn islands were larger and
resembled irregular polyhedrons. This confirmed that the larger Sn
islands had a higher thermal stability and that the Sn desorption rate was
higher when annealed without a Sn overpressure. There was no suffi-
cient evidence of extensive Nb3Sn domain growth during the anneal at
850 °C. Rather, Nb3Sn domains were selectively anchored to grain
boundaries and other micron-scale features on the Nb substrate. Films
contained a higher Sn concentration closer to the grain boundaries as
shown by the inset Sn EDS map.

After annealing to Tappeal: 925 °C (Fig. 3(b)), Sn islands continued to
desorb and coalesce into larger islands. Any possible new Nb3Sn domain
formation was overwhelmed by the dominant Sn precipitation rate. The
EDS data showed a continued drop in Sn concentration, with the pro-
vided EDS map detailing higher Sn content near the Nb3Sn film edge,
likely due to the lateral diffusion of the nearby Sn islands. At Tappeal:
1000 °C (Fig. 3(c)), there were still NbsSn domains remaining on the
surface, now completely anchored to Nb grain boundaries. Only at this
point, we observed Sn islands diffusing from the Nb substrate onto the
Nb3Sn film. Even though 1000 °C was well above the temperature

required for NbsSn formation, kinetic barriers to Sn diffusion may
impede uniform growth. After Tappea: 1100 °C (Fig. 3(d)), no NbsSn
domains remained on the surface. The only remaining features were
large Sn islands, preferentially nestled in Nb grain boundaries.

3.3.2. XPS spectra of oxidation during Sn desorption

The Nb 3d, Sn 3d, and O 1 s and XPS spectra that were taken
immediately following each anneal are shown in Fig. 4. XPS peaks were
fitted to aid in visualizing the relative peak attenuations and the fitting
details are summarized in Table 2. The dark blue spectra in Fig. 4(a-d)
correspond to the surface immediately following Sn deposition at
850 °C. The Nb region (Fig. 4(a)) was fit with 3ds/s, 3ds/2 doublets
representing metallic Nb, NbO, and a Nb,Sny;O, —type oxidation state at
202.8, 203.2, and 203.9 eV respectively [39]. Each Nb 3ds/2, 3ds/2
doublet was fitted with a 3:2 peak area ratio [40]. The highest binding
energy Nb 3d peak was given a general intermetallic Nb,Sn,O, assign-
ment as the binding energy was too low to for a NbOj state but distinct
from the NbO binding energy. The Nb oxide XPS region is notoriously
difficult to accurately fit, as the peak locations contain a high degree of
overlap and are highly sensitive to contamination, which is difficult to
prevent even under UHV. From the C 1 s region in Fig. 4(b), there is a
minor degree of carbon contamination on the surface that gradually
increases in intensity throughout the annealing procedure. The binding
energy of the C 1 s contribution (284.9 eV) corresponds closest to
adventitious carbon, but the lower binding energy contribution at
1100 °C may indicate trace Nb carbide formation [16,40].

The lower binding energy Sn 3ds,/2, 3d3/2 doublet (Fig. 4(c)) had an
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Fig. 3. SEM & EDS of Nb3Sn/Nb surfaces following post-deposition annealing for 60 min under UHV. The Nb3Sn was formed at Tgep: 850 °C and 0.44 nm/min on
polycrystalline Nb. All SEM images were taken with the Everhart Thornley SE detector unless specified otherwise and the image sizes are denoted by scale bars.
Dotted lines represent the Nb3Sn film edge and solid circles represent nucleated Sn islands. (a) Tanneai: 850 °C, inset Nb La and Sn Lo EDS map; (b) Tapnear: 925 °C,
inset Nb Lo and Sn Lo EDS map; (¢) Tanneai: 1000 °C, SEM Inlens detector; (d) Tannea: 1100 °C.

average peak binding energy at 485.0 eV and 493.47 eV corresponding
to a metallic Sn state [40]. The Sn doublets were also fitted to a 3:2 peak
area ratio. Once the surface was annealed, the desorption of Sn was
shown as a steady decay in the Sn XPS intensity. With the signal decay,
there is an accompanying Sn 3d oxide shoulder that became more
prominent at higher annealing temperatures. At 1100 °C, only trace Sn
remained on the surface, which was largely in a SnO»-type oxidation
state, with potentially some SnO contribution as well [41]. The Sn
oxidation is supported by the growth and persistence of the O 1 s peak
(Fig. 4(d)) after the first anneal. Due to the low intensity and broadness
of the O 1 s peak, the O 1 s peak fittings do not represent specific metal
oxides. By 1100 °C the surface oxygen content is comparable to clean
NbO, which is to be expected as the Sn is nearly desorbed (Fig. 3(d)).
Throughout the degradation of the Nb3Sn film and Sn desorption pro-
cess, the Nb 3d region underwent a subtle transformation, particularly
with the attenuation of the higher energy Nb,Sn,O, shoulder.

Based on these XPS data there are a few key observations to note.
One is that the observed NbySn;O, species formed at the intermetallic
interface is distinct from the native Nb*>Sn**0, surface oxide that forms
upon Nb3Sn exposure to oxygen. The NbsSn samples formed this native
oxide during the ex situ SEM/EDS analysis. However, the annealing
temperatures used in this study were well above the minimum tem-
peratures (600-700 °C) required to reduce this native oxide [16]. The
introduction of oxygen likely influences the binding energy shifts
observed, but it is important to note that the desorption of Sn at these
temperatures gradually exposes this oxidized Nb3Sn/Nb interface. It is

possible that the observed NbySnyO, species may have been formed at
the intermetallic interface during growth and was exposed following Sn
desorption. The persistence of a buried intermetallic oxide would sup-
port the role of oxygen in stabilizing Sn during the nucleation process
and explain the enhanced Nb3Sn growth on pre-anodized Nb surfaces.
However, as previously mentioned, the NbsSn/Nb sample was intro-
duced to oxygen before each annealing step. This oxygen may dissolve
into the NbsSn film upon heating or may even precipitate from the Nb
bulk. Despite the complexities involving the origin of this thermally
induced NbySnyO,, we can conclude that the Sn-deficient Nb3Sn surfaces
formed from annealing have distinct oxidation behavior from stoichio-
metric NbgSn surfaces. The persistence of a Sn oxide on intermetallic
surfaces has been previously demonstrated in catalytic systems, such as
SnOy/Pt and SnOy/TiO2 [42]. Annealing studies of these Sn-Pt and Sn-Ti
surfaces show that the Sn is thermally reducible; though these Sn
reduction dynamics are heavily impacted by the other intermetallic
species, oxidation method, and the average size of the SnOy islands
[43,44].

3.4. Optimizing the deposition conditions on polycrystalline Nb

In Sections 3.1-3.3, we showed how the Nb substrate affects Sn
coordination by depositing at a low Nb3Sn growth rate and Nb deposi-
tion temperature. These conditions were selected to visualize how
Nb3Sn formation is impacted by suboptimal conditions, such as cold
spots, that can occur during Sn vapor deposition in a cavity furnace. The
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Fig. 4. Narrow window (a) Nb 3d, (b) C 1 s, (c) Sn 3d, and (d) O 1 s XPS spectra of the Nb3Sn/Nb surfaces following deposition (dark blue) and post-deposition
annealing for 60 min under UHV. The Nb3Sn was formed at Tqep: 850 °C and 0.44 nm/min on polycrystalline Nb. Peak fitting of the XPS intensity (markers) is
shown with the total fit (thicker lines) along with the individual peaks (thinner lines). XPS signal intensity has not been normalized or modified other than a Shirley-

type background subtraction.
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Table 2
Peak fitting conditions for the XPS spectra shown in Fig. 4.
XPS Chemical State Peak Energy Doublet Split FWHM
Peak (s) (eV) (eV) (eV)
Nb 3ds, Nb 202.8 £ 0.1 2.72 £0.02 1.3+0.8
2 NbO 203.2 £0.1 2.73 + 0.04 1.3+0.3
Nb,Sn,0, 203.9 £ 0.2 2.75 +0.05 1.3+0.4
Sn 3ds,» Sn 485.0 £ 0.1 8.46 £ 0.10 1.5+ 0.5
SnO, 486.9 + 0.2 8.49 +0.10 1.8 +0.2
Ols Metal oxides, 531.2 + 2.3 - 2.0+0.3
contamination

Nb3Sn vapor deposition procedure for SRF cavities calls for a higher
NbsSn growth rate and Nb deposition temperature [45]. The initial
Nb3Sn nucleation at these more realistic furnace growth conditions is
visualized in Fig. 5. For these experiments, Sn was deposited on poly-
crystalline Nb with a low-defect density NbO surface preparation. For
comparison, the surface following the low 0.44 nm/min growth rate at
850 °C is shown in Fig. 5(a). The film did not cover the entire substrate
and the Nb3Sn domains have an average area of 23.0 prn2 (Fig. 5(e)). In
Fig. 5(b), the Sn was deposited at a higher growth rate of 4.5 nm/min for
a shorter period of total deposition time. With the higher growth rate,
the entire Nb substrate was covered by either Nb3Sn or unreacted Sn.
Increasing the growth rate did not impact the roughness of the Nb3Sn
domains, but the average area was significantly lower (Fig. 5(f)). The
smaller Nb3Sn domain size for the higher growth rate is due to a higher
nucleation density, resulting in earlier coalescing of domains. This
relationship between the deposition rate and the Nb3Sn domain size
aligns well with nucleation models for intermetallic film growth [30].
The kinetics governing intermetallic growth depend on both the nucle-
ation and growth steps. A higher Sn deposition rate promotes the for-
mation of smaller Sn islands. This relationship between growth rate and
domain size observation is also supported by literature addressing Sn
deficiencies in large NbsSn grains. Following the initial formation of the
Nb3Sn domains, continued film growth is dominated by the faster Sn
diffusion through Nb3Sn grain boundaries as compared to bulk [12,45].
Therefore, a lower grain boundary density, associated with larger grain
sizes, would then suffer Sn deficiencies.

0.44 nm Nb;Sn/min
Taep =850 °C 2

4.50 nm Nb;Sn/min
Taep = 850 °C
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Another noticeable impact of increasing the growth rate is the
nucleation of drastically larger unreacted Sn islands. These larger Sn
islands are faceted but have a regular polyhedral shape. These larger Sn
islands are likely a consequence of the Sn deposition rate overwhelming
the Nb3Sn nucleation and growth rate; further exacerbated by the Nb3Sn
film impeding lateral diffusion of the Sn islands. The size of the Sn
islands has been observed to form on Al substrate at similar conditions
[46].

In Fig. 5(c), the Sn flux was kept at the higher 4.50 nm/min rate and
Taep was gradually increased from 850 to 1100 °C throughout the
deposition. For this ramped temperature experiment, the NbsSn nucle-
ation density was the highest, producing the smallest domains (Fig. 5
(8)). There does appear to be evidence of the Nb3Sn grains smoothing
and coalescing at this higher temperature (Fig. 5(f)) and the large
unreacted Sn islands are no longer present. This is expected, as both the
Sn desorption and incorporation rate scales with sample temperature.
However, the Sn atomic % at the surface (Fig. 5(d)) is higher for this film
grown at 1100 °C. The Sn % supports that excessive Sn desorption did
not occur when the surface was raised to 1100 °C. Rather, there was a
more significant increase in the Sn incorporation rate. This assessment
holds for situations where there is an appreciable Sn overpressure and
that a substantial Sn nucleation layer has already formed. Note that it
would be difficult to replicate this sort of experiment in a furnace heater,
as we were able to rapidly quench both the Sn source and Nb substrate
temperature within seconds. During a slower cooldown process, the
surface will spend considerable periods in which Sn can accumulate
and/or desorb from the film.

The Sn and O surface atomic % for each deposition type were
calculated from corrected peak ratios in the differentiated Auger spectra,
described elsewhere [24]. The dotted lines in Fig. 5(d,h) represent the
noise floor limited by the signal-to-noise of the Auger spectra that were
used in the calculations. The black marker represents Sn deposition on
Nb at Tgep: 1100 °C with no temperature ramp. Regardless of the Sn flux,
Nb3Sn was unable to nucleate on polycrystalline Nb at 1100 °C.
Therefore, the substrate temperature must be lower initially, to avoid
excessive Sn desorption. This is reflected by the low Sn % in the Auger
spectra (Fig. 5(d)). Since these deposited surfaces are composed of a
mixture of large Sn islands and relatively rough Nb3Sn domains, the
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Fig. 5. SEM images (a,b,c) of Nb3Sn grown on polycrystalline Nb substrates with varying Sn deposition conditions. All SEM images were taken with the Everhart
Thornley SE detector and the image sizes are denoted by scale bars. Dotted lines represent the Nb3Sn film edge and solid circles represent nucleated Sn islands. (e,f,g)
histograms of Nb3Sn domain areas (pmz) corresponding to the SEM images in (a,b,c) respectively along with each distribution sample size (N), average (y) and
standard deviation (c). (a,e) Low Sn flux (0.44 nm Nb3Sn/min) for 60 min at Tgep: 850 °C; (b,f) High Sn flux (4.50 nm Nb3Sn/min) for 6 min at Tqep: 850 °C; (c,g)
High Sn flux (4.50 nm Nb3Sn/min) for 6 min while gradually increasing the Nb temperature from Tqep: 850 to 1100 °C. Surface Sn (d) and O (h) atomic percentages
calculated from in situ AES spectra following deposition. The horizontal dotted lines represent the noise floor for the Auger peaks. The black star in (d,h) represents Sn

deposition on Nb at Tgep: 1100 °C where no NbsSn domains formed.
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extent of alloy growth cannot be described by Auger or XPS intensities
alone. However, the oxygen content severely drops for the Nb3Sn film
grown at a higher deposition rate and ramped substrate temperature
(Fig. 5(h)). This leads us to conclude that Nb3Sn grown using the proper
high growth rate and deposition temperature will not form a surface
oxide in UHV. We have confirmed that the lack of a Nb3Sn surface oxide
applies to all film thicknesses ranging from the ~ 10 nm Nb3Sn film in
this study (Fig. 5(c)) to micron-thick films not discussed in this paper.
Therefore, any surface oxygen content following deposition is due to
either the exposed Nb substrate or a Sn-deficient Nb3Sn with a higher
oxidation affinity.

4. Conclusion

In this work, we examine how altering the Nb substrate properties
and Sn deposition conditions impact Sn behavior and the propensity for
Nb3Sn growth. We detailed the size, spatial distribution, and
morphology of the Sn islands and initial NbsSn domains. In Sections
3.1-3.3, NbsSn growth was strongly affected by the Nb substrate prop-
erties while maintaining the same deposition conditions. The distinct Sn
nucleation and NbsSn growth mechanisms on Nb(100), Nb(110), and
Nb(111) surfaces were compared. While film growth was favorable on
Nb(100) and Nb(110), the Nb3Sn nucleation rate was significantly
higher on Nb(100) whereas the growth rate of individual Nb3Sn do-
mains dominated on Nb(110). By examining the Nb3Sn/Nb after the
initial growth steps, we can assess how the Nb crystallographic orien-
tations favor the formation of NbsSn grains with varying sizes,
smoothness, and stoichiometric homogeneity. On polycrystalline Nb
substrates, we show that the Nb atomic surface features impact the
nucleation thermodynamics of Sn islands and that micron-scale Nb
features did not enhance Nb3Sn formation rates. Nucleated Sn islands
deposited on a more ordered NbO surface were larger than the Sn islands
deposited on a more defect-dense NbO surface. The distinct geometry
and sizes of nucleated Sn support our findings that the Nb substrate
preparation procedure impacts Sn behavior, not because of the Nb
oxidation state, but from the NbO surface binding sites that are depen-
dent on the crystallographic orientation and temperature. In Section 3.3
we reported on the thermally activated degradation pathways of these
Nb3Sn films formed on polycrystalline Nb. The persistence of Sn at Nb
grain boundaries contextualizes how excess Sn desorption may occur
throughout the vapor deposition procedure. While Sn desorption rates
are always considerable while the Nb surface is heated, we discovered a
site dependence of Sn desorption rates that may explain the observed Sn
deficiencies in larger NbsSn grains. Specifically, the Nb cavity is still >
800 °C for a considerable period during the cooldown step of the vapor
deposition procedure. The relatively low Sn desorption rate at Nb grain
boundaries likely contributes to stoichiometric inhomogeneities in fully
grown films. Furthermore, the similar desorption rates of unalloyed Sn
islands and Sn in Nb3Sn highlight the challenges associated with the
removal of excess Sn residue following deposition. Finally, Section 3.4
highlights the impact of increasing the film growth rate (0.44 — 4.50
nm/min) and deposition temperature (850 — 1100 °C) in terms of the
relative Nb3Sn domain area, Sn desorption, and Sn adatom diffusion. A
higher growth rate and deposition temperature promote uniform Nb3Sn
nucleation despite the persisting growth barriers imposed by the Nb
substrate atomic structure.

The Sn vapor deposition procedure is quite difficult from a thermo-
dynamic standpoint. The Nb temperatures required for the A15 Nb3Sn
structure to form are quite high; the threshold for promoting homoge-
neous Sn diffusion is even higher. The extent of Sn desorption at these
temperatures is difficult to suppress. The formation of a pristine Nb3Sn
film requires the assurance that a homogeneous intermetallic interface
was able to form during the nucleation step. The surface reactions that
take place during the first few hours of the deposition procedure are
critical. While SnCl, agents may aid in supporting Sn on Nb surfaces,
further work is necessitated to understand the thermodynamics of why
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Sn adatoms are not stable on Nb at these conditions. Our results provide
evidence for the NbO surface serving as an energetic blockade against
Nb3Sn nucleation. These reported findings visualized NbsSn during the
initial growth steps and serve to both inform and validate ongoing ef-
forts to optimize the vapor deposition procedure for improved SRF
cavities.
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