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Abstract

Niobium-3 tin is a promising alternative material for SRF
cavities that is close to reaching practical applications. To
date, one of the most effective growth methods for this mate-
rial is vapor diffusion, yet further improvement is needed for
Nb;Sn to reach its full potential. The major issues faced by
vapor diffusion are tin depleted regions and surface rough-
ness, both of which lead to impaired performance. Literature
has shown that the niobium surface oxide plays an impor-
tant role in the binding of tin to niobium. In this study, we
performed various chemical treatments on niobium samples
pre-nucleation to enhance tin nucleation. We quantify the ef-
fect that these various treatments had through scanning elec-
tron microscopy and energy dispersive spectroscopy. These
methods reveal information on tin nucleation density and
uniformity, and a thin tin film present on most samples,
even in the absence of nucleation sites. We present our
findings from these surface characterization methods and
introduce a framework for quantitatively comparing the
samples. We plan to apply the most effective treatment to a
cavity and conduct an RF test soon.

INTRODUCTION

Niobium-3 tin has great promise for applications in SRF
cavities, with a higher critical temperature and the potential
for more powerful acceleration in comparison to conven-
tional niobium utilized in SRF particle accelerators. [1-11].
The state-of-the-art growth method of Nb;Sn in SRF cav-
ities is thermal vapor diffusion, which involves exposing
a niobium cavity to vaporized tin and SnCl, to high tem-
peratures in a high-temperature vacuum furnace. SnCl,
has a higher vapor pressure than tin and is used as a nucle-
ation agent at lower temperatures. While tin diffusion-based
growth is the only method to date has consistently yielded
high-performing Nb;Sn cavities, there is still much room
for improvement for this material to reach its theoretical
limits. One key obstacle is achieving a consistently smooth
and uniformly thick layer of stoichiometric Nb;Sn, which
is essential for high-performance, reliable cavities [2]. To
address this challenge, this research focuses on optimizing
the initial stage of this growth process, which involves the
nucleation of tin-rich droplets on the oxide surface of the
niobium substrate.

Past literature has shown the oxide present on the surface
of niobium to be an active catalyst for various chemical pro-
cesses, with some structures better suited to the binding of
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tin than others [12, 13]. Studies have shown that anodizing
the niobium substrate prior to coating results in a more dense
and uniform nucleation, as well as a smoother final Nb;Sn
film with smaller grains [2,4]. This further confirms that
oxygen plays a crucial role in the diffusion process. Ad-
ditionally, DFT calculations suggest that acidic solutions
which remove OH groups will generate more SnCl, binding
sites, encouraging a more uniform nucleation [3, 14].

The goal of this study is to alter the niobium oxide through
various chemical treatments with varying pH values, aiming
to find an optimal treatment which will promote a uniform
and dense distribution of tin nucleation sites on the niobium
substrate, and thereby minimize the potential for surface
roughness and tin depleted regions. This study presents a
framework for and results of quantitatively comparing the
impact of surface chemistry on the nucleation of tin and thin
tin film formation on a niobium substrate.

EXPERIMENTAL METHOD

All samples were electropolished at room temperature and
anodized prior to the application of the chemical treatments.
Then, each sample, aside from the control, was soaked in pre-
pared solutions for 30 minutes in a nitrogen atmosphere. The
control sample had no additional chemical treatment applied
after the anodization step. A photo of the samples (except
the control) after soaking with labeled chemical treatments
and respective pH value is shown in Fig. 1. After soaking,
the samples were put in the vapor diffusion furnace for nu-

cleation. For more details on the sample preparation, see -

Ref. [9]. The coating of the samples was halted after the nu-
cleation step and samples were extracted for surface imaging
and characterization.

The surface characterization techniques used are Scan-
ning Electron Microscopy (SEM), and Energy Dispersive
Spectroscopy (EDS). We analyzed the SEM images to char-
acterize the formation of nucleation sites, also referenced to
as droplets in this paper. EDS analysis of the samples was
used to determine the atomic composition of the surface of
the samples and to get information on the composition of
the droplets, as well as to confirm thin tin film growth on
each sample. For all EDS spectra, we used an accelerating
voltage of 10 kV. By maintaining a constant accelerating
voltage, we can obtain a relative comparison of the ratio of
atomic compositions of Sn and Nb among our samples.

We used two types of EDS scans to attain the elemental
composition of the samples: point analysis, and area scans.
In point scans, the electron beam is focused on a chosen
point on the sample, while in the area scans, the beam probes
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Figure 1: Samples after chemical treatments, before coating.
From left to right, top to bottom the chemically treated sam-
ples are placed as water, H,O, H,0,, NaOH (pH 11), NaOH
(pH 9), NHO; (pH 3), NHO; (pH 5), HCI (pH 5), HCI (pH
3), with the control sample not shown [9].
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Figure 2: Circles illustrate roughly the area probed by point
analysis scans on droplet and non-droplet areas on sample,
shown on an SEM image.

larger (1800 um? in our case) regions. Area scans are used to
compare the overall composition of tin among our samples,
sacrificing spatial resolution to achieve broader coverage.

While point analysis scans focus the electron beam in a
sub-micron point on the surface of our samples, the probing
area encompasses a roughly 1 pm radius region on our sam-
ples. With this type of scan, we were careful to find isolated
nucleation sites that were further than a 1 pm radius to others.
Similarly for the non-nucleation site (or “non-droplet”) point
analysis scans, we only probed areas that were at least 1 pm
away from all other nucleation sites, to be able to relatively
compare how much tin there is in individual droplets. This
is illustrated in Fig. 2.

These two types of EDS analysis give information on the
composition of the nucleation sites, the non-droplet areas
where no nucleation sites were present, and the overall tin
concentration on the samples.
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RESULTS AND ANALYSIS

To identify potential tin depleted regions, we analyzed the
uniformity of nucleated tin droplets on the surface of each
sample and we compared the percentage of tin present on
the non-droplet areas of each sample. We expect that many
uniformly distributed tin-rich droplets, each within roughly
a Nb3Sn grain size distance of each other, will result in the
desired smooth and stoichiometric Nb;Sn.

Figure 3: Example of SEM image pre- and post-processing
with ImageJ Plugin StarDist. Here, StarDist identifies the
white, circular nucleation sites, and converts the image into
a mask which was further analyzed using other image pro-
cessing methods [16,17]. Original SEM image is pictured
on the top (a), with the processed SEM image below (b).

SEM images of roughly 65 pm? areas were taken for each
sample. The image processing software ImageJ was used to
post-process the images and extract metrics about the distru-
bution of nucleation sites. More specifically, we used the plu-
gin StarDist to identify the droplets on the surface [15-18].
Figure 3 shows an example of an SEM image pre (a) and post
(b) processing. StarDist identifies the droplets and converts
the image into a mask, which is further analyzed to extact
the relevant metrics of interest. The average nearest neigh-
bor calculation was done by utilizing the nearest neighbor
Image] Macro.

Complementing the SEM analysis of the nucleation sites,
EDS spectra of the samples were used to record a series
of point and area spectra which were taken to analyze the
atomic composition of the samples. This section outlines a
procedure for quantitatively comparing the performance of
samples, specifically in predicting tin depleted regions, and
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demonstrates that both SEM and EDS analysis of Nb;Sn
samples are necessary to determine the quality of nucleation.

SEM Uniformity Analysis

To determine the uniformity of each sample’s nucleation
sites, we first considered the density of nucleation sites. We
analyzed the density of tin droplets over 16.25 pm? areas in
SEM images. The second measure of uniformity of the nu-
cleated droplets was the average distance from each particle
to its six nearest neighbors. These metrics complemented
each other, as the nearest neighbor calculations were suscep-
tible to misrepresenting the uniformity of droplets due to
clusters of six or more particles. Results from the density
and average six nearest neighbor calculations are plotted
together in Fig. 4.
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Figure 4: Comparative analysis of nucleation site density
and inverse of average distance from six nearest neighbors of
nucleated droplets for each treatment. Error bars represent
one standard deviation from average values for both metrics
and each sample.

Figure 4 highlights the non-uniform, sparse distribution of
nucleation sites for the H,O, treatment as compared to other
samples, with the largest nearest neighbor distances and
lowest density of particles. The samples treated by NHO5,
as well as the water treated sample have statistically higher
densities and smaller average nearest neighbor distances than
the other treatments.

The next set of analysis performed on the SEM images
were tests to predict tin-depleted regions. Given that Nb;Sn
grains have a roughly 1 pm radius, a high quality coating
is expected to have at least one nucleation site in every in-
tended Nb;Sn grain, i.e. 1 um? area. To determine how
each sample held up to this standard, we plot the number
of times our average six nearest neighbor values and our
density calculations allowed for droplets to be further apart
than this maximum 1 pm radial distance in Fig. 5.

In this test, the NHO5; with the lowest pH value and NaOH
with the highest pH value stood out, both having no areas
with density lower than 1 pm~2. The NHO; treatments
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Figure 5: Normalized results from testing all average six
nearest neighbor values and densities for tin depleted re-
gions. The blue histogram (left) displays the normalized
number of areas analyzed which have a density of under 1
nucleation site/pm?, while the red histogram (right) shows
the normalized number of nucleation sites with average six
nearest neighbor distance greater than 1 pm.

had the lowest number of average distance to six nearest
neighbors being bigger than 1 pm. As expected, H,O, had
the most predicted tin-depleted regions in both density and
average distance to nearest neighbor values.

These results show that the type of chemical treatment has
more of an impact on the quality of nucleation than the pH of
that chemical treatment. NHO5 with both pH values shows
more promising results than HCI with the same low pH
values. Furthermore, we see distinct performances between
all treatments with pH values of 5, namely NHO5, HCI and
H202.

EDS Analysis

The goal of the EDS scans is to confirm that the droplets
we see in the SEM images are indeed tin-rich, as well as to
compare the relative tin content between our samples.

The results from the point analysis scans are shown in
Fig. 6. We observed a high variation in tin concentration in
the droplets imaged, which was not directly related to the
size of the droplet. Furthermore, we observe a tin thin film
present between the droplets in all treatments, except H,O,,
which consistently showed no traces of tin when there were
no droplets present.

The results from the area scans are shown in Fig. 7. The
control sample demonstrated the highest overall tin content
relative to the other samples. While this sounds promising
for Nb;Sn growth, the SEM images indicated clustering of
nucleation sites. The lower pH treatments (HCl and NHO;
with pH 3), and NaOH with pH 11 exhibit more tin than the
treatments with pH values of 5. Finally, with a low density
of droplets and no tin thin film present, H,O, showed 0%
tin on all the area scans as expected.
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Figure 6: Ratio of atomic percentage of tin to niobium for
droplet and non-droplet point analysis scans. Nucleation site
areas are plotted in blue while non-nucleation site areas are
plotted in red.
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Figure 7: Ratio of atomic percentage of tin to niobium for
larger (1800 pm?) area EDS scans.

CONCLUSION

We conclude that chemical treatments of the niobium
oxide influence the distribution of tin-rich droplets during
the nucleation phase of vapor diffusion growth of Nb;Sn.
We found that the type of chemical treatment had a greater
impact on the quality of nucleation compared to the pH of
the treatment. H,O, treatment showed the lowest density of
droplets and lowest overall tin concentration, suggesting a
significant suppression in nucleation. NHOj is a promising
treatment to arise from this study with a dense and uniform

istribution of nucleation sites, but other treatments such
as NaOH are also viable options to explore further in the
future. Another interesting observation is that the control
sample, which was not soaked in any of the treatments post
anodization, shows a less uniform nucleation of droplets and
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a significantly higher tin content compared to the sample
which was soaked in H,O post anodization.

It is clear that a combination of both surface imaging
and elemental composition is necessary to gain information
about the quality of nucleation. Seeing dense nucleation sites
in the SEM imaging does not give us information about the
tin present in between the droplets, which we have observed
to vary from one treatment to another. On the other hand,
a high tin content from an EDS area scan can correspond
to clustered droplets, which we expect to result in a non-
uniform growth and a rough surface of the final Nb;Sn layer.

Future steps include performing another sample study
for reproducibility, followed by a full coat to see how these
nucleated tin-rich droplets and the tin thin film between
them affect the final Nb;Sn layer. Furthermore, we plan
on applying our most promising treatment to a cavity and
performing an RF test.
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