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Abstract 
Nb3Sn promises better RF performance (Q and Eacc) than 

niobium at any given temperature because of superior su-
perconducting properties. Nb3Sn-coated SRF cavities are 
now produced routinely by growing a few microns thick 
Nb3Sn films inside Nb cavities via the tin vapor diffusion 
technique. Sn evaporation and consumption during the 
growth process notably affect the quality of the coating. 
Aiming at favorable surface characteristics that could en-
hance the RF performance, many coatings were produced 
by varying Sn sources and temperature profiles. Coupon 
samples were examined using different material character-
ization techniques, and a selected few sets of coating pa-
rameters were used to coat 1.3 GHz single-cell cavities for 
RF testing. The Sn supply's careful tuning is essential to 
manage the microstructure, roughness, and overall surface 
characteristics of the coating. We summarize the material 
analysis of witness samples and discuss the performance of 
several Nb3Sn-coated single-cell cavities linked to Sn-
source characteristics and observed Sn consumption during 
the film growth process. 

INTRODUCTION 
Because of superior superconducting properties, Nb3Sn 

(Tc ~ 18.3 K, Hsh ~ 425 mT, and ∆ ~3.1 meV) promises 
better performance and a significant reduction in opera-
tional cost of SRF cavities compared to Nb (Tc ~ 9.2 K, Hsh 
~ 210 mT, and ∆ ~1.45 meV) [1]. Presently, it is the front 
running alternative material to replace niobium in SRF 
cavities. However, Nb3Sn has a significantly lower thermal 
conductivity despite attractive superconducting properties 
than Nb at low temperatures. Further, it is very brittle and 
prone to develop cracks under stress, which primarily re-
stricts the application of Nb3Sn into a thin film form. 
Nb3Sn thin films should be deposited or grown inside a 
built-in metallic (e.g., Nb, Cu) cavity structure. Since SRF 
cavities typically have complicated geometries and de-
mand flawless uniform coating, suitable thin film deposi-
tion techniques are limited. Among several techniques at-
tempted to deposit Nb3Sn thin films, vapor diffusion coat-
ing is the most favorable and successful technique so far.  

Vapor diffusion coating of Nb3Sn on niobium cavities 
dates back to the 1970s [2-4]. This technique is adopted by 
most research institutions currently working to develop 
Nb3Sn coated cavities around the world [5-8]. Recent per-
formance results of such cavities are very promising, at-
taining high quality factors, > 1010 operating at 4.2 K at 

medium fields at ≥ 15 MV/m in several labs [5, 9-10]. A 
typical cavity coating process consists of two steps: nucle-
ation and growth. First, tin chloride evaporates at about 
500 ºC, depositing tin film and particles on the niobium 
surface to mitigate potential non-uniformity in the coating 
[11]. These tin deposits act as nucleation sites, which are 
assumed to grow with the influx of tin vapor during depo-
sition at a higher temperature. The growth temperature 
should be above 930 °C to exclusively form the Nb3Sn 
phase as dictated by the binary phase diagram of the Nb-
Sn system [12]. A temperature of about 1100-1200 ºC is 
typical for Nb3Sn growth at different labs.  

The quality of coated Nb3Sn layers is contingent on un-
derstanding coating layer formation and growth during the 
process. Several studies have investigated the effect of dif-
ferent coating parameters such as nucleation time, nuclea-
tion temperature, growth temperature, growth time, etc., to 
understand and control the Nb3Sn growth kinetics [13-14]. 
Since the essence of the vapor diffusion technique is to cre-
ate and transport tin gas to the substrate Nb in a suitable 
thermodynamic environment, the management of Sn dur-
ing the process is of critical importance. Since many cavi-
ties coated recently at Jefferson Lab persistently showed 
Sn-residues on the coated surface, it further motivated us 
to correlate Sn effusion conditions, thin-film quality, and 
RF performance. In this contribution, we discuss several 
factors that could potentially influence Sn-supply and con-
sumption during the Nb3Sn film growth affecting the mi-
crostructure of the thin film and RF performance.  

Nb3Sn COATING 
Each cavity or sample chamber was coated with 

10 mm × 10 mm Nb coupon samples inside using a typical 
setup. The coating deposition system is described in [7]. Sn 
(99.999% purity from Sigma Aldrich) was loaded in a cru-
cible, and SnCl2 (99.99% purity from Sigma Aldrich) was 
packaged inside two pieces of Nb foil inside the cavity at 
the bottom flange. A Nb crucible was used for single-cell 
cavity coating each time. However, W crucibles of differ-
ent cross-sectional areas were used for experiments using 
the sample chamber. Both sides of the cavity or sample 
chamber were closed with Nb covers by lightly tightening 
with molybdenum fasteners before installation into the fur-
nace. A typical temperature profile included nucleation 
step at (540 ± 10) °C for 90 minutes and coating step at 
(1195± 10) °C for 75 minutes, as shown in Fig. 1.  Follow-
ing a series of experiments, the temperature and coating 
setup was later modified for single-cell cavity coating.  

 ___________________________________________  
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Figure 1: Temperature profile during Nb3Sn coating of a 
single-cell cavity. TC1, TC2, and TC3 are readings from 
three thermocouples inside the coating chamber at differ-
ent locations. 

Sn SOURCE AND THIN FILM CHARAC-
TERISTICS 

According to the Hertz-Knudsen equation, the maximum 
molar flux of metal from the condensed form to its gaseous 
form in a perfect vacuum condition is given by [15]: 

𝜙
𝑃°

√2𝜋𝑀𝑅𝑇
1  

where M is the molecular weight, R is the universal gas 
constant, and T is the absolute temperature at the evaporat-
ing surface. P° is the vapor pressure of the metal. Accord-
ingly, we expect the amount of Sn evaporation would be 
directly proportional to the size of the crucible.  For a fixed 
temperature profile shown in Fig. 1, samples were coated 
using four different W crucibles with different diameters. 
A linear relationship was observed between the cross-sec-
tional area and evaporated amount of Sn, as presented in 
Table 1.  

Table 1: Sn Evaporation for Different Crucible Sizes 

Crucible Diameter 
(inch) 

Cross sectional 
area  (cm2) 

Evaporation 
(g) 

D1 1.0 5.07 0.81 
D2 0.75 2.85 0.43 
D3 0.50 1.27 0.33 
D4 0.25 0.32 0.10 

 
The elemental composition and microstructure were ex-

amined with a field emission scanning electron microscope 
(FE-SEM) equipped with an energy-dispersive X-ray spec-
troscopy (EDS) detector. A set of SEM images from three 
different crucibles are shown in Fig. 2. It has been observed 
that the average grain size increased with the increased 
amount of Sn-supply correlated with a larger crucible for 
the same period of coating time. For samples coated with 
crucibles D1 to D3, ~ (24 ± 0.5) at. % Sn was observed. 
However, only ~21 at. % Sn was observed for the coated 
with D4, indicating thinner coating where X-ray penetrates 
below the Nb3Sn layer. Note that many grains show depres-
sion in the middle as expected for the low flux of Sn-sup-
ply. With a known correlation between the grain size and 

roughness, we can expect that larger crucible results in 
thicker and rougher coatings for the same coating time. 
Post-coating visual inspection of the crucible indicates typ-
ically that a thicker layer of Sn is collected around the cor-
ner if any residual Sn is left inside, likely because of the 
constrained solid angle available due to the depth of each 
crucible. Application of a shallow crucible may avoid such 
occurrences. 

 

 

 

 
Figure 2: SEM images from samples coated with crucibles 
with diameters 1 inch, 0.50 inch, and 0.25 inch, respec-
tively.  

To further mock a very small amount of Sn-flux during 
the coating, ~0.5 g Sn was packaged inside a Nb foil in-
stead of a crucible. The SEM image from the sample is 
shown in Fig. 3, showing irregular grain structures with 
patchy regions. It depicts the origin of non-uniformity dur-
ing the coating of large cavities such as multi-cell cavities 
where the available flux of Sn depletes moving away from 
the Sn-source. As reported before [16-17], the addition of 
multiple Sn-sources avoids such a problem.  
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Figure 3: SEM image of the film produced with Sn-re-
stricted inside a Nb foil.  

SUBSTRATE AREA AND THIN FILM 
CHARACTERISTICS 

In a typical coating experiment, the assembly is per-
formed inside a cleanroom and transferred to the furnace. 
Both sides of the cavity or sample chamber are covered 
with Nb plates to avoid contamination inclusion during the 
installation into the furnace. The setup is also necessary not 
to coat the interior of the coating chamber and Sn-conden-
sation into heatshields. The Sn vapor is assumed to be 
mostly confined inside a cavity during the coating process. 
A set of experiments were run with identical coating set up 
and temperature profile to understand how the variation of 
substrate surface area exposed to Sn-source affects Sn 
evaporation and then thin film properties. The temperature 
profile used for this study included three steps at 1200 °C, 
1150 °C, and 1100 °C for the film growth, discussed later 
in the following section. The sample chamber and a cavity 
of different surface areas were coated in the first two ex-
periments. 

The weight loss measurement of the crucible after the 
coating showed that ~ 85% of the loaded Sn was consumed 
during a cavity coating compared to only ~ 60% for the 
sample chamber.  About 1 mg.cm-2 Sn was consumed dur-
ing the sample chamber coating, whereas 0.85 mg.cm-2 for 
a single-cell cavity. One end of the sample chamber was 
left open during the third experiment exposing the Sn 
source to the coating chamber of the furnace. All the Sn 
from the crucible was exhausted. SEM pictures in Fig. 4 
show the variation in microstructures. Sn evaporating from 
the source clearly increased with an increase in the exposed 
surface substrate surface area. In contrast, microstructure 
variation was dependent on the surface density of Sn dur-
ing the coating. Comparing coatings with and without an 
open end of the sample chamber, more Sn was evaporated 
with an open-end but reduced the grain size, likely with the 
roughness and thickness as the Sn was no longer confined 
inside the sample chamber.  We had observed residual Sn 
condensation when both ends of the cavity or the sample 
chamber, but no such residue was present while one side of 
the chamber was open during the coating. The size and dis-
tribution of nanoscopic residues (not shown here) were de-
creased as the substrate surface area increased from the 
sample chamber to the cavity.  

 

 
Figure 4:  SEM images from sample coated inside (a) 
closed sample chamber, (b) closed single-cell cavity, and 
(c) sample chamber with one side open, respectively. Inset 
pictures show the post-coating appearance of the crucible.  

SINGLE-CELL CAVITY COATING  
As discussed in the previous section, the coating setup in 

which the Sn source is in the cavity enclosure during the 
coating is likely to condense Sn-residue at the end of the 
coating process. Proper tuning of Sn supply to the cavity 
surface area may reduce or eliminate residual Sn conden-
sation and engineer suitable surface properties. Two 
1.3 GHz single-cell cavities were coated several times with 
continuous modifications. Those cavities were coated sev-
eral times where the coating parameters were varied to tune 
surface characteristics and mitigate Sn-residues. In the 
past, the standard coating protocol at JLab included three 
hours at 1200 °C to grow Nb3Sn coating. Following sample 
studies, we reduced the growth duration to 75 min aiming 
for roughness reduction with sufficient thin film thickness 
for RF interaction, as shown in Fig. 1.  The average root 
mean square roughness (Rq) for 50 µm × 50 µm atomic 
force microscopy (AFM) scans reduced from (312 ± 39) 
nm to (202 ± 54) nm. For those cavities, the quench field 
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was >15 MV/m each time but with a Q-slope, as shown in 
Fig. 5. Note that the quench field was higher than previous 
coatings where we coated a single cavity and showed Sn-
residues [9]. The witness sample had Sn residues ranging 
in size from a few nm to up to 50 nm (see Fig. 6). 

 
Figure 5: RF Performance of 1.3 GHz single-cell cavity 
following temperature profile in Fig. 1.  

 
Figure 6: SEM image from witness sample coated with the 
cavity in Fig. 5. Note that bright features are potential Sn-
residues. 

The coating setup and the temperature profile were fur-
ther modified. A half-inch hole was made in the center of 
the top cover plate. A Nb plug was installed into the hole 
during the coating assembly, as shown in Fig. 7 (a). It was 
then attached to the linear bellow drive with a Nb wire on 
the top multiport plate of the furnace. The goal was to pull 
out the plug at the end of the heat cycle from outside, re-
leasing Sn vapor from the cavity. The temperature profile 
was modified as shown in Fig. 7 (b), and the loaded amount 
of Sn has adjusted accordingly. The short period at 1200 
°C was included to ensure a uniform coating grows without 
any patchy regions with generous Sn-flux.  The motivation 
for the more extended coating with temperature steps at 
1150 °C and 1100°C was to gradually lower the Sn-flux at 
the end of the heat cycle. The temperature profile was esti-
mated to evaporate a lower amount of Sn than the previous 
heat profile. Samples coated with this profile previously 
resulted in a smoother coating. The post coating inspection 
showed that the plug was tilted while loading the cavity 
into the furnace; that is, a small opening was created next 
to the plug throughout the process. The cavity was coated 
uniformly and appeared smoother than the previous run. 
The Sn consumption was ~ 20% less than that observed 
with the previous temperature profile. 

 
Figure 7:  Plug installed in the top plate covering the cavity 
(left). Schematic diagram depicting the modified tempera-
ture profile with three steps (right). 

SEM/EDS analysis of the witness sample revealed a uni-
form coating with a typical Nb3Sn composition. Despite 
the reduction in size and density, Sn-residues were present.  
The average grain size was (0.96 ± 0.06) µm compared to 
the previous coating with (1.52 ± 0.19) µm.  AFM analysis 
of the witness sample showed Rq of (73±8) nm, signifi-
cantly lower than the last coating, (202 ± 54) nm, for 50 
µm × 50 µm AFM scans. AFM images obtained from cav-
ity witness samples produced with two temperature pro-
files in Fig. 7 (b) is shown in Fig. 8. 

 
Figure 8: AFM images from witness sample coated with 
two temperature profiles shown in Figure 7. Note that the 
second image from the three-step temperature profile for 
the growth looks visibly smoother. 

RF test result from the cavity is summarized in Fig. 9. 
The low field Q0 is about 2.5×1010 at 4 K and 1×1011 at 2 
K. A mild Q-slope is present with a quench field 
~16 MV/m at 4 K and 17.5 MV/m at 2 K  with Q0 >1010. 
We believe that the observed Q-slope is caused by Sn res-
idues present at the surface. 

 
Figure 9: RF results from 1.3 GHz single-cell cavity coated 
with a three-step temperature profile.  

The amount of Sn was further reduced in subsequent 
cavity coating, aiming for a complete Sn exhaustion. The 
size of the hole in the top plate was reduced to a quarter-
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inch in diameter to make sure the plug stays in place. Sim-
ilar temperature and coating parameters were used. Post 
coating inspection revealed that all the Sn- was evaporated 
from the crucible. The cavity looked very similar to the last 
coating, except some Sn drops splattered into the beam 
pipe close to the Sn-source. Such spots are examined be-
fore and typically have the usual Nb3Sn composition. SEM 
examination shows unusual grain faceting but no Sn-resi-
dues. (See Fig. 10 (top).) EDS analysis showed the usual 
composition. AFM image showed similar grain facets and 
dent-like structures with sharp edges, as shown in, Fig. 10 
(bottom). We have noticed similar features developed in 
Nb3Sn grains after annealing without Sn before, resulting 
in severe degradation in RF performance. The estimated 
average value of  Rq is (98±5) nm, slightly rougher than 
the previous coating, that was  (73±8) nm for 50 µm × 
50 µm AFM scans. The estimated value for the average 
grain size was (1.11 ± 0.08) µm. 
   

 

 
Figure 10:  SEM image and AFM image from witness sam-
ple resulting by complete Sn-supply exhaustion. Note the 
sharp edges indicated by arrows and faceting developed in 
the grain. 

RF test at both at 4 K and 2 K is shown in Fig. 11. The 
low field Q0 was lower than expected at both temperatures. 
A slight Q-slope observed at first was followed by a sharp 
degradation. The cavity was never quenched and was lim-
ited by the input power.  The sample analysis and the cavity 
performance behavior were surprisingly consistent with 
previous cavities that went through extra annealing steps 
without Sn. Note that besides visible surface degradation 
with new features with sharp edges, Sn-loss from the coat-
ing was observed. A compositional change was not appar-
ent with the EDS analysis here. It seems that Sn-source was 
exhausted before turning off the heat and annealed for 
some time without Sn. Potential Sn-loss from the coated 

layer and an evident surface degradation with the for-
mation of features with sharp edges may explain the ob-
served phenomena of performance degradation.  
 

 
Figure 11: RF result from the cavity with exhausted Sn-
source. 

Since annealing Nb3Sn film without Sn seems risky with 
observed surface degradation, we tried to overcoat some 
samples with a small amount of Sn, aiming to ensure suf-
ficient vapor pressure not to lose Sn from the coating. 
Comparing SEM images before and after the overcoat 
showed significantly improved surface without "anneal-
ing" features, as shown in Fig. 12.   
 

  
Figure 12: SEM image of the sample before (left) and after 
(right) overcoat with a small amount of Sn supplied inside 
a Nb foil. Note that most of the residues are absent after the 
overcoat.  

SUMMARY AND OUTLOOK 
We investigated several factors that could potentially in-

fluence Sn supply and consumption during the Nb3Sn film 
growth, affecting the thin film's microstructure and RF per-
formance. Besides the temperature profile, the crucible size 
and the exposed substrate area need careful consideration 
tuning of the surface properties of the coating. It is essential 
to have generous tin flux at the initial stage to grow uni-
formly, and it is equally important to make sure not to an-
neal the coating without Sn to avoid film degradation. 
More careful material analysis is in progress to correlate 
RF performance with different coating conditions dis-
cussed above. We are updating the coating setup and tem-
perature profile to eliminate Sn-residue and to further tune 
surface characteristics.   
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