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Abstract
Nb deposited by magnetron sputtering onto hot Cu-15 wt.%Sn bronze substrates at
temperatures above 700 ◦C achieved Nb3Sn film growth at a rate of 33 nm min−1, which was an
order of magnitude faster than that achieved for deposition of Nb on bronze at low temperature
followed by in situ post reaction at the same high temperatures. Tin content in the Nb3Sn films
made on hot bronze was ∼26.3%, which is significantly higher than ∼24.5% obtained by
post-reaction as well as for typical bulk reactions between Nb and α-bronze. The Nb3Sn lattice
parameter was consistent with measured tin content and predicted elastic strain for both routes.
Critical temperatures of 14 K–16 K, instead of 18 K, were consistent with elastic strain due to
coefficient of thermal expansion mismatch between the Nb3Sn and bronze substrate and, for the
hot-bronze samples, stress related to the growth mechanism. Films were fully coalesced and had
surface roughness values <20 nm over a 100 µm2 scan. Grain structure of the Nb3Sn films
produced by Nb sputtering on hot bronze resembles zone 2 in the Thornton structure-zone
diagram, in contrast to the equiaxed grain structure reminiscent of microstructure observed in
reacted Nb3Sn wires exhibited by the post-reaction route.
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1. Introduction

Development of Nb3Sn films for superconducting radio-
frequency (SRF) cavities has received recent attention in view
of their potential to operate using a cryocooler at 4 K–8 K,
in contrast to conventional Nb cavity operation using super-
fluid helium at ∼2 K [1, 2]. Nb3Sn has a critical temperature
Tc of 18.3 K, double the Tc of Nb, and this gives a funda-
mental advantage to the cavity quality factor Q and related
RF losses. Continuous-wave operation of conduction-cooled
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Nb3Sn cavities has been demonstrated recently [3–5], and for
many applications at <10MVm−1 [6] a very compact electron
accelerator may be possible [7]. Nb3Sn also has a thermody-
namic critical field (extrapolated to 0 K) of 540 mT, which
is double that of Nb. Along with Q, critical field is a principal
contributor to the theoretical limit of accelerating gradient Eac.

Research and development of Nb3Sn cavity coatings has
been primarily focused on the vapour diffusion technique,
where a bulk Nb cavity is reacted with Sn vapour at∼1100 ◦C
to achieve stoichiometric Nb3Sn via binary reaction while
avoiding formation of other Nb–Sn phases [2, 8–10]. Since this
is above the melting point of Cu and Al, adding these metals
to facilitate conduction cooling requires a post-process [3, 4].
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Control of growth requires a careful balance of tin vapour
pressure, wetting and adsorption of Sn on the Nb3Sn surface,
net flux of tin atoms entering and leaving the Nb3Sn surface,
diffusion of Sn through the Nb3Sn layer, and reaction rate at
the Nb–Nb3Sn interface [9, 11–15].

Forming Nb3Sn at temperatures compatible with a Cu cav-
ity template is an alternative to the Sn vapour approach above.
Formation of Nb3Sn in situ at temperatures compatible with
Cu has been demonstrated by sputtering from a compos-
ite target [16, 17], co-sputtering Nb and Sn [18], by reac-
tion of sequential Nb and Sn layers [19], and by reaction of
deposited Nbwith bronze [20, 21]. Room-temperature electro-
deposition of Nb and Sn or bronze layers followed by a post-
process reaction also shows promise [22]. Reactions using
bronze can avoid unwanted Nb6Sn5 and NbSn2 at 600 ◦C–
800 ◦C and adapt from techniques used for wire conductors
[23, 24]. Chemical vapour deposition generally requires tem-
peratures at the limit of Cu compatibility to achieve useful
vapour pressure of reactants [11], although new techniques
[25] appear promising.

However, physical deposition processes must overcome
low atomic mobility to attain film coalescence and avoid struc-
tural defects [26]. The fact that the melting point of copper,
1358 K, is significantly below that of Nb3Sn, ∼2385 K [24],
means that substrate heating has limited benefit during depos-
ition, and long post-deposition annealing times may be needed
to fill in pinholes and channels, reduce stress, and relax needle-
like columnar grain structures [16, 17]. During this process,
Sn could be lost as vapour or diffusion into the Cu base, res-
ulting in a tin-poor Nb3Sn layer [9]. For bronze methods,
challenges exist for supplying high tin activity and possible
Cu contamination in grain boundaries. Expansion of Nb by
37% upon conversion to Nb3Sn could pose additional chal-
lenges for solid-state reactions. Another issue for Nb3Sn films
is the significant difference between the coefficients of thermal
expansion (CTE) of Nb3Sn and Cu, which places any Nb3Sn
coating on Cu under compression when cooled, and reduces
Tc from ∼18 K to ∼15 K.

In this paper, we report rapid Nb3Sn film synthesis from
deposition of Nb onto hot bronze. We observe nanostructure
unlike those produced by any of the methods compatible with
Cu above. The Nb3Sn film showed columnar grain growth
which resembles the structure zone 2 in Thornton structure
zone diagram [27, 28]. Moreover, Nb3Sn coatings with Sn
content∼26.3%were achieved at 715 ◦C, suggesting tin activ-
ity is high. For comparison, we also report Nb3Sn films cre-
ated by post-reaction after depositing Nb at low temperature
and then heating in the film chamber for 6 h at ∼650 ◦C–
715 ◦C to produce the diffusion reaction. These films attained
slightly lower tin content∼24.5% Sn, and they did not exhibit
similar columnar grain growth suggesting equiaxed grain
growth characteristic of reactions in wires [29]. Growth was
an order of magnitude faster for the hot bronze route, achiev-
ing 0.7 µm thickness in 22 min, compared to 360 min or
more required for the post-deposition reaction. While bronze
methods have challenges, there could be significant advant-
ages for material cost, cavity fabrication, and compatibility
with Cu.

2. Experimental details

Mirror polished zero-phosphorus Cu-15 wt.%Sn bronze
pieces were used as substrates in this experiment. Typical
substrate dimensions were around ∼7.5 mm × ∼7.5 to
15 mm × ∼1 mm. The composition was chosen to be close
to the highest Sn solubility in α-bronze, since high Sn activ-
ity is necessary to produce stoichiometric Nb3Sn [24]. Nb was
deposited byDCmagnetron sputtering at 250Wusing 8mTorr
Ar gas, which yielded 0.374 nm s−1 deposition rate as calib-
rated by a quartz oscillator for room-temperature deposition.
Typical background pressure was ∼5 × 10–9 Torr. All syn-
thesis occurred in situ, using a radiant substrate heater with a
thermocouple attached to the substrate heater assembly. The
actual substrate temperature is below the deposition temper-
ature setpoints (∼60 ◦C below at 775 ◦C), and temperatures
reported here account for measured differences. For depos-
ition on hot bronze, substrates were pre-heated for 1 h before
Nb deposition and concurrent Nb3Sn reaction. Temperature
was maintained during deposition of 0.5 µm Nb, resulting in
0.7 µm thick Nb3Sn. At the end of the Nb deposition, the sub-
strate heater was turned off. Post-reacted films were prepared
by first depositing the same thickness of Nb at 200 ◦C, then
ramping the substrate heater up to >600 ◦Cunder high-vacuum
conditions. Maximum heat treatment length was limited to 6 h
by deposition chamber hardware. Films of Nb deposited on
bronze at 200 ◦C but not given a post-reaction treatment pro-
duced the expectedNb structure and Tc = 9.2Kwith very sharp
transition.

Measurements of magnetic moment m vs temperature T
used a SQUID magnetometer (Quantum Design MPMS) to
determine the Tc of the films. Samples were cooled in zero
field and then 1 mT field was applied perpendicular to the
film. A Rigaku SmartLab system was used for x-ray dif-
fraction (XRD). A FEI Helios G4 UC field emission scan-
ning electron microscope (SEM) was used to study the sur-
face morphologies in secondary electron (SE) mode and the
elemental composition of the samples in energy dispersive
spectroscopy (EDS) using an Oxford Instruments X-MaxN

SDD x-ray detector and standard-less analysis. Roughness of
the substrates and the films were measured using a Veeco Icon
atomic force microscope.

In the discussion below, we describe Nb3Sn films made
by depositing 500 nm Nb layer on hot bronze at 650 ◦C
and 715 ◦C, which henceforth are identified as H1 and H2,
respectively. We also compare Nb3Sn samples made by post
reacting a 500 nm Nb film at 650 ◦C and 715 ◦C with
6 h heat treatments, which henceforth are identified as PR1
and PR2 respectively. Table 1 summarizes the details of the
growth process and some of the properties observed in these
samples.

3. Results

3.1. XRD analysis

XRD measurements show multiple peaks according to the
known sequence for Nb3Sn crystal planes. Figure 1 shows the
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Table 1. Summary of sample preparation details and properties.

Sample ID Growth method
Growth/reaction
temperature

Growth/reaction
time Tc-onset Sn content Strain

H1 Hot-bronze ∼650 ◦C 22 min ∼8.8 K, ∼13 K Not fully reacted –1.14%
H2 Hot-bronze ∼715 ◦C 22 min ∼14.5 K ∼26.3% –1.24%
PR1 Post-reaction ∼650 ◦C 360 min ∼9.2 K, ∼13 K Not fully reacted –0.92%
PR2 Post-reaction ∼715 ◦C 360 min ∼14.5 K ∼24.5% –0.88%

Figure 1. X-ray diffraction patterns for the Nb3Sn coatings studied.

principal peaks for H1, H2, PR1, and PR2. Both routes pro-
duced polycrystalline Nb3Sn films based on the lack of indic-
ations consistent with preferred growth. Complete conversion
of Nb to Nb3Sn is evident for the higher temperature reaction.
Nb3Sn lattice parameter perpendicular to the film was determ-
ined using the position of multiple peaks and averaged. Slight
expansion in the out-of-plane lattice parameter was observed
in comparison to the stoichiometric Nb3Sn value of 5.290 Å
[24], possibly indicating an in-plane compressive strain.Meas-
ured out-of-plane lattice parameters of the 715 ◦C hot bronze
and post-reacted samples are 5.336 Å and 5.323 Å, respect-
ively. Using Nb3Sn Poisson’s ratio of 0.35 [30], in-plane strain
of −1.24% and −0.88% respectively for the hot bronze and
the post-reacted film can be estimated. The latter value is con-
sistent with the CTE mismatch between Nb3Sn and bronze for
cooling from 715 ◦C to 25 ◦C [31].

3.2. Microstructure and elemental analysis

Figures 2 and 3 show SEM surface and cross-section images
of the H2 and PR2 samples. Features of the underlying bronze
microstructure are evident in the low-magnification images.
A distinct wavy surface feature correlates with the location of
bronze grain boundaries for the hot-bronze sample, figure 2(a).
In figure 2(b), Nb3Sn grains have somewhat larger size at wavy
grain-boundary regions, which may be related to high tin con-
tent in the underlying bronze as will be discussed later. Smooth

Nb3Sn covers the interior of bronze grains for the hot-bronze
sample, figure 2(c), as well as uniformly covering the post-
reacted sample, figures 2(d) and (e). Figure 2(e) shows many
grain facets tilted from the film plane, while figures 2(b) and
(c) are dominated by facets lying close to the film plane. Post-
reaction produces the smallest grain size. Average roughness
(Ra) of the hot bronze and post-reacted samples were 7–15 nm
taken over several 100 µm2 scans within the interior of under-
lying bronze grains.

Cross-section SEM images are compared in figure 3. The
final Nb3Sn layer thickness is ∼725 nm for the hot bronze
specimen reacted at 715 ◦C, which corresponds to a ∼44%
increase in thickness with respect to the Nb layer. The thick-
ness of the post-reacted Nb3Sn layer is ∼640 nm, which is
∼28% increase in thickness. Contrast blocks in figure 3(a) sug-
gest that columnar Nb3Sn grains span the entire film thickness
in the hot-bronze sample, which is zone 2 in Thornton thin-
film structure zones [27, 28]. Thewidth of the columnarNb3Sn
grains is several hundred nanometres if each contrast block is
one grain. By comparison, contrast blocks in figure 3(b) have
much smaller size and do not have consistent arrangement with
respect to the film plane. The contrast is suggestive of smal-
ler equiaxed grains as observed in bronze route Nb3Sn wires
[29]. Large grains also occur at the interface between bronze
and the Nb3Sn layer in post-reacted samples, figure 3(b), and
these grains grow into the bronze. EDS indicates that this is a
Cu–Sn–Nb compound like that found in some Nb3Sn wires
[32, 33]. Cracks are not evident in surface or cross-section
images.

Spectroscopy results using a 7 keV electron beam give Sn
content in the hot bronze films ∼26.3% and slightly lower Sn
content,∼24.5% in the post-reacted samples. Figures 4(a) and
(b) show line scans across the Nb3Sn layer of H2 and PR2
respectively. While artefacts exist near the edges of Nb3Sn
layer, flat Nb and Sn amplitude in the central region of both
scans. Slightly higher Cu content was observed in the central
scan region of PR2, ∼3.3% compared to ∼0.9% for H2.

3.3. Superconducting transition temperature measurements

Figure 5(a) compares Tc measurements of H1, H2, PR1, and
PR2. The transitions at 12 K–15 K are due to the Nb3Sn phase,
while the partial transitions at ∼9 K are due to unreacted
Nb due to the low Sn activity at ∼650 ◦C. For 715 ◦C, the
single transition indicates the full conversion of Nb to Nb3Sn.
Figure 4(b) shows the m vs T curves near the transition onset,
where the data curves for the hot-bronze samples have crossed
those of the post-reaction samples. The transitions are fairly

3



Supercond. Sci. Technol. 34 (2021) 06LT01

Figure 2. SEM-SE images of a Nb3Sn film deposited on hot bronze
is shown in (a)–(c) at different scales. The yellow boxes in (a) show
the general area from where images (b) and (c) are taken. Images (d)
and (e) show a Nb3Sn film made by the corresponding post-reaction
method.

broad, with the midpoint of the Nb3Sn region being ∼2 K
below the onset.

4. Discussion

This report compares specific samples from a larger study
[34] to explicitly compare Nb3Sn film synthesis using the hot
bronze and the post-reaction approaches. Significantly, differ-
ent growth rate and microstructure resulted, yet the samples
had comparable superconducting properties. In the hot-bronze
approach, 725 nm Nb3Sn with ∼26.3% Sn content formed in
just 22 min at 715 ◦C. By contrast, the post-reaction method at

Figure 3. SEM-SE images of cross-sections of Nb3Sn films made
at 715 ◦C by deposition of Nb on hot bronze (a) and via
post-reaction (b).

the same temperature required 360 min to produce a 640 nm
Nb3Sn layer with∼24.5%Sn. Higher tin content produces bet-
ter superconducting properties [24], and it is rather surprising
to obtain stoichiometric Nb3Sn via a bronze reaction at these
temperatures. Usually internal-tin routes [23, 24], which have
more available tin, are needed to approach stoichiometry, yet
doing so only for long reactions well above 650 ◦C.

The columnar grain structure seen in the hot-bronze films,
figure 3(a), is different from that observed in the post-reacted
films, figure 3(b). It is also an unusual microstructure based
on observations of Nb3Sn wires [23] for reactions in this tem-
perature range and duration. On the other hand, the post-
reaction films have microstructure consistent with observa-
tions in the literature for similar reaction temperature and
time. In [35], layer growth rate for binary and alloyed Nb3Sn
was modelled via a power law d = kt n where d is the layer
thickness, k is a constant, t is time, and n is related to the
growth mechanism. For growth limited by grain-boundary dif-
fusion of tin [35], reports n = 0.33 and finds k = 26 nm s−1

at 750 ◦C. These parameters predict a ∼700 nm layer in
6 h, which is roughly equivalent to the thickness shown in
figure 3(b) for PR2. Reference [35] also identifies a change
in the growth rate and microstructure to a condition limited
by bulk diffusion of tin through Nb3Sn at 800 ◦C, where not-
ably the exponent n increases to 0.5 with k = 11 nm s−1

and large columnar grains are found. Inserting the H2 growth
time of 22 min yields a layer growth of 400 nm, which is
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Figure 4. EDS line scans of cross-section images of (a) H2 and (b)
PR2.

somewhat less than that observed in figure 3(a). So, while
high-rate planar growth might describe the unusual micro-
structure of the hot bronze samples, there appears to be addi-
tional rate enhancement for films, as discussed below. When
1 µmNb layer was deposited on hot bronze, evidence for unre-
acted Nb was observed in Tc and XRD measurements, which
indicates that Sn arrival to the growth front slows down as
the Nb3Sn layer thickness increases [34]. However, thicker
Nb3Sn films may be possible with slower Nb deposition
rates.

Unusually high tin activity may be present at the hot bronze
surface to further facilitate rapid formation of Nb3Snwith high
Sn content. During pre-heating of bronze in high vacuum, the
surface takes on a silvery colour, which is consistent with dif-
fusion of Sn atoms to the bronze surface to maintain thermo-
dynamic vapour pressure. This Sn-rich surface layer would
supply high Sn activity for arriving Nb atoms. Under these
conditions, nucleation of Nb3Sn islands can occur at a high
rate. High Sn mobility would subsequently facilitate coales-
cence and rapid growth of columnar grains as additional Nb
atoms arrive. The flat facets at the surface in figures 2(b) and
(c) and the columnar grain structure in figure 3(a) are distin-
guishing features of zone 2 in the Thornton structure zones
[27, 28].

Figure 5. (a) Tc measurements of samples made at 650 ◦C and
715 ◦C. (b) The onset of the Tc transitions.

Coalescence of grains and healing of defects are import-
ant for crack-free dense Nb3Sn coatings, and these critical
processes appear to be facilitated by deposition of Nb onto
hot bronze. This should be advantageous for SRF applications.
The coalescence process is consistent with the Volmer–Weber
mechanism. The fact that the columns are 200–500 nm wide
indicates high mobility and possible recrystallization, in con-
trast to when mobility is low and columns have width charac-
teristic of the nucleus size, 20–50 nm [26].

Moreover, connecting the XRD, Tc and EDS data requires
details consistent with high-mobility Volmer–Weber growth.
Post-reaction samples should not have significant intrinsic
strain, based on results for composite wires [24], so we attrib-
ute the PR Tc data as being solely determined by the tin
composition and the CTE mismatch strain. The lattice para-
meter differences indicated by XRD suggest that H films have
intrinsic compression in addition to CTE mismatch compared
to the PR films. The extra strain explains why H and PR films
exhibit similar Tc values despite the H samples being higher in
Sn content. The origin of compressive intrinsic stress in the H
films could be due to the high-mobility Volmer–Weber mech-
anism [26, 36–38].

The morphology change above bronze grain boundaries in
figure 2(a) and the Nb–Cu–Sn phase in figure 3(b) may be arte-
facts of the behaviour of bronze in vacuum. According to the
Cu-Sn phase diagram [39], any local deviations above 15%
weight Sn bronze will become mixed phase, α and β, above
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518 ◦C. Despite our achievement of homogeneous bronze, it
is plausible that extraction of Sn vapour under vacuum could
encourage Sn diffusion to grain boundaries while the substrate
warms. From EDS of uncoated bronze substrates heated to
715 ◦C and then cooled in vacuum, it was discovered that
the wavy grain-boundary regions in figure 2(a) are above
Cu ∼ 33 wt.%Sn, i.e. γ phase, while large smooth bronze
grains contained ∼16 wt.%Sn. Lower Sn content, 13 wt.%,
could suppress this artefact, at the risk of reducing tin activity
and altering the growth mode.

5. Conclusion

In this work, we described rapid Nb3Sn film growth when Nb
was deposited on hot bronze, producing an immediate con-
version to Nb3Sn. This mechanism is not available to solid-
state reactions. A factor of 12 faster growth rate for ∼700 nm
thick films was observed, in comparison to deposition of
Nb onto bronze at 200 ◦C (where no reaction occurs) fol-
lowed by a post-reaction at the same temperature. The hot-
bronze Nb3Sn films had a columnar grain structure similar to
Thornton structure zone 2, whereas the post-reaction method
produced smaller equiaxed grains characteristic of reactions in
wires. Samples showed smooth Nb3Sn surface with no cracks,
and high tin content. Critical temperature was consistent with
tin content and strain, with significant reduction to 14 K–16 K
from the∼18 K of bulk stoichiometric Nb3Sn due to the strain
induced by CTE mismatch between Nb3Sn and bronze. The
hot-bronze approach can be scaled to applications such as
SRF cavities and devices as it produces smooth, dense, crack-
free, and stoichiometric Nb3Sn coatings with relatively easy
process.
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