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Abstract: This paper describes the elemental and phase composition, microstructure, and super-
conducting properties of Nb3Sn deposited by magnetron sputtering. The films were deposited on
sapphire substrates using three different techniques: co-evaporation, layer-by-layer deposition of
Nb and Sn, and sputtering of a stoichiometric Nb3Sn target. The influence of magnetron operation
mode on the as-deposited film element composition is described. After high-temperature anneal-
ing at 700–900 ◦C, the results indicate the formation of superconductive films. The highest critical
temperature of 16.9 K was obtained for the film deposited at a stoichiometric Nb3Sn target and
annealed at a temperature of 800 ◦C for 12 h. These results could be used for superconducting
radio-frequency applications.
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1. Introduction

Superconducting radio-frequency (SRF) cavities are used in many modern accelerators
and can achieve exceptionally high Q-factor values, more than six orders of magnitude
higher than traditional conducting resonators [1–5]. To date, the main material used for
SRF cavities is Nb, which has a sufficiently high critical temperature and a magnitude of
the critical magnetic field.

However, despite the existence of well-tested and proven technologies for producing
Nb cavities, a significant disadvantage of pure Nb is its high cost and complexity of
processing [6–8]. An alternative approach involves the use of thin-film coatings made of
niobium, while the resonator itself can be made, for instance, of copper, and a coating
thickness sufficient to preserve its superconducting properties when exposed to an RF
field does not need to exceed units of microns [9,10]. Thus, the limits of “traditional” SRF
cavities based on niobium coatings are practically achieved.

In this regard, the use of Nb3Sn coatings, which have almost double the magnetic
superheating field of 400 mT and a higher superconducting critical temperature of 18.3 K,
seems very promising [11–16]. To date, several different methods have been proposed and
developed for Nb3Sn thin film deposition. One approach is to immerse niobium resonators
in molten tin followed by sintering; however, as a result of this process, tin droplets and
undesirable tin-rich phases may remain on the surface [17].

A variant of co-evaporation of materials using electron beams was also used, accom-
panied by the deposition of coatings from the vapor fraction; however, the coatings formed
were characterized by structural heterogeneity [18]. Attempts were made to use a method
of chemical deposition from the gas phase, but the obtained resonators did not demonstrate
high gradients of the accelerating field [19].

The method that is in practical use today, originally developed at Siemens, consists of
saturating niobium resonators with tin vapors in high-vacuum furnaces at a temperature
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of about 1100–1200 ◦C, and it is possible to obtain coatings with a thickness of up to several
microns [9]. At the moment, active work is underway to improve this method, and unique
results have been obtained (for example, a gradient of the accelerating field up to 24 MV/m
for a non-niobium resonator). The only drawback of this approach is that due to the high
processing temperature (1200 ◦C), it is impossible to use copper as the resonator material.

Considering the significant successes in the use of the magnetron sputtering method
for the formation of niobium-based coatings, in the last few years, work has significantly in-
tensified on the possibility of using magnetrons for the formation of Nb3Sn coatings [20–25].
Experiments on layer-by-layer deposition of niobium and tin on a silicon oxide substrate
were carried out in the Bell laboratory [26]. To produce Nb3Sn films, the authors used the
deposition of multilayers of Nb and Sn with subsequent high-temperature treatment to
form Nb3Sn. They observed the formation of Nb3Sn along with Nb6Sn5 at a temperature
above 600 ◦C. Meanwhile, at a temperature above 800 ◦C, the undesired phase of Nb6Sn5
disappeared. The highest critical temperature of 17.45 K was observed for the film annealed
at 850 ◦C.

The microstructural and superconducting properties of Nb3Sn films fabricated by
co-sputtering on Nb and sapphire substrates have also been studied recently [13]. The
authors observed the changes in the crystallinity and superconducting properties of these
films with respect to the substrate temperature during the deposition. The highest critical
temperature of 15.00 K was observed for the film deposited at 500 ◦C. The film deposited
at room temperature with subsequent annealing at 665 ◦C for 3 h had a critical temperature
of 15.88 K, and 17.61 K for a sample annealed at 950 ◦C for 3 h. They also observed the
changes in the film morphology and microstructure. The process of forming this type of
coating on copper and niobium substrates has also been studied [27–30].

The current work is devoted to the study of magnetron sputtered coatings based on
Nb3Sn by using both a stoichiometric target and separate magnetron sources with Nb
and Sn-based cathodes. Studies were conducted of the elemental and structural-phase
compositions and superconducting properties of these films after annealing in a high-
vacuum furnace at a temperature in the range from 700 to 900 ◦C.

2. Materials and Methods

The experiments were carried out using the in-house experimental setup shown in
Figure 1. The setup is equipped with an efficient oil-free vacuum pumping system consisting
of an AnestIwata Scroll Meister pre-vacuum pump, Shimadzu TMP-403LM turbomolecular
pump, and CTI-Cryogenics ON-Board CryoPump cryogenic pump, which produces a high
residual vacuum up to 1 × 10−5 Pa. Conducting the research under conditions of a high
residual vacuum is critically important to obtain high-quality superconducting coatings with
high functional properties (high critical temperature, high residual conductivity RRR, etc.).
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Magnetron targets were made of Sn (purity > 99.95%, Girmet, Moscow, Russia), Nb,
and stoichiometric Nb3Sn (AbleTargetLimited, Beijing, China) with a declared residual
conductivity not worse than 250 RRR. To increase the cooling efficiency, a copper substrate
was welded to the base of the target.

Prior to the sputtering, the experimental chamber was pumped out to a residual
vacuum of at least 10−5 Pa using a cryogenic pump. Sapphires (25 × 25 × 0.5 mm3) were
chosen (Techsapfir, Severniy, Russia) as a substrate material to avoid the formation of
undesirable Cu–Sn phases during high-temperature annealing. Before coating deposition,
the sapphire substrates were cleaned using alcohol and isopropanol and sputtered using
an Ar ion source.

To form the target phase of Nb3Sn, the samples were subjected to vacuum annealing.
Annealing was performed in an automated Gas Reaction Controller complex consisting of
a steel vacuum chamber, a high-temperature furnace, and a controller. The controller has
an electronic control system for the complex and a vacuum part. To create and maintain a
vacuum in the system, a vacuum station was used, consisting of a pre-vacuum membrane
and turbomolecular pumps. The prepared coatings were annealed in a steel container
in a vacuum furnace under linear heating at a rate of 3 degrees per minute to the target
temperature, followed by exposure for 12 h and further natural cooling down to room
temperature. During the annealing process, the actual pressure in the chamber varied in the
range 10−4–1.5 × 10−3 Pa. A typical annealing scheme (furnace pressure and temperature)
is shown in Figure 2.
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To control the structural and phase changes, the coatings were examined by X-ray
diffraction before and after annealing. For this purpose, a Shimadzu-XRD 7000S diffrac-
tometer with a 1280-channel high-speed detector (Shimadzu, Kyoto, Japan) was used. X-ray
diffraction analysis was performed by the Bragg-Brentano geometry method using Cu-Ka
radiation (wavelength 1.5410 Å) at 40 kV and 30 mA. The diffraction data were analyzed
using the Sleve+ program.

The microstructure and distribution of elements were analyzed using a Hitachi S-
3400N (Hitachi, Tokyo, Japan) scanning electron microscope equipped with an energy-
dispersive X-ray spectroscopy (EDX) attachment (Oxford Instruments, Abingdon, UK).

The morphology of the surface and the structure of the coatings were studied using
a scanning electron microscope (SEM) of the Zeiss Supra 55 series (In-Lens detector type,
electron energy–10 keV) with a Raith150 two electron beam exposure unit.
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The superconducting properties of the films deposited on the sapphire substrates
were characterized by the resistance versus the temperature data obtained from the four-
point probe measurement. The samples were positioned in a copper box with electrical
connectors for the readout systems. The box itself was insulated and placed in a liquid
helium Dewar. A Lakeshore controller was used to measure the temperature of the sensors.
The resistance values were calculated from the measured voltage of about 0.01 mV and
the measured current of about 0.1 mA. DC electrical measurements were performed with
Keithley 6221.

3. Results and Discussion
3.1. Co-Evaporation of Nb and Sn and Multilayer Coatings

It is known that the Nb3Sn phase is formed when the Sn content in the coating ranges
from 19 to 26 at.%. In other ranges of the tin concentration, the formation of the undesirable
phases Nb6Sn5 and NbSn2 is possible [14]. In order to obtain the required stoichiometric
composition, a series of coating depositions at different magnetron discharge powers was
carried out. The atomic Sn composition of the films deposited at different discharge powers
was measured with EDS. The measurements were taken at five different locations for each
film. The results of measuring the surface concentration of Sn in the coating (depending on
the power of the magnetron M1) are shown in Figure 3.
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Figure 3. Dependence of the Sn concentration in the coating on the magnetron power during layer-
by-layer (multilayer) deposition using two magnetrons.

As seen from the data, variations of the magnetron discharge power in the range of
0.45–0.7 kW resulted in a Sn surface concentration of the as-deposited coatings in the range
of 19–24 at.%. The obtained concentrations correspond to the target values. For further
research, the discharge power of M1 was chosen to be equal to 0.7 kW. Except for oxygen
and trace carbon contents, no other impurities were found in the samples. At the same
time, the layer-by-layer deposition mode was characterized by a high oxygen concentration
(locally up to 20 at.%). More significant differences between the two deposition modes were
revealed during the studies of the surface morphology and microstructure of the coatings.

Figure 4 shows the results of the studies of the surface (a) and the transverse cross-
section (b) of the coating obtained with the simultaneous use of two magnetron sources.
The surface of the coating is relatively smooth and homogeneous. The grain is clearly
distinguishable on the transverse section, is quite large (700–900 nm), and has a clear
orientation in the direction of the film growth.
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evaporation of Nb and Sn.

The samples obtained by layer-by-layer deposition are characterized by an inhomoge-
neous structure and a rather fine grain with dimensions < 200–300 nm with no pronounced
orientation (Figure 5a). The surface is rough, and the appearance of the surface indicates
the formation of an oxide (Figure 5b).
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Figure 5. SEM images of the surface (a) and the cross-section (b) of the coating obtained by multilayer
deposition of Nb and Sn.

In general, from the point of view of the properties of this type of coating in high-
frequency fields, a larger grain is preferable [4]. In addition, despite a sufficiently high
residual vacuum in the working chamber, it seems that Sn oxidation occurred during the
deposition process, which prevented the formation of a homogeneous structure. This
result also explains the large volume concentration of oxygen measured by energy disper-
sion spectroscopy.

For the formation of the target Nb3Sn phase, selected samples were subjected to high-
temperature annealing in a vacuum furnace (at a temperature of 800 ◦C) since as-deposited
Nb3Sn coatings do not demonstrate high critical temperatures [15]. Before and after the
temperature exposure, the microstructure and phase composition of the samples were
controlled using XRD.

The spectra after annealing are characterized by a pronounced structure with the
presence of many reflexes, while the samples before annealing are characterized by the
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absence of reflexes, indicating an amorphous coating. In all modes at temperatures of
800 ◦C, the formation of the intermetallic Nb3Sn phase and the NbO phase occurred.

At the same time, for the sample obtained by multilayer deposition, the proportion
of niobium oxide was significant, reaching a value of up to 25 vol.%. This result is also in
qualitative agreement with the results of the elemental composition and microscopy studies.
In general, an increased concentration of niobium oxide will not allow the formation of
high superconducting properties for this type of coating. In addition, the presence of a
large number of inclusions on the surface under conditions of high-frequency fields will
lead to the formation of local field inhomogeneities, up to the loss of the superconducting
state (“quenching”). Because of these considerations, more detailed studies with samples
obtained using this processing mode were not carried out.

For the co-evaporated coatings, the XRD (Figure 6) analysis results indicate the pres-
ence of additional Nb6Sn5/NbSn2 phases at 1.0 kW (corresponding to a concentration of
about 30 at.%). The coating samples obtained at a magnetron discharge power of 0.45 and
0.7 kW are characterized by high repeatability of the results and a relatively low volume
fraction of NbO (up to 2–3% maximum).
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layer deposition of Nb and Sn; 2, 3—coatings obtained by co-evaporation.

Four-probe resistance measurements at liquid helium temperatures were carried out
for all three modes of magnetron sputtering (Figure 7). For all samples, a transition
to a superconducting state was observed. At the same time, the critical temperatures
differed significantly. Thus, the worst results were demonstrated by a sample obtained at
a magnetron discharge power of 1.0 kW–5.2 K. Significantly better results were obtained
for a sample of 0.45 kW–15.7 K. It is obvious that the presence of non-superconducting
Nb6Sn5/NbSn2 phases in the sample contributes to a decrease in the critical temperature
value. The highest value of the critical temperature of 16.4 K was registered for a sample
processed at a magnetron discharge power of 0.7 kW. This sample is characterized by a Sn
content of 24 at.%, close to the “ideal” stoichiometric composition, and the lowest content
of the NbO phase.
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The results obtained qualitatively coincide with the results of the other measurements.
The best results were obtained for samples with a low niobium oxide phase content, rela-
tively high Sn content, large grains, and low surface roughness. Reducing the proportion
of residual oxygen pollution can significantly improve the obtained results.

3.2. Deposition for a Stoichiometric Target

Similar to the experiments for Nb and Sn co-evaporation, in order to achieve the
optimal conditions and desired target stoichiometry, a series of depositions were conducted.
Coatings of Nb3Sn composite targets were sprayed at fixed parameters of the power supply.
The discharge power was 0.5 kW, the pulse repetition rate was 100 kHz, and the fill factor
was 70%. To control for the elemental composition, the pressure was varied (by the mean
of the change in the Ar flow in the experimental chamber). The results of the experiments
are shown in Figure 8.
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From the above curve, the content of Sn in the coating strongly depends on the Ar
pressure in the vacuum chamber. The measurement results using EDS indicate that the
required Sn concentration is achieved in a pressure range of 0.2–0.35 Pa. Further studies,
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including annealing in a high-vacuum furnace, were carried out for samples obtained at
pressure values in the specified range.

Before and after annealing of the samples, the phase composition was studied by XRD
analysis. It is possible to identify some pattern characteristics of all of the analyzed samples.
Firstly, all coatings before annealing are characterized by the presence of several diffraction
peaks corresponding to Nb and Nb3Sn. The presence of a peak corresponding to pure
niobium can be explained by the fact that deposition occurred on a “cold” substrate.

Secondly, the diffraction pattern changes drastically after high-temperature annealing.
The spectra after annealing are characterized by a pronounced structure with the presence
of many reflexes. Peaks of Nb3Sn and NbO are clearly distinguished in the entire pressure
and temperature range. The peaks of the Nb3Sn have several pronounced orientations at
(200), (210), (211), (320), (321), and (400).

The presence of reflexes corresponding to niobium oxide indicates, mainly, the oxi-
dation of the target during high-temperature treatment. It is important to note that the
volume content of oxide in the samples differs depending on the deposition mode. Thus,
the lowest niobium oxide content of 4% is observed for a sample obtained at a pressure
of 0.3 Pa and a corresponding tin concentration of about 23 at.%. The worst results were
obtained for a sample at a pressure of 0.2 Pa—its volume content of the oxide exceeds 20%.

The sample obtained at a pressure of 0.35 Pa is also interesting. In terms of oxide
content, the results are close to the 0.3 Pa sample. At the same time, the analysis indicates
the presence of a peak of the Nb6Sn5 phase at 37.1◦ (Figure 9). The presence of this
phase correlates with the measured tin content (about 25 at.%) and the phase diagram
but is undesirable from the point of view of achieving high superconducting properties
(for example, critical temperature). It can be assumed that local heterogeneities in the
distribution of niobium and tin concentrations after deposition of the coating contribute
to the formation of this phase. For a more detailed explanation of this phenomenon, it is
necessary to carry out elemental mapping and examinations of samples using transmission
electron microscopy (including the possibility of obtaining micro diffraction patterns).
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Figure 9. Results of the XRD analysis for images obtained during the deposition of a coating of a
composite Nb3Sn target, demonstrating the formation of the Nb6Sn5 phase (0.35 Pa): (a) 700 ◦C,
(b) 800 ◦C, (c) 900 ◦C.

Another interesting feature is related to the influence of the high-vacuum annealing
temperature. At a temperature of 700 ◦C, as noted earlier, there are no reflexes correspond-
ing to pure Nb. A further increase in temperature to 800 ◦C does not lead to a significant
change in the XRD spectrum, but there is a slight increase in the intensity of the Nb3Sn
peaks and a decrease in their FWHM, and, consequently, an increase in the volume fraction
of the Nb3Sn.
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A different picture is observed when analyzing images obtained at a temperature of
900 ◦C. There is a slight decrease in the volume content of Nb3Sn. In addition, a reflex
corresponding to niobium is visible in one of the samples. This behavior, apparently, is
associated with the beginning of the process of evaporation of Sn under long-term exposure
to high temperatures. It can be expected that a further increase in temperature will lead to
an increase in this effect and, thus, undesirable results.

The results of the studies of the surfaces and cross-sections by scanning electron
microscopy and energy-dispersion spectroscopy also indicate several patterns. The grain is
clearly distinguishable on the transverse section, is quite large, and has a clear orientation
in the direction of the film growth. On the surface, in general, the grain is fine (about
150 nm). At the same time, the appearance of the surface indicates the presence of larger
inclusions. Elemental analysis of such structures indicates an increased concentration of
Sn (up to ~30 at.%), which can also negatively affect the uniformity of its superconducting
properties for SRF applications.

The grain structure and concentration vary significantly depending on the processing
mode. Thus, as the temperature increases to 800 ◦C, an increase in grain size is observed, as
well as a slight decrease in the number of large clusters with an increased concentration of
tin. A further increase to 900 ◦C leads both to the expected grain growth (which in theory
should have a positive effect on the radio-frequency properties of the coating), and to an
undesirable decrease in Sn concentration, along with the appearance of local structures
(clusters) with a Sn content of less than 15%.

These results are in qualitative agreement with the data of the XRD analysis and
indicate the undesirability of further increases in the annealing temperature. Figure 10
shows the typical appearance of the surface (a) and the cross section (b) for the coating
obtained at a pressure of 0.3 Pa after annealing at a temperature of 800 ◦C.
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Figure 10. SEM image of the surface (a) and cross-section (b) after the deposition of a coating of a
Nb3Sn composite target (0.3 Pa) and annealing at a temperature of 800 ◦C.

Four-probe resistance measurements demonstrated the transition to a superconducting
state at liquid helium temperatures for samples obtained under all three temperature
conditions (samples at 0.3 Pa). At the same time, the highest value of 16.9 K was obtained
for a sample processed at a temperature of 800 ◦C. An increase in the temperature to
900 ◦C led to a decrease in the critical temperature to 13.4 K. These results are qualitatively
consistent with the results of microscopy, elemental, and X-ray structural analysis.
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It can be concluded that it is impractical to further increase the processing temperature.
It is possible to increase the critical temperature by further reducing the pressure and, hence,
the oxygen contamination during the annealing. In addition, it is necessary to conduct
additional studies of the effect of annealing time on the elemental and phase composition
of the superconducting films.

4. Conclusions

In the current paper, we used several techniques to fabricate Nb3Sn coatings on
sapphire substrates using magnetron discharge plasma. The techniques used were co-
evaporation of Nb and Sn, their layer-by-layer deposition, and direct sputtering of a
stoichiometric Nb3Sn target.

In the case of a dual magnetron system (Nb and Sn), the composition of the film
was controlled by varying the magnetron discharge power. With a discharge power
of 0.45–0.7 kW, we achieved 19–24 at.% surface concentration of Sn in the as-deposited
film measured by EDS. None of the as-deposited films demonstrated a superconducting
transition. In the case of a layer-by-layer deposition, in a given experimental condition,
we observed significant oxygen contamination of the substrates and the presence of the
NbO phase was confirmed by XRD. Therefore, these samples were excluded from further
analysis. With the co-evaporation technique, we managed to produce films with a smooth
and homogeneous surface. The film structure was clearly distinguishable and contained
large grains (700–900 nm) with a pronounced orientation in the direction of the film
growth. The highest critical temperature of 16.4 K was achieved for samples processed at
a magnetron discharge power of 0.7 kW and further annealing in a vacuum furnace for
12 h at 800 ◦C. The film was characterized by a Sn content (24 at.%) close to the “ideal”
stoichiometric composition and the lowest content of the NbO phase.

With the direct sputtering of a stoichiometric Nb3Sn target, the coating was deposited
with a fixed magnetron discharge power of 0.5 kW. To vary the Sn fraction, the pressure
in the vacuum chamber was adjusted in the range of 0.05–0.4 Pa. With an Ar pressure
of 0.2–0.35 Pa, the achieved surface concentration was in the range of 21–24 at.%. After
the annealing, XRD analysis revealed the formation of the peaks of Nb3Sn, with several
pronounced orientations (200), (210), (211), (320), (321), and (400). The grains were clearly
distinguishable on the transverse section, were quite large, and had a clear orientation in
the direction of the film growth.

In the current studies, the highest value of the critical temperature of 16.9 K was
achieved for a sample annealed at a temperature of 800 ◦C. A further increase to 900 ◦C
resulted in a decrease of the Sn content, followed by a decrease of the superconducting
transition temperature down to 13.4 K.

Therefore, with at least two techniques, we produced films with good superconducting
properties that are potentially suitable for superconducting radio-frequency (SRF) cavities.
However, the present study is not absolute, and while multiple annealing temperatures
and deposition techniques are probed, significant effort should be directed toward further
improvement of the experimental conditions to reduce the residual oxygen contamination
and to test various annealing times and temperatures.
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