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        Recent discovery of the topological crystalline insulator SnTe has triggered a search for 

topological superconductors, which have potential application to topological quantum computing. 

The present work reports on the superconducting properties of indium doped SnTe thin films. The 

(100) and (111) oriented thin films were epitaxially grown by pulsed-laser deposition on (100) and 

(111) BaF2 crystalline substrates respectively. The onset superconducting transition temperatures are 

about 3.8 K for (100) and 3.6 K for (111) orientations, slightly lower than that of the bulk. 

Magneto-resistive measurements indicate that these thin films may have upper critical fields higher 

than that of the bulk. With large surface-to-bulk ratio, superconducting indium doped SnTe thin 

films provide a rich platform for the study of topological superconductivity and potential device 

applications based on topological superconductors. 
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Energy band inversion and time-reversal symmetry are the major characteristics to the 

traditional topological insulators (TIs) [1-5]. The discovery of TIs immediately leads to the search 

for topological superconductors, which have a full pairing gap in the bulk and gapless surface states 

[6-9]. Recently a new class of TIs was predicted, topological crystalline insulators (TCI), whereby a 

band crossing is protected by the crystal point-group symmetry instead of time-reversal symmetry 

[10, 11]. Angle-resolved photoemission studies quickly confirmed that the SnTe and (PbSn)Te are 

TCIs, with the band crossings protected by the crystalline mirror symmetry [12]. Since the 

time-reversal breaking topological superconductors have attracted great interest due to their 

relationship with non-Abelian statistics and potential application to topological quantum 

computation [5], this, in turn, has triggered the search for a topological superconductor in the SnTe 

system [13]. 

The indium doped SnTe or (PbSn)Te are superconductors with the superconducting 

transition temperature, Tc, as high as ~ 4.7 K, depending on the indium doping level [14-19].  It 

was generally believed that low indium doping may present an unconventional superconductor 

while high doping leads to a more conventional superconductor [19]. However, due to the small 

surface-to-bulk ratio, it is difficult to conclude whether or not the topological surface state exists in 

these materials. Thus low dimensional samples such as thin films or nano-ribbons, which have a 

much larger surface-to-bulk ratio, were proposed for the measurements [20]. Successful growth of 

thin films is also vital for future devices based on TIs or TCIs [21, 22]. For integrated device 

applications like quantum computing thin films are most desirable. Another interesting thin film 

application would be as the interface between a TI and a conventional superconductor, to induce the 

superconductivity in the surface of the TI by the proximity effect, another way of producing 

topological superconductivity [5].  
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Unlike the traditional topological insulators Bi2Te3 and Bi2Se3, which possess a single 

surface state, TCIs possess multiple surface states [10]. For SnTe, four surface states are present on 

each of (100), (111) and (110) surfaces. There are a number of studies on the fabrication of epitaxial 

thin films by molecular beam epitaxy of SnTe [23-25]. Surface states have been confirmed in these 

thin films by magneto-transport measurements, such as Shubnikov-de Haas oscillations and 

anti-localization effects. Taskin et al. have made (111) oriented epitaxial SnTe thin films on Bi2Te3 

buffer layers on sapphire substrates and observed two dimensional Shubnikov-de Haas oscillations, 

which suggest a high mobility surface channel [24]. Assaf et al. reported (100) oriented epitaxial 

SnTe thin films grown on (100) BaF2 substrates. They found anti-localization effects, indicating a 

mixture of surface states and bulk states [25]. However, there is currently no report on the growth of 

superconducting indium-doped SnTe thin films.  

In this Letter, we report on the magneto-transport properties in superconducting 

Sn0.55In0.45Te (SIT) thin films successfully grown on (100) and (111) BaF2 substrates. This high 

doping level has the highest Tc among the indium doped SnTe. High indium doping is generally 

believed to be a conventional superconductor [19], based on the bulk sample measurements, where 

surface to bulk ratio is very small. Our motivation of choosing the high doping level in thin film form 

is to provide an opportunity to test whether such a belief still holds at low dimension where very large 

surface to bulk ratio can be well controlled. These films have superconducting properties similar to 

the bulk materials. The onset Tc, are about 3.8 K and 3.6 K and the upper critical field Hc2 at T = 0 

K is estimated to be ~ 1.65 T and 1.50 T for the (100) and (111) orientations respectively. These thin 

films provide an ideal platform for study of TCIs and topological superconductivity. 

We used pulsed laser deposition to grow the SIT thin films. A KrF excimer laser 

(wavelength: 248 nm) with an energy density of ~ 3.0 J/cm2 was used for thin film deposition. The 
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substrate temperature was varied from 200 ºC to 350 ºC. The base pressure of the deposition 

chamber was ~ 5×10-9 Torr and ~ 5×10-8 Torr at the elevated temperature during the deposition. The 

substrate was heated by another laser beam, which was shut off immediately after the deposition. 

The deposition rate was about 0.1 nm/pulse. Typical film thickness is about 170 nm. Structural 

characterization was performed using X-ray diffractometry. The films were patterned by laser 

cutting. The bridges were made to be about 300 µm long and 100 µm wide for transport 

characterization. Resistivity was measured by the standard four-probe method in a physical property 

measurement system (PPMS, Quantum Design). Magnetization was measured in a superconducting 

quantum interference device (MPMS, Quantum Design). 

Figure 1 shows θ-2θ x-ray diffraction scans for the SIT thin films grown on the (100) and 

(111) BaF2 substrates. In order to fully confirm the alignment in the (111) orientation, we did the 

θ-2θ scan from 20º to 130º to include the (444) peaks from the film and the substrate. Only peaks 

along the substrate orientations from the thin films and substrates are present, indicating that the 

alignments for films of both orientations are good. Lattice constants of the SIT thin films, assuming 

a cubic system, are estimated to be ~ 0.626 nm and 0.628 nm for the films of (100) and (111) 

orientations respectively, generally consistent with that of the bulk materials [16]. Fig. 2(a) shows 

the rocking curves of (200) peaks from the (100) oriented SIT film and BaF2 substrate, whereby 

Fig. 2(b) shows the rocking curves of (222) peaks from the (111) oriented SIT film and BaF2 

substrate. The full width at half maximums (FWHM) are approximately 0.04º and 0.03º for the 

(100) and (111) BaF2 crystalline substrates, and ~ 0.62º and 0.27º for the (100) and (111) oriented 

films.  The (111) oriented films have a better crystallinity than the (100) oriented films. We noticed 

two very small peaks from an unknown phase in the (100) oriented film as indicated by the asterisks 

in Fig. 1a (these do not appear in the (111) oriented films). We suspect a TeO2 impurity. SnTe is 
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known to have many Sn vacancies. There could be excess Te during the deposition, leading to the 

TeO2 formation. As noted, (111) oriented films have a better crystallinity, therefore more likely have 

less Sn vacancies, hence less excess Te. Further studies are needed for clarification. 

Figure 3(a) shows the temperature dependence of the resistivity for the SIT thin films in 

both (100) and (111) orientations, while Fig. 3(b) shows the detail of the superconducting transition. 

Similar temperature dependences were observed for both orientations over the entire temperature 

regime, which are also similar to that of the bulk [16]. The residual resistivities above the 

superconducting transition are about 500 µΩcm for (100) and 430 µΩcm for (111) orientations. 

These are about double that of the bulk reported in Ref. [16], while lower than the result from the 

single crystal in Ref. [18]. The onset of superconducting transition Tc’s are 3.8 K and 3.6 K for the 

(100) and (111) oriented films, respectively, slightly lower than that of bulk Tc, ~ 4.1 K (the target 

used in our thin film deposition). The zero resistance Tc are around 3.1 K and 2.6 K with the 

transition widths about 0.7 K and 1 K for the (100) and (111) orientations respectively, larger than 

that of the single crystals as is common for superconducting thin films. Further optimization of 

growth condition for these films will likely to improve their quality and Tc. Fig. 3(c) shows the 

magnetic superconducting transition of the same two films. The clearly observed diamagnetism 

signals a global superconducting transition at ~ 2.8 K for the (100) and 2.4 K for the (111) oriented 

films. Both Tc’s from the magnetic measurement are a little lower than those from the resistivity 

measurements, also a common observation in superconducting thin films with thickness comparable 

to the London penetrations depth. It is interesting to note that the Tc of the (111) oriented SIT film is 

lower than that of the (100) oriented film although it has a better crystallinity and fewer impurities, 

based on the structural analysis. It is possible that the indium doping level is lower in the (111) 

oriented films than that in the (100) oriented films. To confirm, this will need ultra-high resolution 
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chemical analysis to accurately detect the indium content.  

Figure 4 shows the magneto-resistive transitions at various temperatures from 1.8 K to 4 K 

for the SIT thin films in both (100) and (111) orientations. The magnetic fields are applied 

perpendicular to the substrate (film) surfaces for both (100) and (111) films. The superconducting 

transition shows the conventional behavior for a type II superconductor: the magnetic field reduces 

the Tc linearly but does not significantly change the superconducting transition width. The upper 

critical field Hc2 and the irreversibility field Hirr were determined from such measurements. 

Specifically, Hc2(T) is defined as the onset of the resistive transition at each fixed temperature. In 

this case the onset Tc is defined as the temperature at which the resistivity drops to the 90% of the 

normal state level. The Hirr(T) is defined as the zero resistance Tc, down to the resolution of our 

measurement, ~ 50 nV/cm. The results are shown in Fig. 5. It is notable that the Hc2 is slightly 

higher in the (100) oriented film than in the single crystals at low temperatures, although our thin 

films have a slightly lower Tc. It is possible that the thin films have a higher level of defect or 

disorder that results in a shorter mean free path, leading to a lower effective superconducting 

coherence length ξ, as Hc2 ~ 1/ ξ2. It is noted that Hc2(T) are almost linear in both (100) and (111) 

oriented films in our measured temperature range below Tc, that appears to suggest some 

unconventional behavior.  Preliminary measurements over a broad phase space of temperature and 

magnetic field seem to show complicated transport behaviors of these films that have not been 

observed in the bulk samples. Detailed studies with careful analysis are needed to reach any 

conclusion. The upper critical field at zero temperature Hc2(T=0) is estimated using the 

Werthamer-Helfand-Hohenberg approximation, Hc2(0) = −0.69TcdHc2/dT |T=Tc [26], although this 

approximation may not be strictly applicable for superconductors with linear temperature 

dependence of Hc2(T) over a abroad temperature range. From the measured curves for Hc2(T), we 
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obtain an initial slope (at T ≈ Tc) of −0.63 T/K and −0.61 T/K for (100) and (111) oriented films. 

Using Tc = 3.8 K and 3.6 K, the upper critical field Hc2(0) is estimated to be approximately 1.65 T 

and 1.50 T for the (100) and (111) oriented films respectively, as high or higher than that of the 

single crystal, ~ 1.49 T [16, 18]. The Hirr (T) has an upward curvature compared with the almost 

linear curvature of the Hc2(T) for films of both orientations. This is in contrast to the linear 

behaviors observed in Ref. [18] for both Hirr (T) and Hc2(T). This probably reflects a different flux 

pinning mechanism in the films versus in the single crystals, and more studies are suggested.  

Transport properties of thin films can also be influenced by the interface between the thin 

film and substrate. Preliminary transmission electron microscopy examination of our thin films 

found a thin amorphous region between the SIT film and the substrate. This amorphous region is 

about a few nm thick and mostly composed of Sn, Te and Ba, indicating some kind of reaction 

between the film and the BaF2 substrate. Elemental Sn is superconducting with much smaller Hc2. 

Sn-In alloy has a higher Hc2, however, we do not observe significant amount of In in the amorphous 

region. This amorphous region unlikely plays an important role in the observed transport properties, 

but clearly needs further study.       

 In conclusion, we report on the superconducting properties of epitaxial thin films of 

Sn0.55In0.45Te grown on the (100) and (111) oriented BaF2 substrates by pulsed laser deposition. 

Thin films have properties similar to those of the bulk materials. The onset superconducting 

transition temperature is about 3.8 K and 3.6 K for the (100) and (111) oriented films respectively. 

Magneto-resistive measurement shows that the thin films may have an upper critical field higher 

than that of the bulk. Since thin films have a much larger surface-to-bulk ratio, we believe that 

indium-doped SnTe films can provide a rich platform for studies of the TCIs and topological 

superconductivity, as well as for potential device applications, such as superconducting proximity 
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and quantum computing. 
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FIG. 1 X-ray θ -2θ scan for Sn0.55In0.45Te thin films grown on the (a) (100) and (b) (111) BaF2 

substrates.  
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FIG. 2 (a) Rocking curve for the (200) peak of a Sn0.55In0.45Te film grown on a (100) BaF2 substrate. 

(b) Rocking curve for the (222) peak of a Sn0.55In0.45Te film grown on a (111) BaF2 substrate. 
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FIG. 3 (a) Temperature dependence of the resistivity for the (100) and (111) Sn0.55In0.45Te thin films 

grown on the BaF2 substrates. (b) A detail of the superconducting transition. Tc onsets are about 3.8 

K and 3.6 K and zero resistance Tc are about 3.1 K and 2.6 K for the (100) and (111) oriented films 

respectively. (c) The magnetic transitions in both field cooling (FC) and zero field cooling (ZFC) 

for the same two films. 
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FIG. 4 Resistive transitions of the superconducting (100) and (111) Sn0.55In0.45Te thin films grown 
on the BaF2 substrates as a function of applied magnetic field B at different temperatures.  
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FIG. 5 The upper critical field Hc2 and the irreversibility field Hirr of the (100) and (111) 
Sn0.55In0.45Te thin films grown on the BaF2 substrates as a function of temperature. 
 


