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We report superconductivity at an onset critical temperature below 3.1 K in topo-
logical insulator ~200-nm-thick Bi,Te; thin films grown by pulsed laser deposi-
tion. Using energy-dispersive X-ray spectroscopy elemental mapping and Auger
electron spectroscopy elemental depth profiling, we clearly identified bismuth (Bi)
precipitation and Bi cluster signatures. Superconductivity in the Bi,Te; films was
attributed to the proximity effect of Bi clusters precipitated on the surface of
the Bi,Te; films. © 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4894779]

Bi,Tes is a three-dimensional topological insulator (TI), characterized by an insulating gap in
the bulk state and a robust metallic surface or edge state protected by time-reversal symmetry.'=
Recent studies have shown that a two-dimensional interface state between TIs and superconductors
resulting from the superconducting proximity effect supports Majorana fermions (MFs).*” MFs,
novel particles which are their own antiparticles, can potentially be applied to topological quantum
computing, which has motivated intense interest in TIs.”-® Several approaches to induce supercon-
ductivity in TIs have been demonstrated, including doping, application of high pressure, and direct
contact with a superconductor by using the proximity effect (PE). Superconductivities in Cu,Bi;Se;
(0.1 <x<0.3) and in Pd_Bi,Ses (0.1 < z < 1) have been observed with transition temperatures (7,)
of approximately 3.8 and 5.5 K, respectively.” '* Moreover, pressure has been applied to successfully
induce TIs such as Sb,Tes,!'! single crystal Bi; Tes,'>”!> polycrystalline Bi,Tes,'® and BisTe;!” into
a superconducting state.

Recently, the PE has been proposed as a method to study the elusive MF, namely, by combining
a superconductor with a TL'%!° The PE-induced superconductivity has been demonstrated in Sn—
Bi,;Ses junction devices, Pb—Bi,Se; interface, and Pb—Bi, Te;—Pb sandwich structures through the
observation of zero-bias conductance peaks below T, ~ 3.8 K, 1 K, and 7-8 K, respectively.?*?> In
addition, superconductivity (7, =~ 3.4 K) at the In/Bi, Te; interface was induced by indium contacts.??
Recently, Koren et al. observed the local superconductivity in BiyTe,Se and Bi,Ses films below
2-3 K, which was naturally induced by small amounts of superconducting Bi inclusions or precip-
itations on the surface.?* In this paper, we report superconductivity in textured Bi,Te; thin films
without the use of doping or external pressure, evidently induced by the PE of Bi clusters precipitated
on the surface.

A series of BiyTes films of various thicknesses were grown on insulating SrTiOs (STO) (100)
substrates by changing deposition time (DT) from 10 to 60 min using pulsed laser deposition (PLD,
KrF excimer laser, A = 248 nm). The common deposition conditions were as follows: substrate
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FIG. 1. (a) X-ray diffraction patterns of the BiTes films with various thicknesses from 46 to 200 nm deposited on
SrTiO3 (100) substrates. (b) The typical XRD ¢-scan patterns of the 4-Bi;Tes thin films grown on SrTiO3 (100) substrates.
(c) Schematic of the in-plane arrangement of 4-Bi; Te3/SrTiO3 (100).

temperature: 300 °C; helium ambient pressure: 40 Pa; repetition rate: 2 Hz; and pulsed fluence:
approximately 3.4 J/cm?. In this study, four selected samples are of interests for detail study and
discussion, namely, S; (thickness = 46 nm, DT = 10 min), S, (thickness = 90 nm, DT = 20 min),
S35 (thickness = 195 nm, DT = 60 min), and S4 (thickness = 200 nm, DT = 60 min).

The orientation of Bi,Tes thin films was determined by using X-ray diffraction (XRD; Bruker
D8) with CuK,, radiation (A = 1.54 A) in 6-20 and ¢-scan configurations. Temperature-dependent
resistivity [p(7)] and Hall effect measurements were performed with the standard 4-probe technique
and silver paste for the contacts in a quantum design physical property measurement system (PPMS)
between 1.8 and 300 K. The magnetic field-dependent p(7) measurements were achieved with
the applied magnetic field along the c-axis (Hc) and the electric currents (10 wA) parallel to the
basal plane of the films. The temperature-dependent magnetic susceptibility [x (7)] was measured
at Hpc,jc = 20 Oe using a quantum design superconducting quantum interference device (SQUID)
system. The energy-dispersive X-ray spectroscopy (EDS) elemental mapping characterization was
performed using SEM JEOL JSM-6500—Oxford Instrument detector at 10 kV, a dead time of
5%—6%, and a collecting time of 30 min with 40 frames. Auger Electron Spectroscopy (AES)
elemental depth profiling analysis was performed using ThermoVG 350 system under the conditions
of low-energy (3 keV) Ar* sputtering, electrons raster area of 20 x 30 um?, and a beam current
of 1 uA.

The 6-26 scan measurements [Fig. 1(a)] show the dominance of (00l) family planes of the
rhombohedral Bi,Te; phase (PDF#82-0358), indicating that the films are highly c-axis-oriented
(i.e., textured). In addition, a ¢-scan [Fig. 1(b)] was conducted on the (015) plane of a 200-nm-
thick film (S4) and the (111) plane of an STO substrate in skew-symmetric geometry by tilting
the sample. The in-plane orientation of a hexagonal A-Bi,Te3/STO (100) film presented 12-fold
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FIG. 2. (a) Temperature-dependent normalized ab-resistivities (p/p300x) between 1.8 K and 300 K of the BiTe; films.
(b) Zoomed-in view p/p3pok of 195-nm-thick film (S3) and 200-nm-thick film (S4) in the low temperature range.
(¢) Temperature-dependent magnetic susceptibility of S4 at a magnetic field Hpc,c = 20 Oe in zero field cooled (ZFC) and
field cooled (FC) measurements.

symmetry instead of the expected six-fold symmetry of the (015) plane in Bi,Te;.? Fig. 1(c) shows
a schematic drawing of the in-plane atomic arrangement between an h-Bi;Tes film and an STO
(100) substrate. Because the principal crystallographic orientations of 4-Bi, Te; films grown on STO
(100) substrates can be aligned along either the STO [100] or STO [010] directions, the in-plane
arrangements result in the observed 12-fold symmetry. The angle differences between STO [010]
and the two orientations of A-Bi,Tes [110] were 30° and 45°, respectively, as shown in Fig. 1(c).
In other words, the in-plane relationships were BiTes [110]/STO [010] and Bi,Te; [100]//STO
[100]. Similar results were observed in --YMnOj3 films grown on MgO (100) substrates.?® Using the
Williamson-Hall method,?’ the microstrains of a 46-nm-thick film (S;) and ~200-nm-thick films
(S3, S4) were estimated to be 0.23% and 0.06%, respectively. Therefore, the strain effect on S; and
S4 can be dismissed in this study.

Fig. 2(a) shows the normalized resistivity p/p300 k of the films as functions of temperatures (7)
from 1.8 to 300 K. Regardless a slightly increased p/p300k of S3 in 230-300 K, the films show a
decrease in p/p300 xk With decreasing 7 in the range of 20—300 K, which implies that the films exhibit
weak metallic properties commonly seen in narrow band-gap semiconductors with high carrier
concentrations.”® Below 20 K [Figs. 2(a) and 2(b)], the p/p300k of S; and S, show a gentle upturn
because of the weak localization of electrons,?® whereas the p/p300k of S3 and S, reach a plateau
before dropping slightly at 7,.; ~ 5.8 K and then sharply at 7, =~ 2.8 K or 3.1 K, respectively.
Fig. 2(c) shows the temperature-dependent susceptibilities x (7) of S4 at 20 Oe. Both zero field
cooled (ZFC) and FC x (T) show a sharp drop at approximately 3.2 K, which is a typical diamagnetic
behavior in superconductors.9* 10 The thick Bi, Te; films (i.e., S3, S4) prepared using PLD show clear
superconducting transitions below 3.1 K.

Figs. 3(a) and 3(b) show the H|.-dependent p(T) of S3 and S4 in low T regime. The onset
critical temperature (7.7"") is determined from the intersection of the two extrapolated lines, as
demonstrated in Fig. 3(a). At H|c = 0, the 73" of S3 and S4 were determined to be approximately
2.8 and 3.1 K, respectively. The p of the superconducting films drops abruptly by 30% for S; and
8% for S4 below 7.5 but does not go down to zero even at T = 1.8 K. This non-zero p at low T
indicates that the superconducting volume ratio is not 100%.'%%3 On the other hand, the signal of the
Meissner effect shown in Fig. 2(c) does suggest the existence of bulk superconductivity. Fig. 3(c)
presents magnetic field H|.- dependent 7** of S3 and S4. Clearly, the 7.5 of S3 (S4) decreased
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FIG. 3. p(T) in 1.75-6.0 K of: (a) 195-nm-thick film (S3) and (b) 200-nm-thick film (S4) at various H. from O to 1 T. The
inset in (a) shows a zoomed-in-view of the dashed rectangular area of the p(7) curves. (c) Onset critical temperatures (7,2"¢")
of S3 and Sy as a function of magnetic field. (d) Temperature-dependent Hall density () and mobility (1) of electrons in the
46-nm- and 200-nm-thick BiyTes films. The solid and dashed lines are used to guide the eyes.

from 2.77 (3.10) to 1.99 K (1.85) with increasing H|. from 0 (0) to 0.15 (0.2) T. Also, the 77" of
S3 (S4) decreased from 5.75 (5.80) to 5.07 (5.18) K with increasing H;. from 0 (0) to 0.5 (0.3) T
[Fig. 3(c)]. This behavior does indicate that the two transitions are superconducting in nature.

The detail investigations on S3, S4 strongly suggest the existence of superconducting Bi nan-
oclusters on the surface that induces the 7,; &~ 5.8 K. EDS lateral elemental mapping revealed
that the distributions of Te and Bi were not uniform, and many Bi-rich (47-54 at.%) clusters were
visible (green color) as shown in Fig. 4(a), differing substantially from the uniform distributions and
cluster-free surfaces were observed in S; and S,. The statistical distributions of size (350-2600 nm)
and inter-distance (0-5.5 pum) of Bi-rich clusters were obtained from 22 distinctive areas and
about 100 clusters on film S4 by using EDS mapping, as shown in Figs. 4(b) and 4(c). Also, the
most probable size (Py) and inter-distance of Bi-rich clusters are, respectively, in the ranges of
560-772 nm and 1.8-2.4 um. Moreover, AES analysis shows that the Te/Bi ratio on the surfaces
is lower than the expected 3/2 of stoichiometric Bi,Tes, indicating that the surface layer is Bi rich
[Fig. 4(f), at depth Z = 0]. Because the vapor pressure of Te (at 300 °C) is approximately 10° times
higher than that of Bi,%% more Te atoms are re-evaporated from the 300 °C substrates. In addition,
the loss of Te is more severe in film S3, S4 than in film S; [14.3 at.% in S4 and 4.5 at.% in S; at Z
= 0, Fig. 4(f)] because of the six to three times longer in deposition time of Sz, S4 (60 min) than
S; (10 min) and S; (20 min). The nonstoichiometric effect is strongly depth-dependent [Fig. 3(f)].
The Te/Bi ratio gradually increases toward the stoichiometric ratio of 3/2 in ~200-nm-thick films
or slightly exceeds it (Te-rich) in the 46-nm-thick film when the depth (Z) of films increases. Under
such the sufficiently high surface concentration of Bi atoms, Bi clusters precipitate and segregate
readily on the film surfaces to minimize overall free energy,’! as long as the substrate temperature of
300 °C is higher than the melting point 271 °C of Bi, as demonstrated in Figs. 4(a) and 4(g). Notably,
Bi clusters can only be observed in highly Bi-rich films (S;3 and Sy, i.e., by ~14.3 at.% at Z = 0),
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FIG. 4. (a) A typical EDS elemental mapping image [Bi (blue) and Te (red)] of ~200-nm-thick films. (b) and (c) Size and
inter-distance distribution histograms of Bi-rich clusters on the surface of the film. (d) An EDS mapping image of a typical
Bi-rich cluster. (e) The size distribution of Bi nanoclusters inside the submicron Bi-rich clusters. (f) AES elemental depth

profiling of film S| and Sy4. (g) Schematics of the surface characteristics and a suggested superconductivity mechanism in the
Bi;Tes films.

and not in low Bi-rich films (S; and S,, i.e., by ~4.5 at.% at Z = 0), suggesting a critical Bi-rich
concentration for Bi precipitation (separating a Bi phase) in a Bi,Te; film. Similar Bi precipitation
effects have been observed in AlBi alloys®> and AgBi alloys.*?

A closer inspection reveals that Bi-rich clusters are composed by some Bi nanoclusters (or
nanograins) with size of 20-62 nm and P, of 36.8—41 nm [Figs. 4(d) and 4(e)]. Fig. 4(d) shows
a typical EDS mapping image of the Bi nanoclusters inside a Bi-rich cluster marked by green
color. Besides, some of Bi nanoclusters may also spread out of the Bi-rich cluster sites as shown in
Figs. 4(a) and 4(g). Recently, Koren et al.>* reported that the T. of 6.3 K was observed in a
Bi,Te;,Se film with Bi islands on its surface. Therefore, the T, at approximately 5.8 K found in our
samples could be ascribed to the superconducting transition of the Bi nanoclusters. Furthermore,
it is also excellently consistent with the local superconductivity in granular Bi nanowires in terms
of the T, value (~5.8 K), the H-dependent results, and comparable grain size (~40 nm).** The
tiny resistivity drop at 7,.; =~ 5.8 K (by approximately 1.7% for S; and 0.5% for S4) [Figs. 3(a),
inset and 3(b)] indicates that the amount of superconducting Bi nanoclusters in S3 and Sy is likely
small and, therefore, the Josephson coupling between these islands is extremely weak. Due to the
superconductivity of Bi nanoclusters survived until H. = 1.0 T [Figs. 3(a) and 3(b)], the critical
field of Bi nanoclusters is in between 0.5 and 1.0 T, which is consistent with the critical value of
H. = 0.55 T for granular Bi nanowires,** but slightly larger than H. = 0.45 T for the Bi powder.*
It should be noted that Bi nanoclusters and Bi-rich clusters are a kind of thermodynamic defects
formed during the growth, the fabrication of the superconducting Bi-rich films is difficult to control
and the windows of the growth parameters are narrow. Consequently, the manipulations of size,
density, and inter-distance of Bi clusters remain very limited.
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The superconductivity of Bi nanoclusters exhibits at 7.; &~ 5.8 K, what is then the origin of
the T,, below 3.1 K. Several possibilities are suggested for the transition at 7,,: (1) the existence of
other Bi superconducting phases besides the 5.8 K phase, (2) the percolation superconductivity of
Bi clusters, and (3) the PE-induced superconductivity of the Bi;Tes film. It is well known that bulk
rhombohedral Bi is not superconducting (7' < 50 mK). Under high pressure, however, some phases of
Bi, so-called Bi I, 111, and V, possess superconductivity with 7, of 3.9, 7.2, and 8.5 K, respectively.“’
Besides, a fcc Bi film deposited on a Ni sublayer shows T, < 4 K.,*” and the amorphous Bi exhibits
T. ~ 6 K.3%3% Clearly, the T, should be unrelated to all of these phases while our Bi, Te; films were
grown under an elevated temperature of 300 °C, without applying pressures or considerably strains.

For the percolation superconductivity mechanism, like in granular superconductors, the reduced
T, is due to the lowering of the Josephson coupling energy E;j and dissipation between superconduct-
ing grains (or islands).*® Also, T, strongly depends on the inter-grain spacing.** For example, the
T.; (T,,) of the Nb island arrays in Ref. 39 decreased from ~9.2 (9) to ~8.4 (2.5) K with increasing
the island spacing from 90 to 340 nm. Due to the substantial nonuniformity of inter-distance between
Bi nanoclusters in our Bi, Tes film, it would induce several different 7, to cause the broad transition
width for T,; and T, rather than the sharp transition (AT,; < 0.4 K, AT, < 0.6 K) as we observed
in Figs. 3(a) and 3(b).

Recently, Koren et al. observed that the superconductivity below 2-3 K in Bi,Se3 and Bi, Te,Se
films, which was attributed to proximity-induced local superconductivity by small amounts of
superconducting Bi inclusions or segregation to the surface with T, of 6.3 K.** Furthermore, the
strong superconducting proximity effect in Pb—Bi; Te;—Pb hybrid structures was also reported,’” in
which a supercurrent can be established through 100-300-nm-thick Bi,Te; flakes at a temperature
of ~7.2 K. Also, it has been observed that PE-induced superconducting state in Bi,Se; exists over
an extended distance of ~1 um away from the Pb-Bi,Se; interface.?' In regard to this mechanism,
the induced superconducting regions [(adjacent to the Bi clusters/Bi, Te-3 interfaces, orange regions
in Fig. 4(g)] can be established inside the BiyTes films. The PE-induced superconducting volume
of T,, is expected to be larger than that of Bi nanoclusters with 7,; and further cause the larger
resistivity drops (i.e., 30% vs. 1.7% for Sz, and 8% vs. 0.5% for S4), as shown in Figs. 3(a) and 3(b).
Consequently, the 7., (2.8 or 3.1 K, at 0 T) in the Bi,Te; films is relatively distinctive, stable, and
reproducible, suggesting the PE-induced superconductivity may dominate the transition at 7;.

The temperature-dependent p/p30 k in Fig. 2(a) can be understood as a result of the competition
between temperature-dependent carrier concentration (n) and carrier mobility () in determining
the resistivity p = 1/new. The films in this study are n-type [confirmed by Hall effect measurements
on S; and S4, Fig. 3(d)] and, therefore, the dominant defect is V. (Te-vacancy) under the Bi-
rich condition (or Te-deﬁciency),40 which donates electrons to the conduction band and results in
the high background carrier concentrations even at 2 K up to ng; = 2.4 x 10 cm™3 and ng,
= 6.2x 10%° cm~3. Because of the freeze-out of carriers resulting from cooling [from 300 to 2 K in
Fig. 3(d)], the carrier concentrations of S; and Sy slightly decreased from 2.8 x 10%° to 2.4 x 10%°
cm ™3 (14.3% reduction) and from 7.7 x 10%° to 6.2 x 10%° cm™ (19.5% reduction), respectively,
which is consistent with observations of Bi;Te;*! and Bi,Se; films.*> Moreover, the mobility (1)
of both S; and S, substantially increased as the temperature decreased to 20 K. Below 20 K in S,
the slight decrease in w likely occurs because of ionized impurity scattering, which results in the
increase in p/ps0o g below 20 K [Fig. 2(a)]. Conversely, the p/p300 k plateau below 20 K in S4 was
due to the weakly T-dependent u and n [Figs. 2(b) and 3(d)].

In summary, superconductivity was observed with onset 7. < 3.1 K in ~200-nm-thick Bi,Tes
thin films grown using PLD. The Bi, Tes films were highly c-axis oriented and epitaxially grown on
STO (100) substrates with in-plane relationships of Bi, Te; [110]//STO [010] and Bi, Te; [100]//STO
[100]. The precipitation of Bi-rich clusters on the surface of thick Bi,Te; films was identified using
AES depth profiling and EDX mapping characterization. This study demonstrates that natural defects
generated during growth, namely, superconducting Bi nanoclusters or Bi inclusions, can substantially
induce a nonsuperconducting T1 thin film (Bi,Te3) into a superconducting state at low temperatures.
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