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High-quality stanene films have been actively pursued for realizing not only quantum spin Hall edge states
without backscattering, but also intrinsic superconductivity, two central ingredients that may further endow
the systems to host topological superconductivity. Yet to date, convincing evidence of topological edge states
in stanene remains to be seen, let alone the coexistence of these two ingredients, owing to the bottleneck of
growing high-quality stanene films. Here we fabricate one- to five-layer stanene films on the Bi(111) substrate
and observe the robust edge states using scanning tunneling microscopy/spectroscopy. We also measure
distinct superconducting gaps on different-layered stanene films. Our first-principles calculations further
show that hydrogen passivation plays a decisive role as a surfactant in improving the quality of the stanene
films, while the Bi substrate endows the films with nontrivial topology. The coexistence of nontrivial
topology and intrinsic superconductivity renders the system a promising candidate to become the simplest
topological superconductor based on a single-element system.
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Synergy between nontrivial topology and superconduc-
tivity is appealing for the potential realization of topological
superconductors (TSCs) [1-3], which may further harbor
Majorana zero modes critically needed for topological
quantum computing [4]. The prevailing approach towards
this goal is to induce superconductivity in materials with
strong spin-orbit coupling via proximity effect—i.e., creating
heterostructures combining topological insulators or nano-
wire or atom chains and traditional superconductors [5—10].
In this endeavor, standing challenges include precise control
of the interfacial structures and limited decay length of the
proximity effect. An alternative pathway is to supersede the
external proximity between different materials’ components
by an internal type (termed the self-proximity effect),
referring to bridging between the bulk states and nontrivial
boundary states within a single material. Compelling exam-
ples include the recently discovered Fe(Te,Se) [11-13],
Li(Fe,Co)As [14], and (Li,Fe)OHFeSe systems [15]. Here
the dominant challenge lies in the unavoidable stoichiometric
inhomogeneities in such multicomponent three-dimensional
(3D) crystals. To date, 2D candidate systems possessing such
self-proximity effects are still lacking; nevertheless, the newly
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reported intrinsic superconductivity in few-layer stanene
[16,17], which is also a candidate for a 2D quantum spin
Hall insulator (QSHI) [18], serves as new animation for the
exploration of stanene as a topological superconductor.
Stanene has been actively pursued since it was proposed
to be a 2D QSHI [18]. Its simple structure and large inverted
band gap make it an outstanding candidate to realize a QSHI
[18]. Theoretical studies have shown that stanene films
possess tunable topological properties that are sensitive to
the substrate, chemical functionalization, and layer thickness
[18-23]. Such sensitivities, in turn, pose challenges in the
experimental realization of the nontrivial phase. As a result, a
clear and robust evidence of the 1D topological edge states
as characterized by the well-localized distribution of the
density of states (DOS) at the island and film edges remains
to be seen. In previous studies, monolayered stanene films
with compressed strain were shown to exhibit only a trivial
band structure [24-27]. An advance in realizing nontrivial
band topology was achieved when growing stanene on the
Cu(111)-(2 x 2) surface, where an inverted band order was
observed in the ultraflat yet metastable stanene films [28].
Indications of edge states of monolayered stanene grown on

© 2022 American Physical Society
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(a) Schematics of a freestanding monolayer stanene (left) and a sample structure of four-layer stanene/Bi(111)/Si with the top

surface of stanene passivated by hydrogen (right). (b),(c) Topographies of the Bi(111) substrate before [(b): V, =2.00 V,
I = 100 pA] and after [(c): V, =2.27 V, I = 50 pA] depositing Sn. (d) Topography of the first-layer stanene films on
Bi(111) after annealing, with a profile shown at the bottom depicting the height along the black dotted line. Vi, =2.0V,
L. = 70 pA. Inset: atomically resolved image taken on the stanene film. (e) Topography of multilayer stanene (~2.5 layers) on
Bi(111), with the corresponding height profile shown below. V, = 2.7 V, I, = 80 pA.

the InSb(111)-(3 x 3) substrate have also been reported,
even though the films contain pronounced defects [29]. Ata
separate front, superconductivity has been observed in few-
layer stanene grown on PbTe(111) [16,17], albeit verified to
be topologically trivial [27]. Therefore, identification of a
proper substrate to grow stable stanene films with nontrivial
topological properties and intrinsic superconductivity is
critically needed for further exploration and potential uti-
lization of their salient properties and functionalities.

In this Letter, we devise a novel kinetic pathway to grow
successfully one- to five-layered stanene with high quality
on the Bi(111) substrate, where the stanene films are stable
at room temperature and exhibit the long-sought edge
states and superconducting properties. Our in sifu scanning
tunneling microscopy and spectroscopy (STM and STS)
measurements confirm the quality of the stanene films as
well as the robust edge states in all the one- to five-layered
films. Furthermore, distinct superconducting gaps on
different-layered stanene films are detected. Our first-
principles calculations reveal that hydrogen passivation
plays a decisive role as a surfactant in facilitating the
multilayer growth and improving the overall quality of the
stanene films, while the Bi(111) substrate endows the films
with nontrivial topology irrespective of the layer thickness.
The present findings open an appealing avenue toward
platforms that combine nontrivial topology and super-
conductivity, the two central ingredients of topological
superconductivity, all based on a simple single-element
system.

The Bi(111) film is chosen as the substrate to grow
stanene based on our recent prediction of achieving high-
quality stanene film on a Bi precovered Bi, Te; surface [30].
As illustrated in Fig. 1(a), the Bi(111) films were first grown
on a silicon wafer with the film thickness of ~10 nm to
eliminate the epitaxial strain with silicon. The epitaxial
growth of stanene was carried out at low temperature to get

evenly covered Sn atoms on the Bi(111) surface [Fig. 1(c)],
followed by annealing at 40°C, after which the Sn atoms
form stanene films with good quality, as shown in Fig. 1(d).
The profile along the black dotted line in Fig. 1(d) indicates
the height of a single stanene layer of ~0.38 nm. The
atomically resolved image consisting of the upper-sublattice
Sn atoms shows a hexagonal structure with a lattice constant
of ~0.455 nm, which is the same as that of the Bi(111)
substrate. Multilayered stanene films have also been
achieved, with a slightly increased number of Sn clusters
of 1 ~2 nm in height residing at the film edges [Fig. 1(e)].
Specifically, we have obtained one- to five-layered stanene
films. It should be emphasized that the topmost surface of the
stanene films is saturated by hydrogen atoms based on
previous experiences [24,27]. Our current experimental
results and systematic first-principles calculations further
reveal that the surface passivation of the growth front by the
residual hydrogen is essential in achieving layer-by-layer
growth of the high-quality stanene films, with the hydrogen
functioning as a surfactant [31,32]. Details of the growth
mechanism are presented in the Supplemental Material [33].

The existence of an energy gap separating occupied and
unoccupied states is essential for QSHIs [55]. Our first-
principles calculations show that the one- to five-layered
stanene films on Bi(111) all have well-defined continuous
gaps across the whole Brillouin zone with the inclusion of the
spin-orbit coupling (SOC) (see Sec. VI of the Supplemental
Material [33]). The topological invariant Z, is further
evaluated as shown in the last row of Table I, indicating an
extraordinarily robust nontrivial value that is impervious to
the layer thickness.

Taking the four-layer stanene as an example, the con-
duction and valence bands are separated by a continuous gap
exceeding 200 meV [Fig. 2(a)], and the indirect overlap
between them characterizes the system to be a semimetal.
The experimentally detected dI/dV spectrum in the interior
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TABLE L Z, invariants of different-layered stanene films under
different conditions.
Thickness

Z 1-layer 2-layer 3-layer 4-layer 5-layer
Conditions
w/o Bi w/o H 1 0 1 0 1
w/o Bi w/H 0 0 1 1 1
w/Bi w/o H 1 1 1 1 1
w/Bi w/H
(experimental condition) 1 1 1 1 1

of the fourth-layer stanene film (hereafter referred to as the
bulk spectrum) is compared with the calculated DOS in
Fig. 2(b). Here an upward shift of the Fermi level is applied
for the calculated DOS because the three-bilayer Bi(111)
substrate in the calculational model contributes to a lower
electron doping level, compared with the much thicker
experimental substrate (~10 nm). In doing so, the calculated
DOS matches well with the dI/dV spectrum, especially
within the energy window of —0.2 to 0.5 eV, overlapping the
continuous gap. A remarkable feature in this range is the
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FIG. 2.

observed bulk dip above the Fermi level, showing the lowest
density of the bulk states and thereby giving a favorable
window to better detect the edge states. Typical bulk spectra
taken on stanene films with different layer thicknesses are
compared in Fig. S7 in the Supplemental Material, all of
which exhibit similar dip features [33].

The hallmark of the QSH systems are the topologically
protected helical edge states, which are manifested by the
enhanced intensity of local DOS (LDOS) at the film edges in
spatially resolved STM studies [56—60]. Figure 2(c) shows a
fourth-layer stanene island with a hexagonal shape sitting on
a three-layer stanene film, which contains two different
zigzag edges [the A and B edges, also shown in Fig. 1(a),
with details to experimentally distinguish them given in
Fig. S4 in the Supplemental Material [33]]. We compare
the dI/dV spectra taken in the bulk and at the two edges in
Fig. 2(d). The bulk spectrum shows the characteristic dip
feature between 160 and 322 mV as marked by the vertical
gray dashed lines, and the bulk dip minimum is located at
~185 mV. At both edges, the intensities of the LDOS
surpass that of the bulk spectrum essentially in the whole dip
range. The enhanced LDOS at both edges signifies the
potential existence of the edge states. To visualize the energy

0_ 1 1 1 1 1
-100 0 100 200 300 400
Bias (mV)
(9

322 meV

285 meV 5th-layer

i
|
|
: 270meV
|
|

175 meV 3rd-layer
240meV

-layer
185meV 190 meV endy

100 meV
v istlayer

Low s High| 170 M€

(a) Calculated band structure (shifted) of a four-layer stanene film on Bi(111) with contributions from different Sn orbitals

highlighted. (b) Comparison between calculated DOS and experimentally detected dI/dV spectrum of the four-layer stanene film on
Bi(111). The dotted lines highlight the well-matched low-energy range around the Fermi level. (c) Topography of a fourth-layer stanene
island with a hexagonal shape. V, = 2.0 V, I, = 80 pA. (d) dI/dV spectra taken in the interior and at the A or B edge of the island
shown in (¢). L, = 250 pA, Vs = 3 mV (961 Hz). (e) 3D plots of the ALDOSs as a function of energy and spatial distance along the
black arrows in (c) crossing the A (left) and B (right) edges. The ALDOSs at the respective edges with positions marked by the black
triangles are projected on the sidewalls, with the gray shadowed areas showing the energy windows dominated by the edge states
(ALDOS > 0). The spatial variations of the edge states are projected by the blue curves. (f) dI/dV mappings of the stanene island shown
in (c) at different energies. (g) dI/dV mappings of different-layered stanene islands taken at the energy of the respective bulk dip
minimum. White scale bars: 5 nm. I, = 250 pA, V,,0qa = 3 mV (961 Hz) for (f) and (g). dI/dV spectra were taken at 4.2 K.
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distribution and spatial variation of the edge states, the
spatially resolved relative differences of the LDOS [denoted
by ALDOSs and defined as (LDOS-LDOS,,,;;)/LDOS,,]
across the A or B edges [along the solid black arrows in
Fig. 2(c)] are shown in Fig. 2(e), with detailed processes
depicted in Fig. S11 in the Supplemental Material [33]. Clear
evidence of the edge states can be observed as manifested by
the localized red areas at both edges, but within slightly
different energy windows. The ALDOSs at both edge
positions are projected on the sidewalls by the yellow and
red curves, highlighting the dominance of the edge states
within the energy windows of 165-285 meV and 100—
245 meV at the A and B edges, respectively. To further
display the spatial distributions of the electronic states within
both windows over the whole island, a series of dI/dV
mappings ranging from 100 to 322 meV have been taken
[Fig. 2(f)]. According to the mappings, the LDOS at about
185 meV, corresponding to the bulk dip minimum, is well
localized and highly pronounced at both edges, which can be
accounted for by the localized distribution of the edge states.
We also note that the lacking of interference patterns in the
interior of the island indicates the 1D character of the
dominant electronic states at this energy.

We have further studied the penetration depths of the
robust edge states by integrating the spatially resolved
ALDOSs over the respective energy windows for the A and
B edges (see details in Fig. S11 in the Supplemental
Material [33]). The results are displayed on the sidewalls
by the blue curves in Fig. 2(e), showing that the edge states
have bilateral penetration depths (including inner and outer
sides) of less than 4 nm for the A edge and 5 nm for the
B edge. The rather short outward penetration depth at the
A edge is understandable, since it is terminated by the
Sn atoms in the upper sublattice, which have much weaker
coupling with the lower-layer stanene. In contrast, the
B edge is composed of the Sn atoms in the lower sublattice,
which are strongly coupled with the lower-layer stanene,
resulting in nearly symmetric penetration depths outwards
and inwards.

Based on the results presented above, we infer that the
robust edge states exist at both the A and B edges, especially
highlighting themselves around the bulk dip minimum.
These experimental findings are also valid for stanene films
with different layer thicknesses. Figure 2(g) shows the
dI/dV mappings of the stanene films of one to three and
five layers, taken at the respective bulk dip minimum, where
universal enhancements of the LDOS highlight the edge
contours (see Fig. S12 in the Supplemental Material for the
corresponding dI/dV spectra [33]). Furthermore, possible
origins for topologically trivial edge states such as dangling
bonds or H-passivation at the edges are also discussed and
excluded by a comparative experiment of growing stanene
on Bi,Te; [33].

So far, our STM studies and first-principles calculations
indicate that all the one- to five-layered stanene films on

Bi(111) are promising candidates of QSH systems. This
observation is quite striking, because in typical situations, the
stacking of QSHI layers would alter the topological invariant
and result in an odd-even oscillation of the Z, [61]. This layer
dependence of the topology is absent in our systems, at least
up to five layers. This is shown in Table I, where we compare
the Z, number of different-layer stanene under different
conditions: with/without Bi substrate, and with/without
H-passivation. The physical origin of the robust nontrivial
Z, invariants is the consequence of interfacial coupling with
the Bi(111) substrate (see detailed analyses in Sec. VI of the
Supplemental Material [33]). Qualitatively, the Bi(111) sub-
strate, with inherently strong SOC, is able to promote the
nontrivial topology in the few-layer stanene via effective
proximity effects [62,63].

Next, we investigate the superconducting properties of the
stanene films at 400 mK. As shown in Fig. 3(a), clear
superconducting gaps [taken along the dotted arrow in
Fig. 2(c)] are detected on the same island where we have
witnessed the robust edge states. The coherence peaks of
these superconducting gaps exhibit spatial modulations
owing to the scattering of electronic states near the edge.
Figure 3(b) further shows the layer-dependent superconduc-
tivity of the stanene films, exhibiting a wider and deeper
superconducting gap with a thicker layer. We note that the
spectra which are taken on a fully complete stanene film of
thickness n show noticeable difference from that taken on an
island of the same height n [the latter labeled as a (n-0.5)]. In
distinct contrast with earlier reports [16], here the existence of
a superconducting gap is also observed for monolayer
stanene, which might be enabled by the higher charge
transfer level from the Bi(111) substrate. Full gaps against
thermal excitations at 400 mK are obtained when the
thickness reaches 3.5 layers or higher. The gaps (A) extracted
by half the energy distance of two coherence peaks are
plotted in Fig. 3(c), together with the zero bias conductance
(ZBC) that quantizes the degree of the superconducting gap
compared with a full gap. It can be seen that A increases
rapidly with the thickness, saturating at ~1.5 layers; in
contrast, ZBC decreases much more slowly, saturating until
~3.5 layers.

To further confirm that the observed gaps originate
from superconducting pairing rather than other orders, we
apply an external magnetic field to examine the attenu-
ation of the pairing intensity. Figure 3(d) shows the
evolution of the superconducting gap with an increasing
out-of-plane magnetic field, taken on a 2.5-layer stanene
film. The upper critical field (H%) was estimated to be
larger than 0.4 T, which is larger than that for stanene on
PbTe(111) [17]. This additional enhancement in H clz may
be related to the proximity-enhanced SOC by interfacing
with Bi(111) (see more discussion in Sec. X of the
Supplemental Material [33]).

Differently from previous 2D material platforms towards
TSCs which otherwise require the participation of the
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(a) Spatial variation of the superconducting gap crossing the A edge along the dotted arrow in Fig. 2(c). The contour map is

projected underneath. I, = 250 pA, Vo =20 x4V (961 Hz). (b) Layer-dependent superconducting gap of stanene films.
Liec = 250 pA, Vinea =20 uV (961 Hz). (c) Variations of the superconducting gap (A) and the ZBC with the layer thickness.
(d) Attenuation of superconductivity under an out-of-plane magnetic field, taken on a third-layer stanene island. All the superconducting
gaps in this figure are symmetrized and normalized by the intensity of the normal states at the starting bias.

proximity effects associated with an additional s-wave
superconductor [10,64—66], or additional electrical gates
[67,68], here both the ingredients of nontrivial topology
and superconductivity are inherently present in few-layer
stanene. In particular, an inherent self-proximity effect
exists between the bulk and topological edge states of
stanene as long as the edge states cross the Fermi level,
resulting in the 1D TSC (see more discussion in Sec. X of
the Supplemental Material [33]).

In conclusion, we have experimentally fabricated one- to
five-layered high-quality stanene films on Bi(111), which
have been shown to exhibit the robust 1D edge states and
superconductivity. Our first-principles calculations have
further revealed that hydrogen passivation plays a decisive
role as a surfactant in improving the quality of stanene
films, while the Bi substrate endows the films with non-
trivial topology. The interplay between strong SOC, non-
trivial topology, and superconductivity, together with the
versatile tunability by surface functionalization or varying
the substrate, collectively make few-layer stanene a fertile
ground for studying novel superconductivity and tunable
topological properties for potential applications in quantum
devices, all based on a single-element system.
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