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Majorana fermions have been predicted to exist at the edge states of a two-dimensional topological superconduc-
tor. We fabricated single quintuple layer (QL) Bi2Te3/FeTe heterostructure with the step-flow epitaxy method and studied
the topological properties of this system by using angle-resolved photoemission spectroscopy and scanning tunneling mi-
croscopy/spectroscopy. We observed the coexistence of robust superconductivity and edge states on the single QL Bi2Te3
islands which can be potential evidence for topological superconductor.
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1. Introduction

Majorana zero modes, with non-Abelian exchange statis-
tics, may pave the way for realizing topological quantum
computation.[1] The theoretical study predicts that a topologi-
cal insulator combined with a superconductor holds promising
potential application in searching for Majorana fermions and
Majorana zero modes, which can exist not only at the surface
states of three-dimensional (3D) systems, but also at the edge
states of two-dimensional (2D) systems or one-dimensional
(1D) wires.[2–5] Low-dimensional system with less degrees
of freedom is undoubted in providing more convenience for
our research. Edge states, a typical topological property, have
never been found in the boundary of conventional supercon-
ductor like Pb.[6,7] Thus, the coexistence of edge modes and
superconductivity can be a potential evidence for topologi-
cal superconductor. So far, many low-dimensional systems
have already been built and edge modes have been observed
in them. A simple method is combining the superconductor
together with some low-dimensional materials in which the
edge modes exist intrinsically.[8–11] For example, the coexis-
tence of edge states and superconductivity has been observed
on the thin film of bilayers Bi(111) grown on the supercon-
ducting NbSe2 substrate.[8] Lüpke et al. also observed the

proximity-induced superconducting gap in the quantum spin
Hall edge state of monolayer WTe2 placed in proximity with
NbSe2.[9] Besides, edge modes have also been observed on
some ferromagnetic materials combined with a conventional
superconductor with strong spin–orbit interaction. In Fe is-
lands on the Re(0001)-O(2×1) surface, where magnetic Fe is
combined with superconducting Re to generate topological su-
perconductor, a full rim like edge state is clearly revealed.[12]

Similar edge modes have also been observed at the endpoints
of Co chains and Fe chains on Pb.[13,14] Obviously, the study
of edge states has been an effective tool for us to search and
study new 2D topological superconductors.

In recent years, the Bi2Te3/FeTe heterostructure has been
reported as a potential topological superconductor. Iron tel-
luride, one kind of iron chalcogenides having been intensively
studied in both bulk and film forms, is not superconducting
without element doping.[15,16] The other component in this
system, bismuth telluride, is a characteristic 3D topological
insulator. Neither the FeTe nor the Bi2Te3 is superconduc-
tive, so the origin of the superconductivity in this heterostruc-
ture attracted extensive attention. In 2014, Wang et al. first
reported the superconductivity in this heterostructure,[17] and
then He et al. measured the saturated TC on five quintuple
layers (QLs) Bi2Te3 by transport experiments.[18] Recently,
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via the application of the step-flow epitaxy, we achieved a
high-quality van der Waals (vdW) heterojunction with one
QL Bi2Te3 deposited on the epitaxial FeTe grown on SrTiO3

(STO), showing a high transition temperature around 13 K.[19]

Meanwhile, we found the existence of electron transfer from
FeTe to Bi2Te3 so the hole-doped FeTe may well be the parent
of superconductivity. Qwada et al. also drew a same con-
clusion by electronic structure measurement.[20] However, for
such a potential topological superconductor, although these
studies have yielded good results and put forward a reason-
able explanation for the origin of superconductivity, it is still a
giant blank in the research about the topological properties.

In this work, we will present our initial attempt in search-
ing for edge states in Bi2Te3/FeTe heterostructure and show
our preliminary results, leading us to propose that the edge
states can be observed on the edge of the superconducting sin-
gle QL Bi2Te3 islands grown on the FeTe terraces. We be-
lieve that our results could potentially extend the platform for
searching of the edge states to this new Bi2Te3/FeTe system,
making future search for the Majorana Fermions in such sys-
tem feasible.

2. Experiment methods

This work was done in a joint-vacuum system, with
molecular beam epitaxy (MBE) chamber for epitaxy, and
two analytical chambers for carrying out angle-resolved pho-
toemission spectroscopy (ARPES) and scanning tunnelling
microscopy/spectroscopy (STM/STS) study. The base vac-
uum for MBE, ARPES, and STM are 3× 10−10 mbar, 5×
10−10 mbar, and 1×10−10 mbar, respectively. During the ex-
periment, the high quality Bi2Te3/FeTe heterostructures were
epitaxially grown on 0.07 wt% Nb-doped STO(100) sub-
strates, using step-flow method as described in a separate
paper.[19] In this work, we deposited 0.5 QL Bi2Te3 on FeTe,
where the 1 QL Bi2Te3 islands did not completely cover the
FeTe terrace. From STM characterization of several regions,
we found that the Bi2Te3 coverage is around fifty percent,
which we called 0.5 QL Bi2Te3. After deposition of about
0.5 QL Bi2Te3 on FeTe, the sample was in-situ transferred to
the analytical chambers for carrying out the electronic struc-
ture study. In detail, the in-situ ARPES measurements were
carried out at around 15 K using a SPECS PHOIBOS 150
hemispherical energy analyzer and a light source from a he-
lium discharge lamp (He I, photon energy 21.218 eV). Then
this sample was transferred to an in-situ Joule–Thomson (JT)
STM for a systematic study. The STM measurement was per-
formed with tungsten tips at 1.1 K. The ARPES measurement
was acquired on the whole 0.5 QL Bi2Te3/FeTe sample while
the STM study was focused on single layer Bi2Te3 islands.

3. Results and discussion
3.1. Epitaxy of Bi2Te3 on FeTe

High quality Bi2Te3/FeTe heterojunction was grown in
the MBE chamber first. Figure 1(a) shows the lattice illus-
tration of single layer FeTe and single layer Bi2Te3, in which
they demonstrate the epitaxial relationship of (111)Bi2Te3

‖
(001)FeTe, naturally forming a vdW heterostructure. Mean-
while, the plane-view simulation shows the arrangement of
superficial Te atoms on FeTe(001) and Bi2Te3(111) surfaces,
clearly indicating a hexagonal-square mismatch at the hetero-
interface. During the entire growth process, RHEED patterns
of different growth stages were recorded, and are shown in
Figs. 1(b)–1(d). Figure 1(b) was acquired from the annealed
STO(001) substrate. The surface shows a clear 2× 1 recon-
struction combining long streaky diffraction, which is crucial
for the step-flow epitaxy to overcome the giant mismatch
shown in Fig. 1(a).[21] The long streaky RHEED can be kept
after the growth of FeTe of 20 nm thickness (Fig. 1(c)), rep-
resenting an atomically flat (001) surface being grown. In
the last deposition of Bi2Te3, the RHEED pattern changes to
Fig. 1(d) after the deposition of just 1 QL Bi2Te3, and remains
streaky till the end. In Fig. 1(d), it is worth noting that two
sets of diffraction patterns are observed, indicating two types
of domains existing in the Bi2Te3 film. Line 1 and line 2
are the first order and the second order diffraction fringes of
domain #1, while line 3 is the first order diffraction fringe of
domain #2. The distance between line 3 and line 0 is

√
3 times

of that between line 1 and line 0, which means the domain #1
rotated 30◦ related to domain # 2, as illustrated in Fig. 1(e).
The double-domain feature can be explained by considering
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Fig. 1. MBE growth of the Bi2Te3 and FeTe films. (a) The schematic crys-
tal structure of Bi2Te3 and FeTe. (b) The RHEED pattern of the STO surface
which shows that the substrate has a well-defined 2×1 surface reconstruction.
(c) The RHEED pattern of the FeTe surface. (d) The RHEED pattern of the
Bi2Te3 surface. The double-line structure shows two kinds of domains in the
Bi2Te3 film. (e) Schematic of two types of Bi2Te3 crystal domains on FeTe.
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the step-flow epitaxy and the symmetric mismatch as shown
in Fig. 1(e), which shows two ways of lateral alignment when
hexagonal Bi2Te3 is connecting with the square FeTe lattice’s
atomic steps. Nevertheless, all the following STM/STS stud-
ies were performed on the 1 QL Bi2Te3 island which is small
enough for possessing only a single domain, thus the macro-
scopic rotation freedom does not affect our microscopic elec-
tronic states study.

3.2. Electronic structure study

Before carrying out of local electronic study on epitaxial
sample using STM, we analyzed the electronic structure evo-
lution depending on the thickness of Bi2Te3 step by step. Fig-
ure 2(a) is a photoemission intensity map of a cut along the Γ –
M direction of FeTe band acquired on as-grown FeTe(001) sur-
face. Figure 2(b) is a cut along the same direction but acquired
after the deposition of 0.5 QL Bi2Te3. Because of the low
Bi2Te3 coverage, the photoelectrons detected in Fig. 2(b) were
mainly from FeTe. Therefore, the raw data in these two stages
look very similar. However, we still can find that the band
structure shown in Fig. 2(b) is indeed of subtle differences
comparing with Fig. 2(a). To make them clearly, differential
intensity maps of Figs. 2(a) and 2(b) are shown in Figs. 2(d)
and 2(e), respectively. The EDC mapping of Fig. 2(b) is also
displayed in Fig. 2(c). In both Figs. 2(c) and 2(e), three in-

dividual bands, labeled as bands α , β , and γ , are remarkably
distinguished. Among them, the band α also appears in pure
FeTe’s Fermi surface as shown in Fig. 2(d). Comparing with
previous report about FeTe’s band structure,[22] we find this
band crossing the Fermi level is a characteristic feature of FeTe
band, indicating the hole pocket near the Γ point. The band β

is a flat band that was also reported belonging to FeTe obtained
at 88 K,[23] however, its energy level and appearing tempera-
ture here are different, since we performed the experiment at
15 K. Till now, the search for the origin of band β is still un-
dergoing, which will be discussed in a separate report. Hereby
we want to pay more attention on the band γ . Via the litera-
ture survey, we find no band like the band γ being discovered
previously on pristine FeTe, and clearly here this band appears
after the growth of 0.5 QL Bi2Te3, leading us to speculate that
it may belong to Bi2Te3. Then we find this band is similar to
the free-electron-like band in 1 QL Bi2Te3 reported by Li et
al. in 2010.[24] To confirm our speculation, we continued the
deposition of Bi2Te3 and acquired the band structure from the
surface of 2 QLs Bi2Te3/FeTe, as shown in Fig. 2(f), in which
a clear Dirac cone shows up below the Fermi surface, consis-
tent with Li’s results.[24] Therefore, we can confirm that this
heterojunction is of good quality both in crystal structure and
band structure, which is suitable for further study about edge
modes.
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Fig. 2. (a), (b) Photoemission intensity of the cut along the Γ –M direction of FeTe acquired on pure FeTe and 0.5 QL Bi2Te3/FeTe heterostruc-
ture, respectively. (c) Plot of EDCs of (b). (d), (e) Differential intensity maps of (a) and (b). (f) Photoemission intensity of the cut along the
Γ –K direction of Bi2Te3 on 2 QLs Bi2Te3/FeTe sample.

097403-3



Chin. Phys. B Vol. 29, No. 9 (2020) 097403

3.3. Robust superconductivity on Bi2Te3 islands

After the electronic structure is confirmed by ARPES, we
focused our investigation on the topographic and electronic
properties of 0.5 QL Bi2Te3/FeTe using STM. Figure 3(a) is a
topographic image, giving a representative landscape we have
observed. It can be seen that several Bi2Te3 islands with dif-
ferent sizes grow and extend from the FeTe terrace (typical
growth behavior of step-flow epitaxy). Representative dI/dV
spectra acquired from these islands are shown in Fig. 3(b),
where a superconducting gap of ∆ = 2.3 meV can be ex-
tracted. Although the exact shape of each spectrum varies a
bit on different islands (I to III) shown in Fig. 3(b), the two
coherence peaks consistently show up, where a gap of around
±2.3 meV with some variations can be observed in all spectra.
The fixed energy gap on the islands is consistent with our pre-
vious STS on the large plateau of Bi2Te3 which shows trans-
port evidencing superconductivity of Tc = 13 K.[19] Therefore,
we conclude that the superconductivity is also well developed
on all these Bi2Te3 islands, indicating that the superconduc-
tivity is robust and immune to the variation of lateral size of
Bi2Te3. By applying the pulse to the tip, the tip state can be
changed (depending on the state of the apex atom on the tip).
We also probed the gap dependence on the tip state as shown
in Fig. 3(d), obtained over position IV on the island shown in
Fig. 3(c), showing that the superconducting gap’s magnitude
(2.3 meV) is robust against the variation of probing conditions.
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Fig. 3. (a) An STM image of different sizes of 1 QL Bi2Te3 islands on
the FeTe terrace. (150×150 nm2, VBias = 200 mV, ITunnel = 50 pA). (b)
STS curves taken over different positions on different size Bi2Te3 is-
lands with Roman numbers indicating their positions (set point: VBias =
200 mV, ITunnel = 50 pA, modulation voltage: ∆V = 300 µV). (c)
Zoom in image of an island in (a). (20× 20 nm2, VBias = 200 mV,
ITunnel = 50 pA). (d) STS curves acquired over position IV in (c) under
different tip states (set point: VBias = 200 mV, ITunnel = 50 pA, modula-
tion voltage: ∆V = 300 µV).

It is worth noting that the islands being studied all have dimen-
sions larger than the in-plane coherent length of superconduc-
tivity, which is around 5 nm,[18] thus, we do not expect any
fluctuation on the superconducting Bi2Te3 islands due to the
quantum confinement effect here.

3.4. Probing the topological edge states

In order to get an insight into the property of these super-
conductive Bi2Te3 islands, further detailed experiments were
performed over one island’s edge. Figure 4(a) is a zoom in
STM image showing the edge from a Bi2Te3 island to the
FeTe terrace. From our previous studies,[19] Bi2Te3 starts to
grow and extend from the terrace of FeTe through vdW epi-
taxy. The heights of one unit-cell of FeTe and one QL of
Bi2Te3 are about 0.6 nm and 1.0 nm. In Fig. 4(a), the height
differences of the edge (he) between the Bi2Te3 island and
the top (right) FeTe terraces are around 0.4 nm (top edge)
and 1.0 nm (right edge), respectively. Thus, it shows that the
Bi2Te3 island grows from the top FeTe terrace, and the top
edge (he = 0.4 nm) is the step between one QL Bi2Te3 and one
unit cell FeTe terrace, whereas the right edge (he = 1.0 nm)
is the step between the on-top one QL Bi2Te3 and the un-
derlying FeTe terrace. Afterwards, we acquired differential
conductance mapping over Fig. 4(a) under different biases
(−0.5 meV, 0.5 meV, and 1.5 meV), as shown in Figs. 4(b)–
4(d). For low bias voltage near the Fermi level in Figs. 4(b)
and 4(c), we can find obvious brightness contrast within the
Bi2Te3 island, where a bright belt lies along the edge of both
steps (the top and the right). This indicates that the in-gap lo-
cal density of states (LDOS) at this energy of the area along
the edge is higher than that of the inner area of the island.
Whereas for high bias at 1.5 meV (near the coherence peak) in
Fig. 4(d), this brightness contrast disappears.

Low

Bi2Te3

FeTe

FeTe

(a) (b)

(d)(c)

High High

High
LowLow

Fig. 4. (a) A zoom in STM image showing the edge of a 1 QL Bi2Te3 island
(32× 32 nm2, VBias = 2.5 mV, ITunnel = 50 pA). (b)–(d) dI/dV mappings
over (a) at 0.5 mV, −0.5 mV, and 1.5 mV, respectively (32× 32 nm2, set
points: VBias = 2.5 mV, ITunnel = 50 pA, modulation voltage: ∆V = 300 µV).
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To get detailed information about this brightness contrast
along the edge, we acquired these spectra on atoms one by one,
marked by the red dots across the edge (he = 0.4 nm) as shown
in the atomic resolution image Fig. 5(a). Six spectra taken over
the FeTe terrace are shown in Fig. 5(b), where they display
no clear coherence peaks nearby ±2.3 meV in these spectra,
showing that the superconductivity is well confined within the
Bi2Te3 island. The eight spectra acquired on the Bi2Te3 is-
land are shown in Fig. 5(c), in which the coherence peaks of
the spectra are at around the same positions ±2.3 meV, how-
ever, the LDOS near the Fermi energy increases as the position
approaching the edge. To make this variation clearer, we com-

pared the zero-bias conductance (ZBC) of each spectrum from

Figs. 5(b) and 5(c) and plotted them in Fig. 5(d). We can see

that the ZBC of Bi2Te3 near the edge is obviously higher than

that at the area far away from the edge. Furthermore, if we

subtract the three spectra near the edge from Fig. 5(c) by the

most inner spectrum No. 1, as shown in Fig. 5(e), it can be no-

ticed that the LDOS at the area near the edge is higher within

the gap, not just at the zero energy. This result indicates the

possible topological edge states near the zero-bias existing on

the edge of this Bi2Te3 island, as being indicated in the differ-

ential conductance mapping in Fig. 4.
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Fig. 5. (a) Zoom in atomic resolution STM images showing the top edge of the Bi2Te3 island in Fig. 4(a) between the Bi2Te3 island (bottom)
and the FeTe terrace (top), respectively. Red points with numbers indicate positions where STS curves were taken (15×15 nm2, VBias = 10 mV,
ITunnel = 1.5 nA). (b) and (c) STS curves taken on the labeled positions in (a) on the FeTe terrace and the Bi2Te3 island (set points: VBias = 10 mV,
ITunnel = 1.5 nA, modulation voltage: ∆V = 300 µV). All spectra are offset vertically for clarity with dotted lines indicating the 0 position before
the offset. (d) ZBC of the spectrum in (b) and (c) vs. distance from the edge. Blue line indicates the edge position. Red numbers indicate
spectra positions. Dashed lines below each spectrum indicate the respective zero dI/dV value. (e) STS spectra Nos. 4–6, taken on the Bi2Te3
island in (c) after the subtraction of the most inner No. 1 spectrum.

3.5. Discussion and speculation

As being demonstrated above, we have achieved a high-
quality epitaxy of 1 QL Bi2Te3 with robust superconductiv-
ity on the islands. The further atomic probing on the edge
hosted LDOS gives us encouraging results that an increas-
ing zero bias conductance does exist on the Bi2Te3 island’s
boundary nearby the FeTe. Summarizing above results leads
us to speculate that the superconductivity of Bi2Te3/FeTe is
likely topological, as several key elements already accumu-
late in our system: 1) robust superconductivity in the bulk,
2) strong spin–orbital coupling in Bi2Te3. Beside above fac-

tors, in our system, the strong localization of superconduc-
tivity is also a characteristic feature which is different with
previous proximity induced topological superconductivity in
topological insulators, which certainly may strengthen the de-
tection of topological edge modes, as they can be well local-
ized on the edge without strong dispersion. We have com-
pared our edge modes’ signature with previous reported re-
sults using WTe2 sticking on NbSe2,[9] and Fe islands grown
on O2 decorated Re superconductors,[12] and discovered that
both our edge modes’ location and strength are similar with
them. Thus, based on above results, we would like to call at-
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tention for the community that, the Bi2Te3/FeTe is indeed a
platform for hunting the Majorana zero modes towards the re-
alization of topological quantum computation.

Before the conclusion, we also would like to point out
two key experiment concerns important for the future of ex-
ploration. As we already emphasized, our sample was grown
via the MBE using step-flow epitaxy method, thus, most of the
Bi2Te3 islands have asymmetric boundaries as one connecting
the FeTe directly, and the other is directly above the FeTe. We
even have found some Bi2Te3 which is lower than the horizon-
tal level of FeTe as shown in the supporting materials, which
shows partial edge states near the boundary as shown in the
supporting materials. Till now, we still cannot tell the impact
of FeTe’s connection on the edge modes, as it requires more
systematic research by careful selection of specimens, how-
ever, we believe that the atomic scale precision on the prob-
ing of LDOS is important for resolving above concern. The
second experimental concern is about the lateral size of the
Bi2Te3 island. As we have reported in the previous study, on
the boundary of large Bi2Te3 terrace (∼ 10000 nm2), we did
not find the obvious signature of edge modes, which certainly
raises the issue of size (Bi2Te3 island) dependent behavior of
edge modes in this system. We have found that, in Xiaoyu
Chen’s work,[25] they also observed such effect on probing the
zero modes on Bi island grown on FeTeSe. Quantum size ef-
fects in small islands may be a reasonable explanation. But
the introduce of quantum size effects also can modulate the
superconductivity.[7] Although the superconducting gap ob-
served on small Bi2Te3 islands (±2.3 meV) is a little smaller
than that observed on large Bi2Te3 terrace (±2.5 meV),[19]

the spectra acquired on Bi2Te3 islands of different sizes have
roughly the same shape and the coherence peaks stand on the
same energy. The superconductivity shows great robustness
and the difference of gap size is more likely due to the intrin-
sic electronic properties of FeTe. Thus, it is still an open issue
and we believe that a systematic study on the edge states de-
pendence on size of Bi2Te3 is also an important direction not
only for experiment, but also from the theoretic orientation.

4. Summary
We have fabricated single layer Bi2Te3/FeTe heterostruc-

ture with step-flow epitaxy method and studied the topological
properties of this system by using ARPES and STM/STS. We
observed robust superconductivity on all the Bi2Te3 islands re-
gardless of the size of islands. Further investigation by STM
and STS over different positions across the edge of single QL

Bi2Te3 island revealed the existence of the topological edge
state on the Bi2Te3 island. All the above results provide ex-
perimental evidences for the coexistence of topological edge
states and superconductivity in single QL Bi2Te3/FeTe hetero-
junction, which indicates this system may be a potential topo-
logical superconductor and host Majorana zero modes.
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