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Realization of topological superconductors (TSCs) hosting Majorana fermions is an exciting
challenge in materials science. Majorana fermions are predicted to emerge at vortex cores of
two-dimensional (2D) TSCs and at both ends of one-dimensional (1D) TSCs; these two types
of TSCs have been explored independently in different materials. Here, a system which has a
potential to access both 1D and 2D TSCs in a single platform, Pb(111)/Bi(111) heterostructure,
is proposed. One to twenty bilayers (BLs) of Bi(111) ultra-thin films are epitaxially fabricated
on TlBiSe2, and an intriguing evolution of electronic states upon variation of Bi-layer thickness
is revealed by angle-resolved photoemission spectroscopy. The metallic quantum-well states
at 1–2BLs are found to turn into the Rashba states at 5–20BLs, via the semiconducting states
at 3BL. Fabrication of a Pb(111) film on 20BL Bi(111) enables observation of the proximity-
induced superconductivity in Bi(111) as evident from a 1 meV energy gap at 5 K; these energy
and temperature scales are considerably larger than those of Rashba superconductors. The Pb/Bi
heterostructure serves as a versatile platform to study the interplay among proximity-induced
superconductivity, band structure, and topology.
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Subject Index I40, I60, I90

1. Introduction

A topological insulator (TI) is an exotic quantum state characterized by an insulating bulk-band gap
and a metallic surface/edge state protected by time-reversal symmetry associated with non-trivial
topology of wave functions originating from the strong spin–orbit coupling (SOC) [1–3]. Discovery
of TIs initiated the search for even more exotic symmetry-protected topological phases, as represented
by topological semimetals protected by specific crystal symmetries and topological superconduc-
tors (TSCs) with time-reversal-invariant or chiral characteristics. TSCs are a superconducting (SC)
analogue of TI wherein an SC gap, instead of the band gap, accompanies gapless boundary states
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often consisting of Majorana fermions [2,4,5]. Due to the particle–antiparticle symmetry and non-
Abelian-statistics nature, Majorana fermions are thought to be applicable to fault-tolerant quantum
computations [6–9]. While the boundary states of three-dimensional (3D) TSCs appear at the sur-
face as a helical Majorana cone displaying a Dirac-type energy dispersion, Majorana fermions useful
for quantum computations appear in the time-reversal-symmetry broken state as the Majorana zero
mode in the vortex core of two-dimensional (2D) TSCs as well as at both ends of one-dimensional
(1D) TSCs [7,10–13]. Thus, the major interest of current research is to find 2D and 1D TSCs hosting
robust Majorana fermions.

To realize such TSCs, various superconducting hybrids involving materials with strong SOC have
been intensively investigated, as initiated by the theoretical prediction of topological supercon-
ductivity in effectively p-wave superconducting states of helical Dirac fermions and Rashba states
[10,13]. Such hybrids involve Bi2Se3, Bi2Te3, HgTe, and Bi(111) ultra-thin films grown on a con-
ventional superconductor [14–20] (for 2D TSC), InSb/InAs nanowires in contact with a conventional
superconductor [21–23], and an Fe atomic chain on Pb [24] (for 1D TSC), etc. Surfaces of doped
superconducting TIs [25,26] and iron-based superconductors [27,28] are another group of candidates
for a 2D-TSC platform. As highlighted by these examples, material exploration of TSC candidates is
rapidly in progress, whereas such investigations have hitherto been performed almost independently
between 1D and 2D cases. To discuss a unified picture regarding superconductivity, dimensionality,
and topology, it may be useful to search for a single experimental platform which can access both
1D and 2D TSCs.

We have chosen a Bi(111) ultra-thin film as a potentially useful material to address the above
issue by considering the strong SOC and the quantum confinement effect. The 2D Rashba surface
state (SS) in a thick regime [29] and the 1D edge state in the quantum-spin-Hall (QSH) insulator
phase predicted for the one bilayer (1 BL) regime [30] may be useful for realization of 2D and 1D
TSCs [Fig. 1(a)], respectively. However, one needs to overcome two major experimental difficulties:
(i) the thickness (d) of the Bi(111) film must be systematically controlled down to a 1 BL limit,
and (ii) superconductivity at reasonably high temperature must be induced in the film. It is noted
that bulk Bi crystal shows superconductivity at ultralow temperature below 0.53 mK [31], but this
temperature is obviously insufficient for feasible measurements and applications.

In this paper we have epitaxially grown Bi(111) films with various thickness on top of a three-
dimensional (3D) topological insulator (TI) TlBiSe2 (called here TBS) taking into account the good
lattice matching [32], and have further fabricated a heterostructure involving an epitaxial Pb(111)
film on Bi(111) [see Fig. 1(b)] using the molecular-beam epitaxy (MBE) method specialized for
Pb-film growth. By utilizing in situ angle-resolved photoemission spectroscopy (ARPES), we have
clarified the evolution of electronic states as a function of thickness for Bi(111)/TBS. We have further
succeeded in inducing proximity-induced superconductivity in the Bi(111) film, as evidenced by the
opening of an energy gap below Tc of the Pb film. We discuss the implication of the present results
in relation to dimensionality, and Rashba and topological superconductivity.

2. Experiments

High-quality single crystals of TBS were grown by a modified Bridgman method [33]. To prepare
a Bi(111) film, we first cleaved a TBS crystal under ultra-high vacuum with scotch tape to obtain a
shiny mirror-like surface, and then deposited Bi atoms on the TBS substrate using the MBE technique
while keeping the substrate temperature at 300 K. To fabricate a Pb(111)/Bi(111) heterostructure, we
further deposited Pb atoms on Bi(111)/TBS, keeping the substrate temperature at T = 85 K. The film
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Fig. 1. (a) Schematic view of 2D and 1D topological superconductivity accompanying the Majorana zero
mode in hybrids involving an s-wave superconductor. (b) Heterostructure consisting of Pb(111), Bi(111),
and TBS. (c, d) LEED patterns of (c) cleaved TBS and (d) 20BL-Bi(111)/TBS, respectively, measured at
room temperature with a primary electron energy of 100 eV. (e) ARPES intensity mapping at EF measured at
T = 30 K with He-Iα photons (hν = 21.218 eV). (f) EDCs for 20BL-Bi(111)/TBS measured along the �̄M̄
cut in the surface BZ of TBS.

thickness was controlled by the deposition time at a constant deposition rate. The crystallinity and
lattice constants of the samples were characterized by the LEED measurement.ARPES measurements
were performed with the MBS-A1 and SES-2002 electron analyzers equipped with a high-intensity
He discharge lamp.After the growth of Pb/Bi heterostructure by evaporation at liquid N2 temperature
in the MBE chamber, the film was immediately transferred to the sample cryostat kept at T = 30 K
in the ARPES chamber, to avoid the clusterization of Pb which is accelerated at room temperature
[34]. The clusterization of Pb prevented us from removing samples from the MBE-ARPES chamber
while keeping the crystallinity of the Pb film to perform ex situ experiments such as transmission
electron microscopy and electrical transport measurements. We used the He-Iα resonance line (hν =
21.218 eV) to excite photoelectrons. The energy resolution of ARPES measurements was set to be
2–40 meV. The sample temperature was kept at T = 30 K during the ARPES-intensity-mapping
measurements, while T = 5 and 10 K for the SC-gap measurements. The EF of the samples was
referenced to that of a gold film electrically in contact with the sample holder.
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3. Results and discussion

First we present the characterization of Bi(111) thin film on TBS. Figure 1(c) shows the low-energy
electron diffraction (LEED) pattern of a cleaved surface of TBS. The appearance of clear 1 × 1
spots suggests a well-ordered surface. When depositing 20 BL Bi(111) on TBS [Fig. 1(d)], the
LEED pattern exhibits a 1 × 1 periodicity similar to that of TBS. In fact, the location of spots nearly
coincides with that of TBS, showing good lattice matching [32]. The ARPES intensity mapping at
the Fermi level (EF) for this film shown in Fig. 1(e) reveals a pronounced intensity from six elongated
pockets (hole pockets) that surround a small circular pocket (electron pocket) at the �̄ point in the
Brillouin zone (BZ), similarly to the case of Bi(111) films on other substrates [35–38]. These hole
and electron pockets originate from the SSs with Rashba spin splitting, whose metallic nature is
confirmed by a clear Fermi-edge cut-off in the energy distribution curves (EDCs) around the �̄ point
[Fig. 1(f)].

Now that good single crystallinity is established for thick films, next we present the evolution
of electronic states down to the 1 BL limit. It is emphasized that 1 BL Bi(111) film can hardly be
fabricated on other substrates such as Si(111), graphene, and TaS2 [35,37,38] due to the (111)-to-
(110) structural phase transition. The Fermi surface (FS) mappings around the �̄ point in Fig. 2(a)
and corresponding ARPES intensity plots along the �̄K̄ cut in Fig. 2(b) signify a similar intensity
profile between d = 20 and 5 BL, in particular for the presence of six lobes in the FS mapping
[the k region of the FS mapping in the BZ is indicated by a gray shade in Fig. 2(c)]. This suggests
that the Rashba SS survives down to d = 5 BL (note that the energy bands in the vicinity of EF for
d = 5 BL appears to show a small upward energy shift relative to those for d = 20 BL; this is likely
associated with the charge transfer from the TBS substrate, as detailed later). On the other hand, one
can recognize in d = 1 BL a marked difference in the intensity profile due to the difference in the
FS topology; there exist a large snowflake-like hole pocket and a small circular hole pocket [each
further splits into two pockets by the Rashba SOC, although they are not very visible in the current

Fig. 2. (a) FS mapping and (b) ARPES intensity plot along the �̄K̄ cut [indicated as cut A in (a)] for Bi(111)
films with various thicknesses (d = 20, 5, 3, 2, and 1 BL). The dashed lines for d = 1 BL in (b) highlight the
Kramer’s degeneracy associated with the hybridization of Bi- and TBS-derived bands due to the topological
proximity effect [32]. (c) Surface BZ of Bi(111) and the k region (gray shade) where the FS mapping in (a)
was performed.
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(E, k) mesh]. They are quantum well states (QWSs) originating from the 2D bulk bands [32]. Similar
metallic QWSs are also observed in d = 2 BL [Figs. 2(a) and 2(b)]. Here we briefly comment on the
influence of the TI nature of the TBS substrate to the electronic states of Bi(111). It has been reported
that the Dirac cone state migrates from the surface of TBS to 1 BL Bi(111) in the heterostructure
due to the topological proximity effect [32], leading to the emergence of characteristic X-shaped
dispersion at the binding energy EB of ∼0.4 eV, as indicated by dashed black lines for d = 1 BL
in Fig. 2(b). On the other hand, the migrating Dirac cone band is hard to resolve for d = 2 BL and
completely absent for d = 3 BL [Fig. 2(b)], indicating that the characteristic length scale of the
topological proximity effect is at most 1–2 BL. Thus, the TI nature of the substrate does not affect
the electronic states of Bi(111) films thicker than 2 BL.

We found that the spectral feature for d = 3 BL is markedly different from the others. As seen
in the middle panel of Fig. 2(b), no obvious EF-crossing of bands is observed, unlike the metallic
QWSs and Rashba SS in d = 1–2 and 5–20 BL, respectively. The tail of the topmost valence band
forms a triangular intensity pattern at EF [middle panel of Fig. 2(a)] instead of the six lobes (for
d = 5, 20 BL) or the snowflake/circle (for d = 1, 2 BL). This suggests a peculiar characteristic of
d = 3 BL (note that the intensity profile for d = 4 BL is similar to that for 3 BL; see Fig. A.1 of
Appendix A). We have carefully measured the band dispersion around the valence-band top along
several k cuts [cuts B–D in the middle panel of Fig. 2(a)] and always observed the absence of band
crossing of EF as shown in Figs. 3(a)–(c), indicating the semiconducting-like nature of d = 3 BL
(note that we also found no Fermi surface around the M point; cut D in Fig. 3(c) includes the M point,
kx ∼ 0.8 Å−1) in contrast to the metallic behavior of both thinner and thicker films. It is noted that a
previous ARPES study of Bi(111)/Bi2Te3 [36] reported qualitatively similar evolution of the ARPES
intensity map as a function of d, whereas the conclusion regarding the insulating or metallic nature
of the 3 BL film appears to be different, probably because of the difference in the substrate TIs and
resultant differences in the lattice strain effect, interface condition, amount of charge transfer across
the interface, etc.

How can we explain such characteristic thickness dependence of the band structure? To address
this question, one needs to consider simultaneously (i) the quantum confinement effect and (ii) the
charge transfer from the TBS substrate. As shown in Fig. 3(d), which displays a schematic band
dispersion along the �̄K̄ cut obtained by the present experimental results and the band calculations
for free-standing Bi(111) slabs [39], 1 BL Bi(111) has a large inverted band gap and likely hosts the
QSH phase accompanying a gapless helical edge state [30,40]. However, due to the charge (electron)
transfer from Bi to TBS [Fig. 3(e)] associated with the difference in the work function [Fig. 3(f)],
the 1 BL Bi(111) film on TBS is actually hole-doped and the chemical potential is located below the
valence band top. Thus, strictly speaking, the 1 BL Bi(111) on TBS is not a QSH “insulator.” When
d is increased, the inverted band gap is gradually decreased due to the quantum size effect [35] [3 BL
case in Fig. 3(d)]. Eventually, the band inversion vanishes and the system transforms into a bulk
metal accompanying the Rashba SS (d = 5–20 BL case in Fig. 3(d); note that only the SS is shown
for simplicity). It is inferred that the d = 3 BL still keeps a finite inverted band gap, because of an
expected smooth evolution of the band gap from the 1 BL side and the observed semiconducting-like
electronic states at d = 3 BL [39]. Although the 1 BL film is unable to maintain the insulating state
due to the excess hole doping from the TBS substrate, such a charge transfer effect becomes mild
for d = 3 BL because the doped holes are widely distributed throughout the film and, consequently,
the number of doped holes per unit BL decreases with increasing d, so that the chemical potential
moves into the band gap (but still close to the valence band top) for d = 3 BL. We thus suggest that,
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Fig. 3. (a)–(c) ARPES intensity plots measured along cuts (a) B, (b) C, and (c) D in the d = 3 BL data of
Fig. 2(a). (d) Schematics of the evolution of the near-EF band structure as a function of d in Bi(111)/TBS.
(e,f) Schematics of the electron charge transfer from Bi(111) to TBS, and work functions of Bi and TBS relative
to the vacuum level, respectively.

at the peculiar thickness of 3 BL, the quantum size effect and the charge transfer work cooperatively
to realize a possible QSH insulator phase, although this conjecture needs to be further tested by
directly observing the helical edge states using scanning tunneling microscopy (STM) and also by
observing the quantized edge conduction in the electrical transport measurements. It is noted that in
the transport measurements, we need to reduce the interference from the metallic TBS substrate.

Next, we address another important question: whether one can induce superconductivity on the
Bi(111) film. For this, we deposited Pb atoms on the d = 20 BL film to fabricate a Pb/Bi heterostruc-
ture. The d = 20 BL film is well suited to clarifying the proximity-induced energy gap due to the
high metallicity as inferred from the ARPES results in Figs. 1(e) and 1(f). The LEED pattern for
the Pb film on Bi(111) in the inset to Fig. 4(a) signifies 1 × 1 spots (indicated by purple circles and
the dashed purple hexagon) which are expanded by 30% relative to those of pristine 20 BL Bi(111)
[yellow dashed hexagon, reproduced from Fig. 1(d)]. We have estimated the in-plane lattice constant
of the Pb film to be 3.49Å, which is close to that of bulk (3.50Å) [41]. These results indicate that a
Pb(111) single crystalline film is successfully grown on Bi(111), allowing us to investigate the elec-
tronic states of this hybrid film in detail. Figures 4(a)–(e) display the evolution of ARPES intensity
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Fig. 4. (a)–(e) Evolution of ARPES intensity mapping at EF for Pb(111)/20BL-Bi(111)/TBS as a function of
Pb deposition time of (a) 0 min, (b) 10 min, (c) 12.5 min, (d) 15 min, and (e) 30 min. The inset to (a) shows a
LEED pattern of Pb(111)/20BL-Bi(111) (Td = 15 min) heterostructure measured at T = 80 K with a primary
electron energy of 100 eV. The purple open circles and dashed hexagon are a guide for the eyes to highlight
the spot. The location of 1 × 1 spots for Bi(111) [reproduced from Fig. 1(d)] is shown by a yellow hexagon to
highlight the lattice mismatch. (f) ARPES intensity along the white dashed line in (c), measured at T = 30 K.
The dashed lines trace the energy bands originating from Pb and Bi.

as a function of Pb deposition time (Td). The six lobes seen for pristine 20 BL Bi(111) (Td = 0 min)
in Fig. 4(a) become fatter and more triangular for Td = 10 min in Fig. 4(b). This is caused by finite
hole doping to the Bi(111) from deposited Pb atoms due to the slightly larger work function of Pb
than that of Bi [42]. On further depositing Pb, another large triangular intensity pattern starts to
emerge outside the Bi-derived one [Fig. 4(c)]. This large FS is assigned to the Pb-derived FS [34]
because its intensity is systematically increased upon Pb deposition and at the same time the inner
Bi-derived pocket is gradually suppressed.

To experimentally establish the SC proximity effect in the Pb/Bi hybrid, it is essential to simulta-
neously demonstrate the SC nature of the Pb film and the proximity-induced superconductivity in
the Bi film. For this purpose, we have chosen a sample with Td = 12.5 min (the thickness of this
Pb film was estimated to be ∼5 ML from the deposition rate), because we can resolve both Pb- and
Bi-derived bands simultaneously [Figs. 4(c) and 4(f)] in this sample when we measure along a k cut
crossing both pockets [white dashed line in Fig. 4(c)]. Figure 5(a) shows ultra-high-resolution EDCs
at the Fermi wave vector (kF) point of the Pb-derived FS [point A in Fig. 4(c)] measured at T = 5
and 10 K across the SC transition temperature Tc of bulk Pb (7.2 K). At T = 5 K, one can recognize a
leading-edge shift toward higher EB together with a pile up of the spectral weight slightly away from
EF, a typical signature of an SC gap opening. The coherence peak vanishes at T = 10 K due to the
gap closure, as better visualized in the symmetrized EDC [Fig. 5(b)], which is generated by adding
the original EDC [Fig. 5(a)] and the reversed EDC with respect to EF to cancel out the influence
of the Fermi–Dirac distribution function [43]. We have estimated the SC gap size at T = 5 K to be
1.1 meV from the numerical fittings with the Dynes function [44]. This value is close to that of bulk
Pb (∼1.2 meV) [45].
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Fig. 5. (a) Ultra-high-resolution EDCs in the vicinity of EF (filled circles) for Td = 12.5 min, measured at
T = 10 and 5 K (across Tc of Pb film) at point A (on the Pb-derived FS) in Fig. 4(c). The result of numerical
fittings with the Dynes function [44] to the EDC at 5 K is shown by a solid curve. (b) EDCs symmetrized with
respect to EF at T = 5 and 10 K measured at point A in Fig. 4(c), highlighting the suppression of spectral
weight around EF at T = 5 K due to the SC gap opening. (c) As (b) but measured at points B–D in Fig. 4(c).
(d) Schematics of the realization of possible 2D to 1D topological superconductivity through thickness control
of Bi(111) film in contact with Pb.

Since the superconductivity is realized in the ultra-thin Pb film, we now address the essential
question of whether the Bi(111) film exhibits proximity-induced superconductivity. We show in
Fig. 5(c) the symmetrized EDC at T = 5 and 10 K measured at three representative kF points on the
Bi-derived FS [points B–D in Fig. 4(c)]. At point B, we observe a clear depletion of spectral weight
at EF indicative of a gap opening, while the gap completely vanishes at T = 10 K. The coherence
peak seems less pronounced compared to that at point A, in accordance with the smaller gap size
(0.9 meV). These observations strongly suggest that the proximity-induced superconductivity indeed
shows up in the 20 BL Bi(111) film. We also found in Fig. 5(c) that a similar gap opens at points C
and D closer to the �̄ point. This suggests that an isotropic s-wave gap opens on the Bi-derived FS. It
is noted that the magnitude of the proximity-induced gap of Bi (∼0.9–1.1 meV) is comparable to the
original gap of Pb (∼1.2 meV). Since the proximity-induced gap is known to gradually decrease on
moving away from the interface, we speculate that the observed gap originates mainly from the states
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very close to the Pb/Bi interface. Such interface sensitivity may be reasonable because we detected
photoelectrons from the interface through a thin Pb overlayer by utilizing a photoelectron escape
depth slightly larger than the Pb overlayer thickness. We have also estimated the broadening factor
� to be 0.5 and 0.8 meV at points A and B, respectively. These values are not so small compared
to the gap magnitude of ∼1 meV, and almost comparable to the scale of thermal broadening (5 K
∼ 0.5 meV) at point A and larger at point B, in accordance with the observed large residual sub-
gap density of states. This result suggests that disorder-induced in-gap broadening plays some role
besides the thermal broadening, although it is difficult to distinguish each contribution due to the
error bar originating from the experimental resolution and data statistics.

Observation of the proximity-induced superconductivity in Bi(111) has important implications for
SC pairing. It is likely that proximity-induced superconductivity occurs on the spin-split Rashba SS
(though it is hybridized with the bulk bands near EF) caused by the inversion symmetry breaking
at the interface and the strong SOC. This would not favor a simple singlet Cooper pairing, but
would promote the mixing of singlet and triplet pairs, as generally discussed in noncentrosymmetric
superconductors [46]. In this regard, the Pb(111)/Bi(111) heterostructure provides a useful platform
to study the 2D Rashba superconducting state with a considerably higher Tc (∼6–7 K) than those
for other known Rashba or noncentrosymmetric 2D superconductors such as (Tl, Pb) ultrathin film
on Si(111) (Tc ∼ 2.2 K) [47] and monolayer 1H -NbSe2 (Tc ∼ 1.5 K) [48].

Now we discuss the possibility of 2D topological superconductivity. It has been suggested that the
necessary conditions for realizing 2D TSC with the Rashba state are (i) to make a good heterointerface
between a superconductor and a counterpart material that hosts Rashba states, (ii) to induce a pairing
gap on the spin-split band, and (iii) to situate the Kramer’s point of the Rashba state very close to
EF and then open up a Zeeman gap under a magnetic field while keeping the superconductivity.
Conditions (i) and (ii) seem to be fulfilled in the present case. Condition (iii) is known as the
Majorana condition, written as μBgHz/2 >

√
�2 + μ2 [13], where g, Hz, �, and μ are the g-factor,

out-of-plane magnetic field, gap magnitude, and chemical potential, respectively. The g-factor of
Bi is known to be ∼200 [38], and μ in Pb(111)/20BL-Bi(111) is estimated to be ∼50 meV from
an extrapolation of the Bi-derived holelike bands in Fig. 4(f). Putting these values into the above
equation, we obtain the minimal Hz to be 8 T, which is much larger than the upper critical field of
Pb (∼0.15 T) [49]. Thus, it is necessary to situate the Kramer’s point of the band structure almost
exactly at EF (i.e. μ ∼ 0). This points to the necessity to lift up EF by ∼50 meV using electric gating
or electron doping to the surface by, e.g., alkali-metal deposition.

We comment here that proximity-induced superconductivity has recently been clarified in a 1 BL
Bi(111) island on top of a superconducting Nb(110) substrate [20] with STM. Comparing to this
Bi/Nb system, the Pb/Bi heterostructure may have an advantage in that (i) proximitized Bi film has a
larger terrace so that the band structure responsible for superconductivity can be directly measured
by ARPES, and (ii) one can investigate the FS-topology dependence of the SC proximity effect (this
point will be detailed later). On the other hand, the Pb/Bi system also has the disadvantage that the
Majorana bound state, if it exists, is likely located at the buried interface and would not be easily
accessed by STM (note that fabrication of Bi on Pb is not possible at the moment due to clusterization
of Pb during Bi deposition).

It should be noted that the Pb(111)/Bi(111)/TBS hybrid has a unique characteristic for studying the
SC proximity effect in strongly spin–orbit-coupled materials. Since one can dramatically alter the
FS topology of Bi(111) by simply varying its thickness [see the schematics in Fig. 5(d)], this hybrid
would work as a useful platform to study the interplay among the band structure (FS topology), the
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proximity-induced superconductivity, and the SOC. Moreover, when the 3 BL film is proximitized
with a Pb film (see Fig. B1 of Appendix B for details of the ARPES data), it may host 1D topological
superconductivity characterized by the SC helical edge states of a QSH insulator [50], although the
QSH insulator nature needs to be further verified by other experiments such as STM and electrical
transport (note that a Bi(111) ultrathin film is also interesting in the context of 1D TSC using the
hinge states of higher-order TI [51]). Direct access to such edge states by local probes and detection
of the Majorana zero mode are important challenges in the experiment.

4. Conclusion

We have investigated the electronic structure of an epitaxially grown heterostructure of
Pb(111)/Bi(111)/TBS by ARPES. In Bi(111)/TBS, we revealed a drastic change in the band struc-
ture as a function of the Bi film thickness d, characterized by the metallic QWS (d = 1–2 BL), the
semiconducting-like band structure (d = 3 BL), and the Rashba SS (d = 5–20 BL). We observed
proximity-induced superconductivity for a 20 BL Bi(111) film when an ultra-thin Pb(111) film
is epitaxially grown on it; an isotropic pairing gap of ∼1 meV emerges on the Bi-derived FS at
T = 5 K. The present result lays a foundation for studying the interplay among band structure,
proximity-induced superconductivity, and SOC.
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Appendix A. Comparison of the electronic structure between d = 3 and 4 BL Bi(111)

Figure A.1(a) shows a comparison of ARPES intensity mapping at the Fermi level (EF) for d BL
Bi(111)/TlBiSe2 (TBS) between d = 4 and 3. One clearly recognizes a similar triangular intensity
pattern for the two samples. The ARPES intensity plot along the cut in Fig. A.1(b) shows the
absence of a clear EF-crossing of bands for both samples. These similarities in the Fermi surface
topology and the band dispersion suggest that both samples (d = 4 and 3) share a common electronic
structure.

Appendix B. Band structure of Pb(111)/3BL-Bi(111)

We have succeeded in fabricating a Pb(111)/3BL Bi(111) heterostructure (d = 3) as well as one
of d = 20. A side-by-side comparison of the ARPES intensity mapping at EF for a Bi(111) film
(d = 3 BL) on TBS before and after Pb deposition shown in Figs. A.2(a) and A.2(b), respectively,
reveals that the Pb deposition produces a large triangular intensity pattern outside the relatively
small Bi-derived triangular feature [Fig. A.2(b)]. The Pb deposition also causes an upward shift of
the topmost valence band compared to pristine 3 BL Bi(111) [Figs. A.2(c) and A.2(d)]. We remark
that the shifted topmost valence band does not seem to cross EF, suggesting that the Bi film keeps
the semiconducting-like nature even after Pb deposition. This situation may be favorable to realize
a 1D TSC that utilizes the superconducting metallic edge states without disturbance from the bulk
conduction.
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Fig.A.1. (a,b) ARPES intensity mapping at EF and ARPES intensity plot along the �̄K̄ cut, respectively, for
Bi(111) films with d = 4 and 3 BL, measured at T = 30 K with the He-Iα photons (hν = 21.218 eV).

Fig.A.2. (a,b) ARPES intensity mapping at EF for d = 3 BL Bi(111) film on TBS before and after Pb
deposition, respectively, measured at T = 30 K with the He-Iα photons (hν = 21.218 eV). The Pb deposition
time Td is 13 min. (c,d) ARPES intensity plots along the �̄K̄ cut before and after Pb deposition, respectively,
for the 3 BL Bi(111) film. The dashed curves are a guide for the eyes to trace the topmost valence band.
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