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Achieving a Large Energy Gap in Bi(110) Atomically

Thin Films

Qing Yuan, Yafei Li, Deping Guo, Cancan Lou, Xingxia Cui, Guangqgiang Mei,
Chengxiang Jiao, Kai Huang, Xuefeng Hou, Wei Ji,* Limin Cao,* and Min Feng*

Metal-insulator transition has long been one of the key subjects in condensed
matter systems. Herein, the emergence of a large energy gap (E, 0.8-1.0eV) in
Bi(110) two-atomic-layer nanoribbons grown on a SnSe(001) substrate is reported,
which normally has an intrinsic semimetal-like characteristic. The existence of this
abnormally large E; in Bi(110) is, however, determined by Bi coverage. When
coverage is above ~64 + 2%, E; vanishes, and instead, a Bi(110) semimetal-like
phase appears through a singular insulator-metal transition. Measurements using
qPlus atomic force microscopy demonstrate that either insulating or semimetal-like
Bi(110) possesses a distorted black phosphorous structure with noticeable atomic
buckling. Density function theory fully reproduces the semimetal-like Bi(110) on
SnSe(001). However, none of the insulating phases with this large E; could be
traced. Although the underlying mechanism of the large E; and the insulator-metal
transition requires further exploration, experiments demonstrate that similar
results can be achieved for Bi grown on SnS, the structural analog of SnSe,
exhibiting an even larger E, of ~2.3 eV. The experimental strategy may be
generalized to utilization of group-IV monochalcogenides to create Bi(110)
nanostructures with properties unachievable on other surfaces, providing an
intriguing platform for exploring the interesting quantum electronic phases.

1. Introduction

Engineering interfacial coupling between ultrathin films and
substrates facilitates opportunities to create new materials with
electronic properties completely different from those of their
bulk counterparts.'™ Being a heavy element with unique and
anomalous electronic properties, the semimetal bismuth (Bi)
is one of the most extensively studied materials and has played

an exceptional role in revealing many
interesting phenomena in solid-state
physics.*% In particular, ultrathin Bi
films have provided a representative plat-
form for fundamental and technological
explorations through delicate tailoring of
their atomic and electronic structures,!**"!
interfacial  structure,>*?*%!  charge
doping,”"*% etc. When Bi is deposited on
alternative substrates with a few-layer
atomic thickness, such as Si(111),”” highly
oriented pyrolytic graphite (HOPG),!'*2%28l
epitaxial graphene,*?% NbSe,,**% and
ferromagnetic Fe;GeTe,,™ Bi normally
forms Bi(110)-oriented thin films. Bi(110)
atomic films show a biatomic layer stacking
structure similar to that of black phospho-
rus (BP), where each unit cell of the
Bi(110) atomic layer contains two Bi atoms.
According to the atomic buckling height,
Ah, of the two Bi atoms, the Bi(110) films
are categorized as BP structures with flat
surfaces (Ah=0) and distorted BP (DBP)
structures (Ah # 0). Few-layer Bi(110) thin
films have attracted extensive attention
due to their discovery of a series of exotic quantum phenomena.
For example, BP-like Bi(110) on graphene has been reported to be
an elemental 2D topological insulator (TT) with well-localized
topological edge states,!"*** while its bulk energy gap is less than
100 meV.

Atomic buckling has been predicted to be important for mod-
ulating the electronic properties of ultrathin Bi(110) layers.*~*¢!
Despite extensive studies on Bi(110) films grown on various
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substrates,'**232529 experimental proof of the creation of

DBP Bi(110) with atomically resolved Ah and exploration of
its associated electronic structures have been limited. In our
study, we introduced substrates with a DBP structure,?°3 such
as SnSe(001), aiming to induce atomic buckling in Bi(110) to
modulate its electronic properties. Through van der Waals
(vdW) epitaxy, two-atomic-layer (2-AL) Bi(110) nanoribbon thin
films with different Bi coverages were grown on SnSe(001)
surfaces. Utilizing qPlus noncontact atomic force microscopy
(qPlus nc-AFM), we directly characterized and confirmed non-
uniform atomic buckling structures in the formed Bi(110) atomic
thin films, which had a measured maximum Ah of less than
6.2+ 1.5 pm. However, scanning tunneling microscopy/spec-
troscopy (STM/STS) showed that the electronic structures of
the grown Bi(110) were categorized into two distinct phases
depending on the coverage of Bi. When the coverage was less
than ~6442%, an anomalous large energy gap (Eg) of
0.8-1.0eV emerged in Bi(110) nanoribbon thin films.
However, when the coverage of Bi on SnSe was more than
~64 + 2%, it underwent an abrupt insulator-metal transition
into the semimetal-like state. The semimetal-like phases of
Bi(110) with DBP structures were predicted in previous stud-
ies!*#>2% and were verified by our density function theory
(DFT) calculations. However, this insulating phase with its large
Eg of 0.8-1.0 eV was beyond the scope of current theoretical work
based on its induction via atomic buckling.

Furthermore, our qPlus AFM measurements showed that
upon the formation of insulating Bi(110) nanoribbons, the
Sn—Se atomic zigzag (ZZ) chains adjacent to insulating Bi
nanoribbons were unexpectedly pulled up to 20.4 £+ 1.5 pm,
higher than those farther away from Bi. This distortion was
accompanied by an ~0.5eV downshift of the valence band
maximum (VBM) with a negligible change in the conduction
band minimum (CBM) in SnSe close to Bi; this result could
be effectively reproduced by our DFT calculations. Therefore,
our work supports the fact that there is strong interfacial
coupling between Bi(110) and SnSe(001), which leads to
pulling-up of the SnSe(001) atomic layer(s) underneath Bi and
introduces a consecutive distortion of the adjacent SnSe atomic
chains. Our experiments further showed that the phenomena
observed for Bi on SnSe could be generalized for Bi on
group-IV monochalcogenides MX (M = Sn or Ge and X=S or
Se) with DBP structures. On the SnS substrate, the Bi(110)
2-AL thick nanoribbons have an even larger E, of ~2.3 eV and
experience an insulator-metal-like phase transition when the
coverage of Bi(110) nanoribbons is more than ~80+ 2% on
SnS substrates.

2. Results and Discussion

The 2-AL Bi(110) nanoribbon thin films were grown on
SnSe(001) and SnS(001) substrates through vdW epitaxy at room
temperature (RT). Figure 1a shows the side- and top-view atomic
models of a 2-AL Bi(110) layer residing on SnSe(001) substrate.
As schematically shown in the model, the BP-structured 2-AL
Bi(110) has Bi atoms propagating in chains along the zigzag
(2Z) direction and troughs in the orthogonal armchair (AC)
direction. In each AL, a unit cell of Bi (denoted by the black
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rectangle in Figure 1a) contains two Bi atoms (denoted Bis—Big),
forming a Bi-Bi dimer, which is unpuckered on isotropic sub-
strates such as HOPG.'*?® The SnSe(001) substrate has a
DBP structure in which Sn atoms are slightly elevated above
the neighboring Se atoms.**=*! Figure 1b shows a typical
STM image of an as-grown Bi nanoribbon thin film with a cov-
erage of ~46 & 2% on the SnSe surface. Under positive biases, Bi
nanoribbons exhibit a waffle-like rectangular superstructure
composed of rectangular supercells, as marked by the blue-
dashed rectangle in the inset in Figure 1b. Bi nanoribbons
elongate along the zigzag direction of SnSe, as verified by the
atom-resolved Sn—Se ZZ chains shown by qPlus AFM imaging
(Figure 1c). The height line profiles of Sn and Se atoms along the
AC direction (as labeled by the red and black arrows in Figure 1c)
show a measured atomic height difference of 24.7 + 1.5 pm,
consistent with the theoretically predicted value of ~29.0 pm
(Figure S1, Supporting Information). Considering that the
qPlus AFM results could slightly vary depending on the scanning
parameter used, Af, we performed control experiments under
different conditions to measure the atomic heights of Sn and
Se atoms. Our results show that the measured values only
slightly vary when Af is in a certain range (Figure S2,
Supporting Information). This confirms that the AFM results
can reproducibly reflect the spatial atomic height difference at
the surface when Af'is carefully chosen.

The nanoribbon thin film has a typical AFM measured height
of 698.5+ 1.5pm (Figure 1d), consistent with our theoretical
value and the experimental values reported for 2-AL BP-like
Bi(110) on HOPG.'*?*%] An atom-resolved STM image
(Figure 1e) shows the atomic configuration of the rectangular
supercell (marked by the blue-dashed rectangle in Figure 1e)
with clearly resolved Bi, and Big atoms in the Bi(110) ZZ chains.
Combined with the atom-resolved AFM imaging in Figure 1f, we
determine that the rectangular Bi(110) supercell is composed of
11 x 11 Bi ZZ chains and AC rows. Based on the observed align-
ment of the Bi and SnSe ZZ chains and the measured lattice con-
stants of Bi and SnSe (4.8 +0.2 (AC) and 4.5 4 0.2 (ZZ) A for Bi;
4.4 £ 0.2 (AC) and 4.1+ 0.2 (ZZ) A for SnSe), we identify that
Bi forms a Bi(110)-11 x 11/SnSe(001)-12 x 12 Moiré superlat-
tice. Although the Bi, and Bip atoms in the Bi(110) unit cell
are of similar STM contrast in Figure 1le, they are considerably
different in AFM imaging (Figure 1f). As illustrated by the
height line profiles (Figure 1g) of Biy and Bip atoms along
the AC direction (marked by black- and red-dashed arrows in
Figure 1f), pronounced buckling of Bin—Bip atomic pairs occurs
in one atomic unit cell. Furthermore, the atomic buckling is
nonuniform within one supercell, showing a typical maximum
Ahof 3.8 + 1.5 pm. We carried out AFM measurements with dif-
ferent tips and scanning parameters (Figure S3, Supporting
Information), and they provided similar Ah values. This enabled
verification of the result that the magnitude of Ah is less than
10.0 pm. Since the AFM image contrast dominantly records the
atomic height variation, our results clearly confirm that the 2-AL
Bi(110) grown on the SnSe(001) surface has the DBP structure.

In addition to experimentally confirming the atomic buckling
structure in the Bi nanoribbon, we further performed detailed
STS measurements to study its electronic properties. Figure 2a
shows a series of STS dI/dV spectra acquired from four typical
locations in the Bi(110) supercell. A common feature of the
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Figure 1. Atomic structures of 2-AL Bi(110) on the SnSe(001) substrate. a) Schematic side- and top-views of 2-AL Bi(110) on the SnSe(001) surface. The
black rectangle marks the atomic unit cell of Bi(110) containing Bis and Big atoms. b) STM image (V=1.8V, =5 pA) of Bi(110) nanoribbons on
SnSe(001). The nanoribbons preferentially grow with the elongation direction along the ZZ direction of the SnSe substrate. The inset shows the typical
STM contrast of the Bi(110) supercell acquired at V=0.87V and | =5 pA, where the blue-dashed rectangle marks a supercell. ¢) Atom-resolved AFM
image (Af= —1.18 Hz) of the SnSe substrate marked by the yellow square in (b). The atomic model is superposed on the AFM image to locate Sn and Se
atoms. AFM line profiles along Sn and Se atomic rows marked by the black and red arrows in (c) along the AC direction are shown in the right panel.
d) AFM height profile of the Bi nanoribbon measured along the AC direction (shown in the inset). e) Atom-resolved STM image (V=0.87V, | =1.28 nA)
of the Bi(110) nanoribbon, with the blue-dashed rectangle marking the supercell and the black rectangle marking the atomic unit cell. f) Atom-resolved
AFM image (Af= —9.90 Hz) of Bi(110). The blue-dashed rectangle marks the supercell. g) AFM line profiles examined along Bis and Big atomic rows
(marked by the black and red arrows in (f) along the AC direction. The atomic buckling height Ah between Bis and Big in one atomic unit cell is highlighted

by the atomic model. CO and/or metallic tungsten tips were used in the measurements.

dI/dV spectra is that each has a pronounced energy gap of
~0.9 eV (Figure 2b), corresponding to the nearly zero current
in the -V curves (Figure S4, Supporting Information).
Bi(110) ultrathin films grown on various alternative substrates
normally have semimetal-like characteristics or act as TIs with
a very small bulk E,, originating from the pristine semimetal
nature of bulk Bi;“%'“'23’25’26'28'29] our experiments produced
drastically different results, with a large E, emerging in
Bi(110) on SnSe. To verify our abnormal E, we performed
extensive location-dependent STS studies. All STS spectra show
the presence of ~0.9 eV Ej in different regions within the super-
lattice despite inhomogeneous atomic buckling (Figure S5,
Supporting Information). Height-dependent STS spectra show
that the bandgap is independent of the electric field applied
between the STM tip and the sample (Figure S6, Supporting
Information), excluding the possible Stark shift effect on the
spectra.?=°! These results establish the existence of a robust
E; hosted in the Bi(110) superlattice nanoribbons.

To further characterize the grown 2-AL Bi(110) on SnSe(001),
we examined the evolution of dI/dV spectra from the middle to
edge of the nanoribbon. As shown in Figure 2¢, edge states
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appear when approaching the island edge (Figure S7,
Supporting Information). The edge states could be induced by
atomic reconstruction at the edge.'>**) The appearance of
edge states causes the energy gap of Bi(110) to shrink to
~0.7 eV around the edge. This result is another distinct feature
of our grown Bi(110) nanostructures compared to those reported.
For example, BP-structured Bi(110) on HOPG was verified
as a TI, where the dI/dV spectra showed an ~100 meV gap
within the Bi nanoribbon and a gapless edge state at the edge.["’]
Bi(110) nanoribbons grown on epitaxial graphene were reported
to have a large energy gap of ~0.4eV at the center, but the
edge was metallic/*” In our experiments, pronounced E, is
robustly shown over the nanoribbon, both from the body and
the edge. Moreover, we acquired a series of STS spectra from
Bi nanoribbons with different widths from 9.0 to 45.0 nm.
The obtained E, values are similar, mostly in the range of
0.8-1.0eV (Figure 2d). Thus, the quantum confinement effect
is not considered to be the origin of the energy gap in 2-AL
Bi(110) on SnSe. We noticed that in previous work on Bi(110)

nanostructures, quantum confinement was not involved
either.[13:21:23,25,26,28,29]
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Figure 2. Electronic structures of the 2-AL Bi(110) nanoribbon on the SnSe(001) substrate. a) Typical STS dl/dV spectra acquired at the four typical STM
contrast regions in a Bi(110) supercell, marked by the black, red, green, and brown dots in the inset STM image. The spectra lines are offset for clarity. The
horizontal black-dashed lines indicate zero conductance in each of the spectra. b) Logarithmic coordinate y-axis for the dI/dV spectra in (a). The energy
gap can be visualized more clearly. c) Intensity contour of STS d//dV spectra acquired from the edge to the interior of the Bi nanoribbon along the AC
direction, as marked by the black-dashed arrow in the upper panel STM image. The red-dashed rectangle shows the edge states around the edge. An
oscillation seems to appear between —0.5 and —1.0V in (c). A close examination of the d//dV spectra, as shown in Figure S8, Supporting Information,
reveals that this is caused by deeper energy states rather than the valence edge. This does not influence the valence edge and thus E, (Figure S8,

Supporting Information). d) Measured E, values from a series of Bi(110) nanoribbons with different widths.

The emergence of the large E, in Bi(110) on SnSe is anoma-
lous in comparison with previous studies on various Bi(110) thin
films grown on different substrates,[13:21:23:25:26.28.29] (hich were
normally an intrinsic semimetal or an atomic buckling-induced
TI. It was predicted that 2-AL Bi(110) could also behave as a trivial
semiconductor with a very narrow bandgap, which depended on
the magnitude of the atomic buckling (Ah)."***) When Ah is in
the range of 0.0-10.0 pm, 2-AL Bi(110) is a nontrivial TT with a
bulk gap of less than ~100 meV; however, when Ah > 10.0 pm, it
transforms into a trivial narrow-bandgap semiconductor.
According to the prediction and considering the largest atomic
buckling value (3.8 4+ 1.5 pm) experimentally observed in the
Bi nanoribbons, the grown Bi(110) should be a TI with E, less
than 50 meV. Additionally, based on the prediction, if the atomic
buckling Ah is 50.0 pm, then Bi(110) could produce a bandgap as
large as 0.4eV. However, this is ten times larger than our
observed Biy—Bip atomic buckling value. This case would not
occur since the calculated (Figure S1, Supporting Information)
and measured (Figure 1c) atomic buckling values between Sn
and Se of the SnSe substrate are only ~29.0 and ~24.7 pm,

Small Struct. 2023, 4, 2300207 2300207 (4 of 9)

respectively. Consequently, 50.0 pm atomic buckling is unlikely
to occur in reality for Bi grown on SnSe. Specifically, the pres-
ence of atomic buckling alone could not explain the origin of the
observed large E; in 2-AL Bi(110) on SnSe. Bi evaporated on
GaAs(110) was reported to have a 0.7eV energy gap.
However, in that case, the Bi atoms hybridized with Ga and
As atoms, and an atomic interlayer was formed with a thickness
of 260 pm.* This was structurally different from the 2-AL
Bi(110) with a thickness of 698.5 + 1.5 pm (Figure 1d).

Since substrates were less frequently investigated in experi-
mental studies of submonolayer films and to further explore this
emergent abnormal E,, we examined the SnSe substrate, espe-
cially the regions adjacent to Bi(110) nanoribbons, using qPlus
AFM and STM/STS. Our measurements clearly demonstrate
that the growth of Bi(110) thin films greatly modifies the atomic
and electronic structures of the SnSe surface layer. Figure 3a
shows an STM topographic image, exhibiting the lateral interface
between a Bi(110) nanoribbon and the SnSe(001) substrate.
The atom-resolved AFM image of the SnSe region adjacent to
the edge of the Bi nanoribbon (marked by the blue rectangle

© 2023 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 3. Atomic distortions of the SnSe substrate upon the growth of Bi nanoribbons. a) STM topographic image of a Bi nanoribbon and a SnSe
substrate. The blue square marks a typical SnSe region adjacent to the Bi nanoribbon. b) Atom-resolved AFM image (Af = —14.8 Hz) of the blue square
marked region in (a). The inset shows the amplified image of the white-dashed rectangle marked region, highlighting the resolved Sn and Se atoms.
c) AFM line profile of Sn atoms from the interface to the interior of SnSe along the AC direction, which is marked by the black-dashed arrow in (b).
Lac denotes the Sn—Sn atomic distance in the AC direction. d) Variation in Lac and corresponding in-plane tensile strain between Sn atoms of SnSe from
the Bi-SnSe interface to far from the interface along the AC direction. The green rectangle in the top panel marks the measured region as indicated in (b).
Lac represents the average Sn—Sn atomic distance measured for regions ~20 nm away from the Bi nanoribbon on the SnSe surface layer. This distance is
almost identical to that of the pure SnSe substrate. €) STS spectrum map acquired along a line from the Bi-SnSe interface away from the Bi nanoribbon in
the AC direction (denoted by the orange-dashed arrow in (a). f) DFT-calculated energy positions of the VBM and CBM of 2-AL SnSe under different
amounts of compression and/or extension along the AC direction. The energy values of the VBM and CBM are relative to the vacuum energy level.
The black (green) dot represents the VBM (CBM). Laco represents the Sn—Sn atomic distance of pure SnSe in the AC direction.

in Figure 3a) is shown in Figure 3b. The pronounced feature = nanoribbon edge in AFM measurements. Upon pulling-up,
shows that the SnSe ZZ chains close to the Bi nanoribbon pres-  the lateral (in the AC direction) lattice constant of SnSe is
ent brighter contrast, indicating that they are evidently higher  increased to ~5.14 0.2 A at the location close to the Bi nanorib-
than those chains farther away from Bi. This result is further  bon, as shown in Figure 3d. It gradually recovers to the normal
illustrated in Figure 3c, in which the typical height line profile = Sn-Sn lattice constant on undistorted SnSe(001) surfaces
of Sn atoms in the same AC row is shown. Sn atoms are highest ~ (~4.4 4+ 0.2 A) after a lateral distance of ~40.0 A. This corre-
around the island edge, while the height gradually decreases sponds to a lateral tensile strain in the AC direction as high
away from the edge and reaches a uniform height after ~7-8 as 16% for the Sn-Sn lattice (green triangles and curve in
atomic ZZ chains. A maximum 20.4 &+ 1.5 pm height difference  Figure 3d). In contrast, we discovered that the Sn—Sn atomic dis-
is observed between the Sn atoms next to and far from the Bi  tances remain uniform in the ZZ direction regardless of where
nanoribbon. In contrast, there is negligible height variation  they are measured (Figure S9, Supporting Information).
between Sn atoms along the ZZ direction, as shown in Figure The atomic distortions of SnSe ZZ chains are accompanied by
S9, Supporting Information. We performed control experiments  a notable influence on the electronic characteristics. Figure 3e
(Figure S10, Supporting Information) to exclude any tip-induced ~ shows the intensity contour of the STS dI/dV spectra measured
artifacts in the AFM measurements and verify our observations.  from the Bi—SnSe interface to away from the Bi nanoribbon in
The AFM results indicate that SnSe ZZ atomic chains under-  the AC direction on SnSe (denoted by the orange-dashed arrow
neath and next to the Bi nanoribbon are pulled up upon Bi in Figure 3a). Two typical dI/dV spectra in Figure S11,
adsorption, which is consequently shown by brighter contrasts  Supporting Information, show the electronic characteristics of
and higher profiles of the SnSe ZZ chains around the Bi  SnSe close to and far from the Bi nanoribbon. The VBM of
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SnSe adjacent to Bi has a downshift of almost 0.5 eV, while there
are negligible changes in the CBM. From Figure S12, Supporting
Information, the influence of Bi on the VBM of SnSe spans a
range as large as ~200.0 A from the nanoribbon edge.

The experimentally observed different responses of the SnSe
CBM and VBM to Bi adsorption are confirmed by our DFT cal-
culations. In Figure 3f and S13, Supporting Information, we
show the calculated band structures of freestanding 2-AL
SnSe upon compression and/or expansion in the AC and ZZ
directions, respectively. The theoretical CBM and VBM show
similar evolution trends upon lattice distortion as those observed
in experiments. Based on qualitative analysis, the VBM is more
easily perturbed by the in-plane lattice distortion due to the
primary contribution from the in-plane p, orbitals (Figure S14,
Supporting Information). Therefore, both our experimental and
theoretical results demonstrate that Bi adsorption causes lattice
distortion of SnSe, which induces changes in its electronic struc-
ture; these results consistently support our deduction that Bi
pulls SnSe surface atomic chains up, indicating that a strong
interaction potentially occurs between the Bi atoms and
SnSe underneath them. Further experimental and theoretical
work is needed to explore the nature of this interaction and
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its relationship to the emergence of the large E, in Bi nanorib-
bons on SnSe.

Our experiments demonstrate that the coverage of Bi(110)
nanoislands on SnSe plays a deterministic role in the appearance
of the large E, in Bi nanostructures. When we further increased
the coverage of Bi(110) layers to ~64 2% Dby continuously
depositing Bi atoms onto SnSe, the Bi(110) went through a sin-
gular insulator—metal transition into a semimetal phase. For this
analysis, considering the inhomogeneous distributions of Bi
nanoribbons/islands, the coverage was estimated by repeatedly
examining tens of 150 x 150 nm regions to obtain a statistical
value. dI/dV spectra acquired from Bi nanoribbons/islands
within the examined regions demonstrate the typical electronic
characteristics of Bi at that coverage. Figure 4a shows some rep-
resentative STS spectra acquired on Bi nanostructures at four
typical coverages of ~27 4 2%, ~58+2%, ~64+2%, and
~73 £2%. When the coverage is lower than 64 £ 2%, a pro-
nounced E, is presented. With higher coverage, the Bi nanorib-
bons resume their normal semimetal-like character, exhibiting a
characteristic V-shaped dip and a linear dispersion around the
Fermi level (E) (shown by the brown and yellow—green colored
curves in Figure 4a). At the critical coverage of 64 +2%, the
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Figure 4. Energy gap of Bi(110) as a function of the coverage of Bi on SnSe. a) Series of typical STS dI/dV spectra acquired from the Bi(110) nanoribbons/
islands at different coverages. Two spectra for Bi nanoislands with different sizes (highlighted in the inset images) at each coverage are shown with the
corresponding colors. The two vertical black-dashed lines in the dI/dV curves at 64 4= 2% coverage mark the zero intensity of d//dV signals. For the pink
curve, the amplified di/dV feature around E is shown. b) Statistical E; values from different Bi(110) nanoribbons/islands as a function of Bi coverage. The
red-lined (dashed) oval marks the data at ~64 + 2% (~95 & 2%) coverage. c) STS diI/dV spectra acquired from the edge to the interior of the Bi nano-
island in the AC direction at ~95 + 2% coverage. The triangles with different colors represent the measurement locations. An edge state appears at
~0.03 V. d) STS dI/dV map at 0.03 V, showing the bright contrast at the edge of the Bi nanoisland.
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spectra show a superposition of insulating and semimetallic Bi
phases, as exhibited by the cyan and pink spectra in Figure 4a
(please refer to Figure S15, Supporting Information, for more
information). The cyan curve demonstrates a solid E, similar
to those acquired at coverages of ~27 +2% and ~58 + 2%.
The pink curve, however, shows a small E,. Upon closer analysis,
the pink curve clearly shows a nonzero intensity at Er, where the
V-shaped dip and linear dispersion around Er indicate its
semimetal-like characteristics. The coexistence of the two
electronic phases at ~64 + 2% coverage is emphasized by the
statistically measured E, values from various Bi(110) nanostruc-
tures as a function of Bi coverage, as denoted by the red oval in
Figure 4b. At the coverage of 73 £ 2%, all the Bi islands present
obvious semimetal-like characteristics, regardless of their size or
width, as demonstrated in the brown and yellow-green dI/dV
spectra.

For the semimetal Bi(110), the theoretical and experimental
results exhibit good consistency. AFM data for a nearly full cov-
erage (=95 £ 2%) sample show that the semimetal Bi(110) also
has the DBP structure with a Bi(110)-11 x 11/SnSe(001)-12 x 12
Moiré superlattice, where the measured maximum Ah is 6.2
+ 1.5 pm. This DBP structure is effectively reproduced by our
DFT calculations of full coverage 2-AL Bi(110) on SnSe.*” A
closer analysis of the dI/dV spectra (Figure 4c) acquired from
the interior of a Bi nanoisland shows a dip at ~—0.01V and
an asymmetric “V” shape around the dip, which is in agreement
with the DFT-calculated semimetal character. When approaching
the edge of the Bi nanoribbon, an evident edge state appears at
0.03V, which sharpens the characteristic dI/dV feature into a
symmetric V-shape around Er. The edge state presents a bright
contrast at the edge of the islands in the STS dI/dV mapping
image (Figure 4d), consistent with the DFT-predicted atomic
buckling-modulated topological electronic phase of free-standing
2-AL Bi(110)."*'*! Consequently, DFT calculations reproduce
the atomic and electronic structures of the semimetal-like Bi
on SnSe well. However, the emergence of the large E, and
the subsequent transition as a function of the Bi coverage require
further theoretical investigation; multiple factors, such as the
strong interfacial interaction between Bi and SnSe, the Moiré
potentials formed in Bi/SnSe superlattices, and the possible
electron—electron correlations, need to be comprehensively
considered.

3. Conclusion

Our extensive experimental work has demonstrated that the
above unusual phenomena generally occur for Bi(110) nano-
structures grown on insulating substrates that possess DBP
structures. Based on the concept of utilizing substrates with
the DBP structure to create large E, Bi(110) semiconductors,
we selected SnS(001), which is a structural analog to
SnSe(001),2°3>*"*] to grow Bi(110) nanoribbons. Our results
(Figure S16, Supporting Information) show that Bi(110) nanorib-
bons on SnS have semiconducting characteristics with an energy
gap as large as ~2.3 eV, which is even larger than the measured
gap of SnS (1.1-1.5eV).P*3>*1#1 Similarly, the large E, in
Bi(110) on SnS(001) vanishes when the coverage of Bi(110)
atomic thin films is above ~80 + 2% (Figure S16, Supporting
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Information). We anticipate that these phenomena may emerge
in Bi(110) on a series of group IV monochalcogenides MX
(M=Sn or Ge and X=S or Se) that possess DBP structures.
Future research on understanding the factors that cause the
emergence of the large E; and the insulator—metal-like transition
could provide a promising avenue for designing and creating
quantum materials, including but not limited to Bi on MX, with
interesting electronic properties for engineering novel quantum
devices.

4. Experimental Section

Sample Preparation: The high-quality SnSe and SnS single crystals used
in the experiments were home grown using the temperature gradient
growth method from high-purity (99.9999%) Sn, Se, and S granules.
First, Sn and Se (Sn and S) granules with the stoichiometry of SnSe
(SnS) and a total weight of 30 g were loaded into a quartz ampoule with
an inner diameter of 11 mm. Then, the ampoule was evacuated to
<5x 107> Torr and sealed. The primary ampoule was inserted into a
quartz tube, which was evacuated and sealed to protect the sample
and ampoule. The double-sealed quartz tube was loaded into a tubular
furnace at a 15° angle from the horizontal plane. In the furnace, the sample
was slowly heated to 980 °C over 30 h, maintained at this temperature for
48 h, and then cooled from 980 to 500 °C at a precisely controlled rate of
1°Ch™". After the furnace was cooled to RT, the synthesized SnSe
and/or SnS single crystals were removed from the quartz ampoule and
exposed to air.

Prior to STM experiments, the SnSe (SnS) crystals were cleaved in situ
in a preparation chamber under ultrahigh vacuum (UHV) conditions at RT.
Bi atoms (99.999% purity, Sigma-Aldrich) were evaporated from a
resistively heated evaporator onto the freshly cleaved SnSe (SnS) surface.
The SnSe (SnS) substrates were kept at RT during evaporation. The pre-
pared samples were immediately transferred into the STM chamber and
cooled to 5.0K.

STM and AFM Measurements: The STM, AFM, and spectroscopy experi-
ments were carried out in UHV low-temperature STM system (CreaTec) at
liquid He temperature. STM topographic images were acquired in the con-
stant-current mode. The dI/dV spectra were measured using the standard
lock-in technique with a bias modulation of 8 mV at 321.333 Hz. The STM
tips were chemically etched with tungsten and spectroscopically calibrated
against the Shockley surface states of cleaned Cu(111) or Au(111) surfaces
before being utilized on Bi/SnSe or Bi/SnS. AFM imaging was performed
via frequency modulation with a constant amplitude of A=120 pm. The
resonance frequency of the AFM probe was fo = 24.5 kHz, and its quality
factor was Q =53 764 at ~5.0K.

DFT Calculations: DFT calculations were performed using the general-
ized gradient approximation with the Perdew—Burke—Ernzerhof (PBE)
functional® for the exchange-correlation potential, the projector aug-
mented wave method,[*”! and a plane-wave basis set as implemented
in the Vienna ab initio simulation package (VASP).[48] Dispersion correc-
tions were performed at the van der Waals density functional (vdW-DF)
level*? with the optB86b functional for the exchange potential
(optB86b-vdW)BY in all structural relaxations. The structures were fully
relaxed until the residual force per atom was less than 0.001eVA™".
The PBE functional was used in the electronic structure calculations based
on the optimized atomic structures using the optB86b-vdW functional. All
electronic properties were calculated with consideration of spin—orbit cou-
pling. Energy cutoffs for plane waves of 700 and 550 eV were used for
structural relaxation and electronic structure calculations, respectively.
For 2-AL SnSe, a sufficiently large vacuum layer of over 15 A along the
out-of-plane direction was used to eliminate the interaction among layers.
The uniaxial epitaxial strain along the AC (ZZ) direction was achieved by
varying the lattice constant in the AC (ZZ) direction to a given value and
keeping the lattice constant in the ZZ (AC) direction unchanged.
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