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Abstract
Negative Differential Conductance (NDC) is a hallmark anomalous phenomenon in transport measurements, which
is relatively rare in scanning tunneling microscopy due to its direct association with the local density of states. In this
work, we constructed an ultrathin two-dimensional metal/semiconductor heterostructure by epitaxially growing a
bilayer bismuth (Bi) film on a tin selenide (SnSe) substrate, revealing a unique moiré pattern arising from lattice
mismatch. Spatially resolved tunneling spectroscopy detected a prominent NDC feature at approximately –650 meV.
Both the energy position and depth of the NDC dip are strictly modulated by the periodicity of the moiré pattern.
Our work not only establishes a novel Bi/SnSe material platform exhibiting NDC but also reports the visualization of
NDC spatially modulated by a two-dimensional moiré superlattice, providing insight for the moiré electronics.
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1 Introduction
Negative differential conductance (NDC) refers to an
anomalous phenomenon in certain circuits and devices
where an increase in voltage leads to a decrease in cur-
rent. In scanning tunneling microscopy (STM), tunnel-
ing conductance typically corresponds to the local den-
sity of states (LDOS) of electrons [1–10], which inher-
ently makes the occurrence of NDC particularly challeng-
ing. Existing theories suggest that NDC may emerge when
weakly connected or weakly coupled conductive systems
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are present [11, 12]. Previous studies have experimen-
tally observed NDC phenomena in various systems, in-
cluding self-assembled molecular structures and metal-
semiconductor nanojunctions [13–19]. Nevertheless, the
NDC phenomenon remains to be further explored and in-
vestigated in a broader range of material systems.

When probing electronic states in ultrathin films, mea-
surement results are often modulated by various extrin-
sic factors, including substrate impurities, surface defects,
grain boundaries and strain effects. Specifically, when two
periodic lattices are superimposed, moiré patterns can
emerge. The resulting moiré potential induces long-range
modulation of the electronic band structure, giving rise
to phenomena such as half-filling flat bands and second-
generation Dirac points [20, 21]. The impact of moiré po-
tential on NDC of the system has become a current re-
search interest.
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Figure 1 Morphological structure of elementary metal thin film (Bi) grown on semiconductor (SnSe). (a)-(c) Large-scale STM topographic images
(300 × 300 nm2, U = 1 V, It = 50 pA) of Bi epitaxially grown on SnSe substrates with coverage of 42.2%, 82.3% and 106%, respectively. (d) Side and
top views of crystal structure models of Bi and SnSe. Bismuth, tin and selenium atoms are represented by purple, gray and green spheres,
respectively. (e) STM image (30 × 30 nm2, U = 1 V, It = 200 pA) showing the square moiré pattern formed on 1-BL Bi. (f ) Atomic-resolution
topographic STM image (10 × 10 nm2, U = 160 mV, It = 1 nA) of the square moiré pattern

In this work, we constructed a bilayer metal-semicon-
ductor heterojunction system by epitaxially growing bis-
muth (Bi) thin films on tin selenide (SnSe) substrate. STM
investigations revealed the emergence of moiré patterns in
topographic measurements and the observation of NDC
in spectroscopic studies. Furthermore, the moiré poten-
tial modulates the electronic band structure, endowing the
NDC dip with a spatial periodicity that matches the moiré
pattern. Our work uncovers a novel material system ex-
hibiting NDC, paving the way for investigating the mutual
interplay between NDC and moiré patterns.

2 Results and discussions
Metals typically form islands or clusters when deposited

on semiconductor substrates, primarily due to signifi-
cant differences in chemical bonding, lattice constants,
and crystal structures. However, recent studies have re-
vealed that Bi can grow into atomically flat thin films on
SnSe substrates [22]. Here, we systematically investigate
the coverage dependent morphology of Bi/SnSe system.
Clean and atomically flat SnSe (001) surfaces were ob-
tained by performing cleavage in an ultrahigh vacuum
(UHV) environment. Via molecular beam epitaxy (MBE),
we prepared Bi thin films on SnSe. Figure 1(a) to 1(c)

present large-scale STM topographies of our samples. In
Fig. 1(a) with the coverage of 42.2%, isolated Bi islands
were developed on the SnSe substrate, leaving large ar-
eas of bare SnSe exposed. In Fig. 1(b), with a longer de-
position time for 82.3% coverage, the isolated Bi islands
gradually coalesce into continuous films, accompanied by
the appearance of a small number of second-layer Bi re-
gions. In Fig. 1(c), the Bi coverage becomes nearly com-
plete with 106% coverage, forming a largely continuous
bilayer with only a few remaining exposed substrate re-
gions and sporadic second-layer Bi patches. The height
of Bi film is approximately 580 pm, consistent with one
bilayer (1-BL) Bi(110). Repetitive STM topographic char-
acterizations consistently demonstrated the formation of
uniform Bi films with large-area and high-quality on the
SnSe substrate. SnSe is a kind of group-IV monochalco-
genide semiconductors with a moderate bandgap of ap-
proximately 1 eV [23], while Bi is typical semimetal with
topologically nontrivial bands [24–27]. The reason that
Bi wets SnSe is probably mainly due to the shared crys-
tal structure between them, i.e. both Bi and SnSe exhibit
a layered structure with interlayer van der Waals bond-
ing. Figure 1(d) illustrates the crystal structure of Bi and
SnSe, where the subscripts U and L label the upper and
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Figure 2 The bias-dependent dI/dV maps on a moiré pattern region. (a) STM topography on a moiré pattern region (26 × 26 nm2, U = 1 V,
It = 300 pA). (b)-(l), dI/dV maps (setpoint: U = –600 mV, It = 300 pA) taken acquired within the energy range of –250 meV to –500 meV in the region
of (a). At the lattice sites corresponding to the highest points of the square moiré pattern, the spatial distribution of the LDOS exhibits a pronounced
energy dependence. At an energy of –250 meV, it manifests as solid spheres with a high LDOS. This evolves into hollow rings at –350 meV, and
further transforms into solid dark spots with a significantly reduced LDOS at –500 meV

lower atomic sublayers of 1-BL Bi, respectively. Both Bi
and SnSe have orthorhombic lattice structures with sim-
ilar lattice constants. Figure 1(e) displays a medium-scale
(30 nm × 30 nm) STM topography of the 1-BL Bi region,
where square moiré patterns are clearly observed on the
bilayer Bi film. The measured moiré lattice constants along
the two principal directions are (5.58 nm, 5.09 nm), re-
spectively, with an interaxial angle of 88° — exhibiting a
slight deviation from the ideal square lattice configuration.
Figure 1(f ) presents atomically resolved STM topographic
images that simultaneously reveal both the Bi lattice struc-
ture and the coexisting square moiré patterns. The lattice
constants of Bi determined by experiment are (495 pm,
444 pm), while the periodicity of the square moiré patterns
is approximately ten times that of the Bi lattice.

Subsequently, we investigate the energy-dependent elec-
tronic states at the square moiré patterns. Figure 2(a)
presents an STM topography of a smaller square moiré

pattern region containing a 4 × 5 array of moiré unit cells.
Figure 2(b) to 2(l) display spatially resolved local density of
states (LDOS) maps acquired in the same region, spanning
an energy range from –250 meV to –500 meV. With refer-
ence to the moiré unit cell positions marked in Fig. 2(a), the
real-space distribution of the LDOS in the square moiré
pattern region exhibits pronounced variations at different
energies. At a low energy of –250 meV, the map of LDOS at
the highest points of the square moiré pattern manifests as
solid spheres with a high LDOS. As the energy shifts fur-
ther away from the Fermi level to –350 meV, this evolves
into a hollow ring structure with suppressed LDOS at the
center and enhanced LDOS at the periphery. This feature
eventually transforms into solid dark spots with signifi-
cantly reduced LDOS at –500 meV.

Square moiré patterns were observed on the 1-BL Bi
film surface, accompanied by a novel periodic oscillation
in real-space topographic height. Concurrently, the moiré
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Figure 3 Moiré modulations on the electronic structures and NDC on the moiré pattern of 1-BL Bi. (a) Position-dependent dI/dV spectrum (setpoint:
U = 1 V, It = 500 pA, Umod = 20 mV) acquired along the red line in Fig. 1(e). The color represents the LDOS intensity, with red (blue) indicating
positive (negative) LDOS values. (b) Differential conductance and (c) tunneling current spectra measured at the position with maximum NDC dip
energy indicated as the dash black line in Fig. 3(a). (d) Differential conductance and (e) tunneling current spectra measured at the position with
minimum NDC dip energy indicated as the dash green line in Fig. 3(a). (f ) Position-dependent energy variation of the NDC dip extracted from the
line spectrum in Fig. 3(a). (g) Position-dependent dip value variation of the NDC dip extracted from the line spectrum in Fig. 3(a)

potential was found to modulate the electronic band struc-
ture of 1-BL Bi grown on the SnSe substrate, inducing
a corresponding periodic oscillation in the band struc-
ture across real space. We proceeded to experimentally
investigate the spatial characteristics of electronic prop-
erties within the square moiré patten region. A position-
dependent dI/dV spectrum spanning an energy range of
±1 eV relative to the Fermi level was obtained in Fig. 3(a),
where the color scale represents the spatial variation of
LDOS. For clarity, positive dI/dV values are displayed in
red, while negative values are represented in blue. The
spectrum was initiated from the apex of one moiré to-
pographic unit cell and extended across five consecutive
moiré lattice sites as indicated by the red solid line in
Fig. 1(e). Modulated by the moiré potential, the electronic
band structure of the 1-BL Bi/SnSe system exhibits real-
space oscillations with the same periodicity as the moiré
pattern. More strikingly, an NDC dip emerges around
–650 meV, exhibiting periodic oscillations with real-space
position, as clearly demonstrated by the blue band in
Fig. 3(a). The values of NDC reach their minima at the
moiré lattice sites, with the local NDC minima varying
across different lattice sites. Figure 3(b) and 3(c) show the
energy-dependent differential conductance and tunneling
current spectra measured at the position with maximum
NDC dip energy, while Figs. 3(d) and 3(e) present the cor-
responding spectra acquired at another position exhibit-
ing minimum NDC dip energy. We then systematically ex-
tracted the position-dependent characteristics of the NDC
dip from the position dependent dI/dV spectra. The moiré

spatial modulation affects the NDC not only in the en-
ergy positions of the NDC dips but also in their amplitude
magnitudes. Figure 3(f ) depicts the energy position of the
NDC dip as a function of real-space location. The NDC
dip appears within an energy range of approximately –600
to –700 meV, with its oscillation period matching that of
the moiré pattern. Similarly, Fig. 3(g) shows the amplitude
variation of the NDC dip as a function of real-space posi-
tion. The dip depth exhibits position-dependent modula-
tion within one moiré unit cell, with the maximum NDC
dip amplitude occurred at the moiré lattice sites and com-
plete suppression of NDC observed at specific locations.
To our best knowledge, this is the first time to observe the
moiré induced NDC.

We notice that recent research has described the differ-
ential conductance of a STM measurement by following
formula [28]:

dI
dV

=
e2

h
T (EF + eV ) +

e
h

∫︂ EF +eV

EF

∂T
∂V

dE

where e is the charge of an electron, h is Planck constant,
EF is the Fermi level of sample, and T is the transmis-
sion coefficient, which is proportional to the LDOS of the
sample. Based on the formula, we suggest a possible in-
terpretation of the NDC observed in our experiment. ∂T

∂V
describes the slope of LDOS. On the descending part of a
sharp LDOS peak, ∂T

∂V becomes negative and may lead to a
negative value of dI/dV signal if the peak is sharp enough.
In our Bi/SnSe moiré system, if the LDOS round –0.5 eV is
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sharp enough to give a negative ∂T
∂V , we could understand

the appearance of NDC. Moreover, moiré potential may
spatially modulate the LDOS by changing its peak’s ener-
gies and slopes, which leads to the periodic oscillation of
our observed NDC pattern.

In summary, we have successfully grown Bi thin films on
SnSe substrates and observed a square moiré pattern on 1-
BL Bi. Spatially resolved scanning tunneling spectroscopy
(STS) reveals moiré-period-modulated electronic band
structures. An NDC dip is observed at approximately
–650 meV, with both its depth and energy position be-
ing modulated by the moiré periodicity. Our work reveals
the existence of a moiré-periodicity-modulated NDC dip,
establishing a fundamental framework for investigating
the interaction mechanisms between NDC and moiré pat-
terns.

3 Methods
The SnSe (doped with Br at a concentration of 3%) crys-
tals were cleaved in an ultrahigh vacuum system. Bi was
then deposited on SnSe by molecular beam epitaxy using
a standard Knudsen cell with 99.9999% purity Bi source,
while the substrate was kept at room temperature. The
base pressure was lower than 2×10–10 Torr. After the sam-
ple growth was completed, the samples were transferred in
situ to the STM for further measurements.

The STM measurements were performed using a com-
mercial STM operating in an ultrahigh vacuum (∼3 ×
10–11 mBar) environment. The operating temperature was
maintained at approximated 7 K with a cryogen-free cool-
ing system. The STM tip was fabricated by electrochemical
etching of a tungsten wire (diameter: 0.375 mm), followed
by electron-beam cleaning to remove surface oxide layers
and subsequent modification via Ag-island. The tunneling
differential conductance signal was acquired by standard
lock-in technique, where 10-20 mV, 977 Hz were chosen
as modulation bias and frequency.
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