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ABSTRACT

In pursuit of novel two-dimensional devices, lateral heterostructures based on transition metal dichalcogenides (TMDCs) have been inten-
sively proposed and demonstrated. For instance, heterojunctions composed of TMDCs with different thicknesses function attractively in elec-
tronics and optoelectronics. Using scanning tunneling microscopy and spectroscopy, we resolved electronic structures of three types of few-
layer MoS2 steps: flake edges, continuous bilayer–monolayer steps, and monolayers sitting on highly oriented pyrolytic graphite steps. Each
type possesses unique bandgap features, including in-gap states and npn-like band alignment, which suggests modifiable 1D bandgaps via
choices of edge conditions for the development of lateral TMDC devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0117436

Following the success of graphene,1,2 monolayer transition metal
dichalcogenides (TMDCs) MX2 (M ¼ W, Mo; X ¼ S, Se) have stood
out attracting wide attention in the recent decade.3,4 Combinations of
honeycomb structures, broken inversion symmetries, and strong spi-
n–orbit coupling result in spin-split carrier valleys, which are of great
importance to optoelectronics, spintronics, and valleytronics.3,5 These
two-dimensional (2D) direct-bandgap semiconductors have been
widely applied to novel electronic devices.6,7 In addition to appropriate
bandgap widths and carrier mobility, the atomic thicknesses of 2D
TMDCs allow a reduction in the gate length to the nanometer scale.

In the path toward 2D TMDC devices, modifications to the phys-
ical properties of the ultrathin TMDC flakes and the related hetero-
structures have been demonstrated.8–11 In lateral heterostructures
composed of flakes with different chemical compositions or thick-
nesses, intriguing carrier transport is expected across or along the 1D
interfaces, at which enhancement of conductivity and photocurrents
occurs.12–16 These 2D heterostructures lead the exotic electronic bands
to applications in lower dimensions. Among the studies of 1D interfa-
ces, two typical geometries are assumed: stitching and open-edge steps.
The first indicates two flakes stitched in the same plane, and the sec-
ond indicates that the top layers terminate on the bottom ones and

leave open edges. However, there exists a barely discussed type: a con-
tinuous step, in which the top layers cover the bottom layer edges
smoothly. This continuous case also creates well-defined junction
areas and allows modifications to electronic structures by adjusting the
step condition.

In this article, we resolve variations of electronic structures at
few-layer MoS2 flake edges at the nanoscale. Both the continuous and
discontinuous MoS2 steps exist after the synthesis of multilayer flakes.
Compared to bandgap reduction at the discontinuous upper layer
edges in the bilayer and trilayer structures, the continuous bilayer–
monolayer steps show intact semiconducting gaps and smooth npn-
like band alignment. For comparison, monolayer MoS2 sitting on
bilayer-high HOPG (highly oriented pyrolytic graphite) steps is mea-
sured and shows less perturbed bandgaps despite similar geometries to
the bilayer–monolayer MoS2 steps. The unveiled band structure vari-
ety in few-layer MoS2 steps suggests potential bandgap tuning via
bottom-layer choices.

High-crystalline-quality multilayer MoS2 flakes were grown
directly on HOPG surfaces using the chemical vapor deposition
(CVD) method. Cleaved HOPG was mounted on top of a ceramic
boat with powder MoO3 precursors inside at the downstream side of
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the furnace, and another ceramic boat with powder sulfur precursors
was set at the upper stream side at 170 �C. The center of the heating
zone was kept at 750 �C with one Ar gas atmosphere. Volatile subox-
ide MoO3�x appeared with increasing temperature, diffused onto
the HOPG surface, and reacted with the sulfur vapor flow. The
growth process took 10min to achieve multilayer MoS2 flakes before
naturally cooling down to room temperature. Scanning tunneling
microscopy (STM) and spectroscopy (STS) experiments were per-
formed in Omicron multifunction chambers with a base pressure of
1� 10�10 mbar at 77.8K, at which energy resolution is around
26meV. Before being transferred into the STM chamber, the sample
was annealed at 200 �C for 2 h in ultrahigh vacuum to remove possible
absorbates. STM images were acquired in the constant current mode,
and STS was performed with the help of lock-in techniques with
15mV bias modulation of the frequency of 800Hz or numerical deriv-
ative of tunneling currents.

Our multilayer MoS2 grown on HOPG are generally triangular
islands with the appearance of pyramids or spirals (see the supplemen-
tary material), as the reported island growths of multilayer
TMDCs.17,18 Although mostly covered by MoS2, small regions of the
HOPG surfaces can be distinguished in STM images according to the
lattice constant and the gapless STS feature. Using the HOPG surface
as a reference, we can identify the layer numbers of respective MoS2
areas.

In Fig. 1(a), the STM image shows a part of a multilayer MoS2
flake, on which the number of layers is labeled. STS measurements
were performed along the white dashed line in Fig. 1(a) to unveil var-
iations of electronic structures across the steps. The spatially resolved
STS map in Fig. 1(b) shows type-I band alignment with reduced

bandgap widths in higher MoS2 layers in agreement with reported
calculations and measurements.17,19,20 Both the conduction band
minimum (CBM) and the valence band maximum (VBM) shift
upwards at the step edges. While the CBM shifts around 0.2 eV at
both edges, the VBM at the edges is about 0.9 and 0.5 eV higher
than the bulk VBM in the bilayer and trilayer regions, respectively.
The reduction in bandgap widths at the edges can be attributed to
the presence of valence band in-gap states at the discontinuous
MoS2 edges.

12,13,21

During growths, the MoS2 islands expanded and occasionally
overlapped each other, which created continuous steps. An illustration
in Fig. 2(a) describes both the discontinuous and continuous cases.
Along the direction pointed by an orange arrow, there exists a discon-
tinuous terrace edge as the ones in Fig. 1. There also exists a step along
the direction indicated by a white arrow, at which the top MoS2 layer
covers parts of the bottom layer edge. Different from the aforemen-
tioned discontinuous case, the same single layer smoothly transitions
from the upper layer of a bilayer system into another monolayer, and
thus, we call the step continuous.

In the STM image in Fig. 2(b), regions i and ii are bilayer, and
regions iii and iv are monolayer. The inset in Fig. 2(b) shows superim-
posed fast Fourier transform (FFT) images of the atomic lattices
acquired from individual STM images of each region. From the FFT
image, it can be seen that there exists no relative rotation between
regions i and ii, whereas the lattice orientations of regions i, iii, and iv
are misaligned. As a result, the upper MoS2 layer could be one single
layer and the bottom layers belong to different MoS2 flakes.
Furthermore, steps i-to-iv and ii-to-iii are discontinuous, and steps
between regions i and ii are continuous.

FIG. 1. (a) An STM image of multilayer MoS2 on HOPG. The bottom-left corner is the first-layer MoS2, and terraces above it are the second, the third, and so on. The first
three layers are labeled ML (monolayer), BL (bilayer), and TL (trilayer). (b) An STS band diagram acquired along the white dashed line in (a) (set point: 1.5 V, 120 pA). Above
the plot are a schematic drawing and an STM image taken with the STS measurements. Triangular dots are CBM and VBM obtained from curve fitting at each lateral position.
The bandgap widths decrease from about 2.5 eV, 2.2 eV, to 2.1 eV for the monolayer, bilayer, and trilayer regions, respectively. The gap minimum at the edges is around 1.5
and 1.8 eV in the bilayer and trilayer steps.
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Figure 3 shows band alignment acquired in the same manner as
in the discontinuous case in Fig. 1. Band bending at both types of steps
finishes within several nanometers from the step edges, which agrees
with short depletion regions observed in studies of MoS2 on graphene
and HOPG.12,13,22 The STS curves were measured with the tip cutting
through the two continuous steps from region i to region ii in Fig.
2(b). The bulk bandgap widths are slightly smaller than the ones in
Fig. 1(b), which could originate from differences in layer stacking and

tip status. However, distinguishable features appear at the steps.
Instead of gap reduction, the bandgap widths are close to the bulk val-
ues but the gap positions shift upwards. The energy shift is around
0.5 eV for the CBM and about 0.7 eV for the VBM compared to the
bulk monolayer gaps. As a whole, the lateral bilayer–monolayer MoS2
junction has an upward bandgap shift and an npn-like band align-
ment. The upward shift at the junction area could originate from band
alignment and charge transfer in the top layer MoS2 in close contact
with the edge states. In close connection to the step edge and the
edge states underneath, the top layer MoS2 may experience band
bending for alignment with the edge states, as the bulk-to-edge band
bending.13,21 The trapped states and dangling bonds can also induce
dislocation-/substrate-induced charge transfer.20,23,24 On the other
hand, an opposite mechanism of flake detachment from the steps has
been proposed for the lowered Fermi level of graphene at steps due to
the suppression of electron doping from the substrates.25 In the case of
a continuous MoS2 junction, detachment may lead to local quasi-free-
standing monolayer regions with a larger bandgap and a higher gap
position than the bilayer cases.26,27

To clarify the influences of substrate materials, we carried out
STS measurements on monolayer MoS2 on bilayer HOPG steps, as
shown in Fig. 4(a). The apparent height of a bilayer HOPG step is
around 0.7 nm, close to the height of monolayer MoS2 flakes, so con-
tinuous MoS2 steps with a similar geometry but a different bottom
layer are created. Figure 4(b) shows no notable variations observed at
the HOPG-induced MoS2 steps. The VBM remains constant, and only
a subtle upward shift of less than 0.1 eV appears in the CBM. All of the
aforementioned bandgap variations are reproducible, and more STS
diagrams are shown in the supplementary material.

Compared to the bandgap shift of more than 0.5 eV at the con-
tinuous bilayer–monolayer step, the barely disturbed bandgap at the
HOPG-induced step unveils two features of the continuous MoS2
steps. First, the bandgap properties depend on the choices of terraces
under MoS2. By replacing the bottom MoS2 layer with the HOPG
bilayer, the n-type doping recovers at the step. The step regions show
higher sensitivity to the substrate difference than the bulk areas do,
indicative of more effective bandgap modulation by edge-terminations
under the continuous MoS2 step junction. Second, the geometries of
the continuous steps may not be the only factor for bandgap adjust-
ments. Shin et al. have reported that corrugations and HOPG-induced
steps in TMDC flakes result in reduced bandgap widths of the
TMDCs due to lattice distortion.28 Nevertheless, neither of the band
alignment in Figs. 3 and 4 shows prominent shrinkage of the gap
widths. One possible reason for the bandgap discrepancy between
HOPG-induced MoS2 steps in our results and the work of Shin et al. is
the difference in sample preparation and, thus, different edge condi-
tions.28 Directly grown on the HOPG substrates right after cleavage
using the CVD method, the step edges under MoS2 layers are cleaner
than the transferred cases. At the top left corner in Fig. 4(a), it can be
seen that the HOPG step edge is decorated by adsorbates but the step
covered by monolayer MoS2 remains clean. The adsorbates could
change interactions such as screening effects and hybridization
between MoS2 and the step edges, influencing the electronic properties
of the junctions.29 The absence of bandgap reduction at both types of
continuous MoS2 steps suggests that in addition to the strain effects,
interactions between the top MoS2 flakes and the bottom layer edges
should be considered and worthy of further investigation.

FIG. 2. (a) A sketch describing the continuous and discontinuous MoS2 steps,
which are marked by a white and an orange arrow, respectively. (b) An STM image
of bilayer MoS2 flakes. From the geometry and lattice orientations, regions i and ii
are recognized as one single monolayer MoS2 overlapping the other two monolayer
flakes (regions iii and iv). Inset: superimposed fast Fourier transform of the atomic
lattice of the four regions in the STM image.

FIG. 3. An STS band diagram taken across two steps from region i to region ii in
Fig. 2 (b), the corresponding topographic image, and a schematic illustration (set
point: 1.5 V, 120 pA). The fitted CBM and VBM show bandgap widths around 2.4
and 2.1 eV for the monolayer and bilayer regions, respectively.
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It is also worth noting that in the continuous bilayer–monolayer
MoS2 junction, the CBM varies smoothly from the bilayer to mono-
layer MoS2 while the VBM drops quickly. On the one hand, the resem-
blance between drops of the VBM in Figs. 1 and 3 suggests influences
of the in-gap states at the bottom layer edges on the top layer. On the
other hand, it is known that the CBM and VBM are both located at K
points in monolayer MoS2; the latter, however, changes to the C point
in bilayer MoS2. As a result, Fig. 3 may reflect different origins of band
alignment for the valence bands and conduction bands in continuous
bilayer–monolayer MoS2.

In summary, using STM and STS, continuous lateral hetero-
structures composed of bilayer and monolayer MoS2 are resolved
at the nanoscale. The bandgap moves to a higher energy position
without reduction in widths, which, nevertheless, occurs in discon-
tinuous step junctions. Replacing the bottom layer MoS2 by a
bilayer HOPG step suppresses the bandgap variation at the steps.
Our discoveries in the thickness-modulated lateral heterojunctions
introduce the importance of continuous steps, which should be
distinguished from the conventional discontinuous type. The npn-
like band alignment allows quantum-wire-like behaviors in the
valence band and facilitates the electronic and optoelectronic
designs of TMDC-based junctions.30,31 Investigations of bottom
step choices, such as SiO2 and hexagonal boron nitride, can be car-
ried out for junction modifications in devices. Combined with
TMDC stacking techniques, the continuous lateral TMDC junc-
tions are expected to expand nano-sized electronics and low-
dimensional devices.

See the supplementary material for the topography of multilayer
MoS2 islands and additional STS diagrams of all junction types.
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