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ABSTRACT: Recently, single-layer transition-metal dichal-
cogenides have drawn significant attention due to their
remarkable physical properties in the monolayer as well as
at the edges. Here, we constructed high-quality, single-layer
MoSe, islands on the Au(111) surfaces in ultrahigh vacuum
by molecular beam epitaxy. All of the islands have
hexagonal or triangular shapes with two kinds of well-
defined edges. Scanning tunneling spectroscopy (STS)
curves show notable differences in positive sample bias
for the two types of edges. Density functional theory
calculations for several edge configurations of MoSe,
confirm that the STS differences are attributed to the
coupling between the p, orbital of Se atoms and the d,,
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orbital of Mo atoms, and the two types of observed edge terminations are the bare Se edge and selenium-saturated Mo

edge.
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are attracting tremendous interest due to their narrow

S ingle-layer transition-metal dichalcogenides (TMDCs)
bandgap, indirect-to-direct band gap transition," ™ strong
spin—orbit coupling, and valley-related physics, making them
attractive for a wide range of applications from electronics and
optoelectronics to spin and valleytronic devices.””~" Among
the more than 40 types of compounds in the TMDC family,
MoS, and MoSe, are the most extensively studied. Compared
to MoS,, MoSe, has a narrower direct bandgap of ~1.5 eV,
which is close to the optimal bandgap value for single-junction
solar cells and photoelectrochemical cells,®” and it has a larger
spin-splitting energy of ~180 meV at the top of its valence
bands, making it more applicable than MoS, in spintronics. "
Meanwhile, in contrast to the bulk material, single-layer
TMDC:s have been shown to have lots of intriguing properties.
Three examples are a direct bandgap that results in different
optical properties,”'> a conduction band minimum at the K
point of the Brillouin zone that indicates the possibilities for
valley and spin-valley physics,”'>'* and enhanced Coulomb
interactions that lead to giant bandgap renormalization and
excitonic effects in the molecular beam epitaxial (MBE) growth
of single-layer MoSe,.'>"
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The findings of edge investigations of two-dimensional (2D)
materials play an essential role in practical applications, such as
the magnetic order on zigzag edges of graphene nanoribbons."'®
The edge configurations and edge states of TMDC materials
have drawn much attention for their enhancement of activity in
the hydrodesulfurization,'” oxygen reduction reactions,"® and
hydrogen evolution reactions (HER)."”?° Most studies show
that the edge states are responsible for this enhanced
activity’' ~*® because of the inertness and insulation of the
basal plane of TMDCs. However, to the best of our knowledge,
an investigation of the edge terminations and edge states of
single-layer MoSe, is currently lacking.

In the present work, we report successful epitaxial growth of
high-quality single-layer MoSe, islands with two types of edge
terminations on Au(111) surfaces. The atomic structure of the
MoSe, islands was determined by a combination of density
functional theory (DFT) calculations and scanning tunneling
microscopy (STM). Raman characterizations demonstrate the
single-layer nature of the MoSe,. Core-level XPS spectra show a
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Mo** oxidation state and a Se’~ reduction state in the MoSe,
film. Scanning tunneling spectroscopy (STS) investigations
reveal an electronic bandgap of 1.86 eV in the basal plane of the
MoSe, islands and a difference of electronic states between the
two kinds of edges in one hexagonal MoSe, island. By
performing DFT calculations, we determined that the single-
layer MoSe, islands are terminated by bare Se edges alternating
with selenium monomers saturated Mo edges. Furthermore, the
difference of electronic states between the two types of edges is
attributed to the coupling between the p, orbital of Se atoms
and the d,, orbital of Mo atoms in the MoSe, edge.

RESULTS AND DISCUSSION

Figure 1a is a typical STM image of single-layer MoSe, islands
on the Au(111) substrate with coverage of ~0.2 ML after one

Figure 1. Atomic structure characterization of the as-grown single-
layer MoSe, islands on Au(111) substrate. (a) STM image of single-
layer MoSe, islands on Au(111) substrate (MoSe, coverage is ~0.2
ML). White arrows indicate excess Se species on Au(111) substrate.
(b) Atomic-resolved STM image of single-layer MoSe, with
hexagonal lattice. The light green and black rhombuses denote
the unit cells of MoSe, lattice and the superstructure (moiré
pattern), respectively. (c) Top view and side view of DFT
optimized single-layer MoSe, atomic model on Au(111) surface.
The white rhombus indicates the unit cell of the moiré pattern.
Three domains in one unit cell are marked by A, B and C. (d)
Theoretical simulated STM image based on the calculated structure
in (c). Scanning parameters: (a) V, = =1V, I, = 0.03 nA; (b) V, =
—0.5V, I, = 0.9 nA.

growth cycle, as described in the Methods. The individual
MoSe, islands are clearly identified by well-defined hexagonal
or triangular edges, which are similar to the MoS, islands on
Au(111).”**® The side lengths vary from a few nanometers to
more than 20 nanometers, and the line profile of an island
(Figure S1c) shows that the height of the island is about 2.3 A.
Due to excessive selenium deposition, which is needed to
prevent formation of the alloy Mo—Au, besides the regular
MoSe, islands on the substrate, atoms also exist as small
features on the Au(111) surface, as indicated by the white
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arrows in Figure la (see Figure Sla for clearer STM images).
However, for single-layer MoS, nanoclusters on the Au(111)
substrate, synthesized from Mo and H,S, no such small features
were observed due to the desorption of H,S from the Au
surface at temperatures above 160 K.***” Moreover, in the
control experiment, we deposited only Se atoms onto the
Au(111) surface and obtained similar small features (Figure
S1b). Therefore, we think these small features are Se atomic
chains and triangular islands with a distance of 5.0 + 0.05 A
between two Se atoms.

Large-size, single-layer MoSe, islands with ~0.7 ML (Figure
S2a) were obtained after several growth cycles. A close-up STM
image (Figure 1b) shows atomically resolved single-layer
MoSe, with moiré superstructures. The high-resolution image
presents a triangular arrangement of small protrusions with the
lattice constant of dyge, = 3.29 A + 0.05 A (the unit cell is
highlighted by the light green rhombus), which agrees perfectly
with the previously reported value for single-layer MoSe,."”
Considering the structure of semiconductive 2H-MoSe,, the
small protrusions in Figure 1b should correspond to the
topmost Se atoms of the MoSe, sheet. Moreover, we observed
a larger periodic moiré superlattice (the black rhombus marks
the unit cell), arising from the ~14% lattice mismatch between
the MoSe, and Au(111). Obviously, the orientations of the
moiré superlattice are aligned with those of the MoSe, lattice,
and the lattice constant of the moiré superstructure is a,, ¢
23.0 A + 0.1 A, which is close to 7 times dyg.; and 8 times ay,.
Therefore, the moiré pattern can be explained as the (7 X 7)
MoSe, supercells commensurately located on the (8 X 8)
Au(111), i, apoe (23.0 A) = 7 X ayeser (329 A) = 8 X ay,
(2.88 A).

To obtain a detailed understanding of the atomic and
electronic structures of the single-layer MoSe, on Au(111), we
conducted density functional theory (DFT) calculations. Figure
1c shows the optimized atomic structure of MoSe,/Au(111). In
the top view (upper panel), we find that the orientations of the
MoSe, layer are aligned with both Au(111) substrate and moiré
superstructures, which agrees well with the experimental results.
Obviously, it has three principal stacking domains (A, B, and C)
in one unit cell of moiré superlattices (marked by white
rhombus). In the side view (lower panel), we find that the
height variation of single-layer MoSe, on Au substrate is 6.1 A,
which is much higher than the experimental observation (2.3
A). The main reason is the semiconductor nature of MoSe,
versus the metal nature of the Au substrate. Figure 1d shows the
corresponding simulated STM image, demonstrating the
periodic fluctuation of the moiré pattern. Those features are
in good agreement with the experimental STM image in Figure
1b.

To further confirm the structural information and epitaxial
relation, 2D fast Fourier transform (FFT) and low energy
electron diffraction (LEED) of MoSe,/Au(111) samples were
carried out. Figure S2c is an FFT image obtained through an
atomic-resolution STM image of MoSe, in Figure S2b. Clearly,
the orientation of the moiré superstructure is aligned with the
MoSe, lattice, as indicated by the black and blue arrows. In
addition, a typical LEED pattern was obtained for the whole 10
mm diameter MoSe,/Au(111) sample, as shown in Figure 2a.
The outermost six diffraction spots (marked by the orange
arrow) are assigned to the Au(111) substrate, and the inner six
spots (marked by the blue arrow) with surrounding satellites
(indicated by white arrow) are related to the MoSe, lattice and
the moiré pattern, respectively. These sharp and clear
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Figure 2. LEED, Raman scattering and core-level XPS spectra
characterizations. (a) Typical LEED pattern of MoSe, film on
Au(111) substrate. The yellow and blue arrows indicate the
diffraction spots from the Au(111) lattice and MoSe, film,
respectively. The other spots surrounding the diffraction spots of
MoSe, result from the moiré superstructure, as indicated by the
white arrows. (b) Raman spectrum of MoSe, film showing two
characteristic peaks of single-layer MoSe, at 287.0 cm™ (Ezgl) and
241.8 cm™! (Alg). (c, d) XPS data of Mo 3d and Se 3d in MoSe,/
Au(111) sample, showing Mo 3d;,, and 3d;/, peaks at positions of
231.7 and 228.6 eV and Se 3d;,, and 3d;,, peaks at positions of
55.1 and 54.2 eV, respectively.

diffraction spots mean a uniform and high quality MoSe, film
has been successfully fabricated.

In order to assess the quality of the as-synthesized MoSe,
film on Au(111), we carried out Raman characterization. Figure
2b is a typical Raman spectrum of MoSe,/Au(111). Two
characteristic Raman modes are clearly identified, A;; mode
(out-of-plane vibration) and B}, mode (in-plane vibration).
The Eig mode located at 287.0 cm™' is significantly lower in
intensity than the A;; mode located at 241.8 cm™". These
positions and intensity of Raman modes confirm the presence
of single-layer, high-quality MoSe, film on Au(111).****° X-ray
photoelectron spectroscopy measurements were performed to
study the chemical compositions for the MoSe,/Au(111)
sample. Figure 2¢,d shows the characteristic core level spectra
of Mo and Se, respectively. The spectrum of Mo 3d electrons
has two distinct peaks located at 231.7 and 228.6 eV,
corresponding to the Mo 3d;/, and 3ds,, peaks, respectively,
confirming that the molybdenum atoms in the MoSe, film are
in the Mo(+4) state.”® The Se 3d spectrum is identified as 55.1
eV (and 54.2 €V) of Se 3d;,, (and 3ds/,) peaks, revealing the
—2 oxidation chemical state of Se atoms in the single-layer
MoSe,/Au(111) sample.

The electronic properties of single-layer MoSe, on Au(111)
surfaces were studied by STS. Figure 3a shows three
normalized dI/dV spectra acquired on the center of three
distinct domains of MoSe, film marked by the A, B, and C, as
shown in the inset STM image. For the three domains, the STS
results are all dominated by a large electronic bandgap, and the
domains have nearly the same band gap value. The valence
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Figure 3. Electronic properties of single-layer MoSe, islands. (a)
Normalized dI/dV curves obtained on the three different domains
of single-layer MoSe, on Au(111), which are indicated by colored
dots in the inset STM image. (b) Six normalized dI/dV curves
taken on the six edges of one MoSe, island (inset STM image). The
curves are obviously classified into two groups (black and red). The
pink covered region in (a) and (b) are the DFT calculated density
of state (DOS) of the single-layer MoSe,. Scanning parameters: (a)
V,=-038V,I,=0.1nA, (b) V,=—-14V, I, = 0.1 nA.

band maximum (VBM) and conduction band minimum
(CBM) are seen to be located at —1.25 and 0.61 eV,
respectively. Therefore, our STS measurements yield a value
for the electronic bandgap of single-layer MoSe,/Au(111) of E,
= Ecgm — Evgm = 1.86 eV. In addition, although the three
distinct domains have similar energy gaps, there is a remarkable
difference among domains in the conduction band, which
reflects the modulation effects of the moiré superstructure.®'
Furthermore, the DFT-calculated density of states (DOS),
based on the optimized freestanding single-layer MoSe,, is
shown in the pink region in Figure 3a, which fits well with the
experimental dI/dV results.

Considering the bulk structure of MoSe,, there are two types
of low-index edge terminations of a MoSe, hexagonal island:
the (1010) Mo edge and the (1010) Se edge. Due to the 6-fold
symmetry of the MoSe, sheet, the exact shape of a MoSe,
island is supposed to be a hexagon, shaped by two alternating
types of edges, Se edges and Mo edges. When further
considering the relative edge free energies of two different
low-index edges in the equilibrium state, the single-layer MoSe,
islands should prefer to expose the more stable edges,
exhibiting a truncated hexagon with various lengths or even a
triangle. In our case, many observed MoSe, islands have
adopted a triangular shape, as illustrated in Figure 1a, indicating
either of the two edges is preferable. According to previous
work about MoS, clusters on the Au(111) system27 and our
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experimental condition of excess Se atoms, these triangular-
shaped MoSe, islands are most likely to terminate with the
(1010) Mo edge, chemisorbing additional Se atoms to saturate
the dangling bonds of exposed Mo atoms. However, a typical
truncated hexagonal MoSe, island with three alternate longer
edges and three alternate shorter edges was also observed in the
inset STM image of Figure 3b, where possibly both Se edges
and Mo edges coexisted. To identify the electronic structure
differences of two typical edges, we performed STS character-
izations on the edge of the truncated MoSe, island. Figure 3b
presents six normalized dI/dV curves taken on the six edges of
the MoSe, island (the inset STM image). Obviously, the STS
results are classified into two groups, red group (three longer
edges) and black group (three shorter edges). The main
difference between the two groups is that the onset of the red
group is earlier than that of the black group in positive sample
bias.

Figure 4a shows an atomically resolved STM image of one
edge, which presents regular arrays of rodlike protrusions.

Figure 4. Edge visualization and edge states of the MoSe, island.
(a) Atomically resolved STM image of Mo edge, which is a zoom-in
image from the triangular MoSe, island in the upper right of (a).
Inside the white frame is the atomic model of the Mo edge and
related STM simulation. Lower left: height profile of Mo edge
marked by a dashed blue line. (b) Side view (upper panel) and top
view (middle panel) of the optimized configurations of MoSe,
ribbon. Simulated STM image (down panel) is calculated on the
basis of the ribbon model at a bias of —1.5 V. Se edge and Mo edge
are marked by black and red backgrounds, respectively. (c)
Theoretical PDOS and experimental dI/dV spectra of different
edges of MoSe,. The black and red shadows represent the
calculated DOS projected on the marginal three atoms of the Se
edge and the Mo edge in the model, respectively. The black and red
dashed lines are the averaged experimental dI/dV curves for the
two groups in Figure 3b. Scanning parameters: (a) V, = —0.01V, I,
= 4.0 nA.

According to the above discussions, this edge belongs to the red
group mentioned above. The distance between two protrusions
is about 3.2 A according to the inset line profile. To obtain a
further insight into the edge terminations of MoSe, islands, we
performed the DFT calculations based on the MoSe, ribbon
model (illustrated in the middle part of Figure 4b). We built a 1
X 5\/ 3 MoSe, ribbon supercell terminated by two types of
edges, where the left edge (marked by the black rectangle) is
the bare Se edge and the right edge (marked by the red
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rectangle) is the Mo edge. Additionally, one more Se atom
chemisorbs in between the exposed Mo atoms in the Mo edge,
binding with two Mo atoms and lying in the plane of Mo
atoms. (See more detailed analysis from the calculation results
of MoSe, edges with different terminations in Figure S3,
confirming that the Mo edge terminated with one more Se
atom and the bare Se edge are energetically preferable.’”
Meanwhile, the width of the MoSe, ribbon has been checked
far enough to isolate the edge states (Figure S4).) From the
side view in the upper panel of Figure 4b, we find that structural
deformation occurs at the Mo edge, whereas no deformation is
obvious at the Se edge. Furthermore, the black and red shadows
in Figure 4c represent the calculated DOS projected on the
marginal three atoms of a Se edge and a Mo edge in the model,
respectively. Except for some little peaks of the two curves
around the Fermi level, which indicate the edge states of the
ribbon, the key distinction is that in the unoccupied state, red
shadows exhibit an earlier onset relative to the black curve,
which fits well with the black and red dashed lines (the
averaged experimental dI/dV curves for the two groups in
Figure 3b). In order to demonstrate the edge states of the two
edges more clearly, we carried out an STM simulation for the
MoSe, ribbon. The lower panel in Figure 4b shows the
simulated image, in which both the Se edge (left, black shadow)
and the Mo edge (right, red shadow) look brighter than the
middle of MoSe,, i.c,, two one-dimensional (1D) edge states,
which is consistent with experimental observations (Figure la
and Figure 3b, where bright brims exist near the edge of MoSe,
islands). Compared to MoS,,** one-dimensional metallic edge
states of MoSe, may result from the orbital hybridization
between the Mo 3d state and Se 4p state. Meanwhile, Se edge
looks brighter than that of the Mo edge, which is also fit the
experimental results very well (Figure SS). (See Figure S6 for
the simulated STM images of other edge configurations.)

In addition, we measured the distance between the two
outermost Se atoms on the Mo edge in the model shown in
Figure 4b (3.3 A), which is close to the distance between two
protrusions (3.2 A), as mentioned with regard to Figure 4a.
Meanwhile, as shown in the white frame in the inset of Figure
4a, the model of Mo edge saturated with single Se atoms and
the corresponding simulated STM image are overlaid on the
highly resolved STM image of MoSe, edge. Obviously, it fits
quite well with the edge morphology in the STM image. The
excellent agreement between the highly resolved STM image of
MoSe, edge and the simulated image directly confirms that the
selected edge (longer edge) of MoSe, islands is a Mo edge
saturated with single Se atoms.

To investigate the origin of the electronic state differences of
Se edges and Mo edges at positive sample bias, we calculated
the projected DOS (PDOS) on the marginal Se and Mo atoms
of the corresponding edges. Figure 5a,b show the PDOS for the
Se and Mo atoms at the Se edge and Mo edge, which are
marked by black and red circles in the inset, respectively. The
shadows in the figures indicate the energy window, about 1.5—
1.9 eV, in which the two types of edges exhibit different
electron states, as shown in Figure 4c, and the blue triangles
mark the exact energy value for the peak of Mo edge. For the
Mo edge, in the marked energy window, the p, orbital of Se
atom and the d,, orbital of Mo atom strongly couple, resulting
in a prior peak of DOS in Figure 4c, whereas for the Se edge,
no orbitals couple for Se and Mo atoms in the corresponding
energy window. It can be concluded that different atomic
configurations induce the distinction of chemical environment
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Figure 5. Calculated projected DOS (PDOS) on marginal Se and
Mo atoms of corresponding edges. (a) For the Se edge, the PDOS
of the marginal Se atom (upper panel, marked by the black circle in
the inset model) and Mo atom (lower panel, marked by the black
circle) are plotted. The gray rectangle marks the energy window of
1.5-1.9 eV. (b) For the Mo edge, the PDOS of the marginal Se
atom (upper panel) and the Mo atom (lower panel), which are
marked by red circles in insets, are plotted. Red rectangle marks the
same range of energy window as in (a).

for marginal Se and Mo atoms on each type of edge and further
influence the orbital couplings of corresponding atoms. The
discussion above both explains what we measured in the STS
spectra (Figure 4c) and exactly confirms our prediction that the
longer edges of MoSe, islands are Mo edges with single Se
atoms saturated and the shorter ones are the bare Se edges.

CONCLUSIONS

We have successfully synthesized high-quality, single-layer
MoSe, islands with two types of edges epitaxially grown on
Au(111) surfaces by MBE. By means of STM and LEED
characterizations, we find that the single-layer MoSe, aligns
with the direction of the Au substrate and shows a moiré
superstructure with a 2.30 nm periodicity. DFT calculations
identify that the edge terminations of the MoSe, islands are
selenium monomer saturated Mo edges and bare Se edges. STS
measurements of a single-layer MoSe, island show that the
onset of localized electronic state in Mo edges is earlier than
that in Se edges at positive sample bias. Meanwhile, DFT
calculations confirm that the distinct differences in the
electronic state for two edges result from the coupling between
the p, orbital of Se atoms and the d,, orbital of Mo atoms for
Mo edges, whereas there is no similar coupling for Se edges.
This work can enrich the knowledge of the basic atomic
structure and corresponding electronic properties of 2D
materials’ edges.

METHODS

Sample Preparation and in Situ Characterizations. MBE
deposition of MoSe, was carried out in a commercial ultrahigh vacuum
(UHV) LT-STM system (Omicron) with a base pressure greater than
the 1 X 107'° mbar range. The chamber is equipped with standard
equipment for surface preparation and analysis. The atomically clean
Au(111) (MaTecK) surfaces were obtained by cycles of argon-ion
sputtering and annealing to 773 K, and the cleanliness of the surfaces
was verified by STM scanning. The atomic beams of Se (99.99%,
Sigma-Aldrich) and Mo (99.9%, Goodfellow) were generated from a
standard Knudsen cell (Kentax) and a commercially available e-beam
cell (Omicron), respectively, and the sequence was as follows: deposit
Se first and the deposit Mo with the flux ratio of Mo to Se about 1:10
to avoid alloy formation of Mo and Au. Moreover, the substrate was
kept at room temperature during the deposition process and
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postannealed to 750 K for 30 min. Such deposition and annealing
processes constitute one growth cycle. To obtain a large area of single-
layer MoSe, sample, the growth cycle was repeated several times. After
the preparation, the sample was transferred to the LT-STM operating
at 77 K. STM images were acquired in the constant-current mode by
using an electrochemically etched tungsten tip, and all given voltages
were applied to the sample with respect to the tip. Nanotec Electronica
WSxM software®* was used to process the STM images shown here. It
should be mentioned that the synthesis chamber and low-T chamber
are in the same equipment. The sample can be transferred freely under
UHV conditions. What is more, the low energy electron diffraction
(LEED) was performed in the adjacent UHV chamber for the MoSe,
on Au(111) system to identify the superstructure macroscopically.
Scanning tunneling spectroscopy (STS) was conducted by using a
lock-in amplifier with a bias modulation of 0.5 mV at 973 Hz in
another UHV-STM system (Unisoku) at a base temperature of 4.2 K.

XPS and Raman Measurements. XPS spectra were acquired via
an ESCALAB 250 Xi XPS microscope using an Al K a X-ray source.
Raman spectra were acquired by a Renishaw spectrometer at 532 nm
with about 1 mW power.

Calculations. All calculations were performed using density
functional theory (DFT) within the Perdew—Burke—Ernzerhof
(PBE)* parametrization of generalized gradient approximation
(GGA)* for electronic exchange-correlation interaction and projec-
tor-augmented wave (PAW) potentials®” to describe the core
electrons, as implemented in the Vienna ab initio simulation package
(VASP).*** The periodic MoSe,/Au(111) growth model includes
three layers of Au substrate and one layer of MoSe,. Atoms were fully
relaxed, except the bottom layer of the Au substrate, until the net force
on every atom was less than 0.02 eV/A. A vacuum slab of 15 A is
selected to avoid interactions between neighboring supercells. The
energy cutoff of the plane-wave basis sets was 400 eV, and the k-points
sampling was  only. A dispersion correction of total energy (DFT-D2
method of Grimme)*® was used to incorporate the van der Waals
interaction between the sample and substrate. To describe the
electronic structure of our models more exactly, all density of states
(DOS) calculations were on the basis of the hybrid PBEO functional
method.*'
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