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T
ransitionmetal dichalcogenides (TMDs)
represent a family of the layered com-
pounds that are attracting extensive

research attention lately.1�3 Ultrathin TMD
films (e.g., MoS2, WS2, MoSe2, and WSe2)
possess sizable quasi-particle bandgaps as
well as exotic spin-valley coupled electronic
structures,4�13 which hold the promise for
ultrathin electronic, optoelectronic, spin- and
valley-tronic device applications. As two-
dimensional (2D) materials, their high surface-
to-volume ratiomakes themparticularly sen-
sitive to changes in their surroundings and
the inertness of the van der Waals (vdW)
surfaces makes defect or edge states in the
2D material more prominent. Line and point
defects in ultrathin TMD films will thus bring
strong effects in the electronic, optical and
catalytic properties of thematerials.14�21 The
past studies of the TMDs for their intrinsic
anddefect inducedpropertieshaveprimarily
focusedonmonolayer (ML)films.On theother
hand, TMD bilayer (BL) and heterostructures

represent another important aspect of the
2D material research, revealing distinctly
different properties from ML films.22�32 In-
vestigations of defects in BL TMDs will thus
be of great fundamental interests as well as
practical relevance.
In this work, we employ low temperature

(LT) scanning tunneling microscopy and
spectroscopy (STM/S) to probe the line and
point defects in epitaxial MoSe2 BL grown by
molecular-beam epitaxy (MBE). We reveal
the tunneling effect of inversion domain
boundary (DB) defects through the barrier
of MoSe2 ML. Themid-gap, one-dimensional
(1D) states are confined within finite lengths
of the defects, so the quantum well states
(QWS) are observed in the LT-STS measure-
ments. By comparing the STS spectra of the
DB defects in BL andML films, we note some
common features as well as differences, in-
dicating an effect of interlayer coupling.
Electric field induced ionization of a point
defect in BL MoSe2 is also followed by the
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ABSTRACT Bilayer (BL) MoSe2 films grown by molecular-beam

epitaxy (MBE) are studied by scanning tunneling microscopy and

spectroscopy (STM/S). Similar to monolayer (ML) films, networks of

inversion domain boundary (DB) defects are observed both in the top

and bottom layers of BL MoSe2, and often they are seen spatially

correlated such that one is on top of the other. There are also

isolated ones in the bottom layer without companion in the top-

layer and are detected by STM/S through quantum tunneling of the

defect states through the barrier of the MoSe2 ML. Comparing the DB

states in BL MoSe2 with that of ML film reveals some common features as well as differences. Quantum confinement of the defect states is indicated. Point

defects in BL MoSe2 are also observed by STM/S, where ionization of the donor defect by the tip-induced electric field is evidenced. These results are of great

fundamental interests as well as practical relevance of devices made of MoSe2 ultrathin layers.
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STM/S measurements, which would unveil the Cou-
lomb potential and dielectric properties of films.
The latter represent key parameters of ultrathin TMDs
dictating the fundamental properties such as strong
exciton binding energy of the materials.

RESULTS AND DISCUSSIONS

BL MoSe2 thin films were grown on highly ordered
pyrolytic graphite (HOPG) substrates in a customized
Omicron MBE system at 400 �C under excess Se con-
dition. LT-STM/S measurements of the samples were
done in a Unisoku system at 4 K, where the constant
current mode was adopted for the STMmeasurements
and the lock-in technique was employed for the STS
experiments.

Inversion Domain Boundary Defects in BL MoSe2. Figure 1
presents a STM topographic image of an as-grown
MoSe2 sample in both the top and perspective views,
showing both ML and BL MoSe2 films. The sample has
the nominal 1.4 MLs coverage, so it has a complete first
(or bottom) layer and a partial coverage of the second
(top) layer of MoSe2 as displayed in different colors.
A striking feature seen on the surface of MoSe2 is
the network of bright rims forming the wagon-wheel
like patterns. As has been discussed in detail in ref 16,
similar bright rims in ML MoSe2 reflect additional
electronic states introduced by the DB defects. The
DB formation in MBE-grown MoSe2 has been further
found to closely depend on the MBE conditions,33 and
a recent report revealed a possible vacancy-induced
formation mechanism of such defects in the TMDs.34

Statistical analysis of the patterns in BL samples reveals
the sizes of the wagon-wheels are slightly larger than
that in ML film. This may partly be due to a variation of
the MBE condition in the course of the growth experi-
ment or else related to the different strains in the top
versus bottom layers of epitaxial MoSe2. Notably, the
DB defects in the two layers appear spatially correlated,
i.e., they often align vertically and so the ones in the
second layer are dominantly on top of those in the first
(bottom) layer. However, because of a lower density
of the defects in the top layer, there are also isolated
DBs in the first layer showing no companion in the
top-layer. These defects are detected by STM due
to quantum tunneling effect through the “barrier”
of the top MoSe2 ML, which will be elaborated further
in a later discussion. For now, we concentrate on the
morphological and electronic structures of the DB
defects in BL MoSe2. As in ML films, each DB manifests
in STM images as symmetrical twin lines, along which
intensities are undulated. In an early study,16 we
attributed the twin-line structure to the very spatial dis-
tribution of the density of states (DOS) of the defects.
For the undulated intensities, on the other hand, we
associated them to the QWS as well as an effect of the
moiré superlattice potential. The defects in BL MoSe2
have given rise to similar mid-gap electronic states as

in ML MoSe2, which are evidenced in the dI/dV spec-
trum of Figure 2(i) taken on one of the bright twin-lines
of a defect. This is compared to Figure 2(ii) taken from
a defect-free region of BL MoSe2, which shows semi-
conductor characteristics with a bandgap of ∼1.7 eV.
For comparison, we also present a spectrum of the DB
defect in MoSe2 ML (i.e., spectrum of Figure 2(iii)).

The ML and BL TMDs are known to have distinctly
different properties.25,35,36 For example, ML MoSe2
is a direct gap semiconductor with the bandgap of
∼2.25 eV, while a BL MoSe2 is an indirect gap semi-
conductor of a much reduced bandgap.36,37 Studies
have also shown that for pristine TMD bilayers, cou-
pling of electronic states between the two layers leads
to upward (downward) shift of the Γ(Q) states in the
valence (conduction) bands containing predominantly
the p-orbital components of the chalcogen atoms.36

The K valley states, which aremainly of the d-orbitals of
the metal, show little change upon film thickness
increase from ML to BL. Consequently, the materials
transfer from direct to indirect gap semiconductors
with increasing film thickness. For the DB defects,
the induced mid-gap states expectedly suffer from

Figure 1. Top (a) and perspective view (b) of an as-grown
MoSe2 film surface measured by room-temperature STM
(size, 50 � 50 nm2; sample bias, �1.0 V). The blue and
orange colors encode the first (bottom) and second (top)
MoSe2 layer, respectively, in this nominal 1.4 MLs coverage
sample.

Figure 2. STS spectra taken (i) on one of the bright twin
lines of the DB defects and (ii) in the defect-free region of BL
MoSe2. (iii) STS spectrum for a DB defect in ML MoSe2. The
inset marks the positions in a STM micrograph (size: 9 �
5 nm2) where spectra (i) and (ii) were obtained.
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the same effects and will exhibit some common and
different features in the STS spectra between ML and
BL MoSe2. Particularly, because the defects in the two
layers of the BL MoSe2 film are spatially correlated, the
close proximity of the defects will lead to coupling.
Comparing (i) and (iii), one observes groups of con-
ductance peaks, such as those circled by the solid and
dashed black lines, to appear similar between ML and
BL films. They also show approximately the same
energy separation despite the shifts of the absolute
energy positions betweenML and BL spectra. The latter
may be attributed partly to the band bending effect
or the difference in electron affinity between ML and
BL films,38 or else to an effect of coupling of the
defect states in the BL film. In spectrum (i), one further
observes additional peaks (e.g., arrow pointed ones)
that are not present in the ML spectrum, signifying the
dependence of the defect states on film thickness.

As in ML MoSe2, intensity undulations of the defect
states reflect the QWS along the 1D defect. For pur-
poses of more quantitative analyses, we take a series of
STS measurements at different energies and Figure 3a
presents an example of the STS images for a particu-
larly defect. We then extract the intensity profiles (I)
along the defect and at different energies. The results
are presented in Figure 3b, in which the superimposed
solid lines are least-squares fittings of the data by the
function I = A sin2(kxþ j)þ D, where A, k, j, and D are
constants. The derived wavevectors (k) are summar-
ized in Figure 3c for a few defects of different lengths,
revealing a dispersive E ∼ k relation. Notably, for
a given defect we find the wavevectors satisfy the
relation k0/k = N/M (N and M are integers), confirming
theQWS. Different fromMLMoSe2,

16 where states with
wavevectors larger than 0.32 Å�1 were not observed,
in the BL film, states of k > 0.32 Å�1 are recorded.
As remarked in ref 16, the periodic moiré superlattice
potential in the MoSe2/graphene system leads to
the band-folding effect, and the dominant scattering

events confined within the reduced Brillouin zone
have an upper limit for the scattered wavevectors as
dictated by the period of the moiré superlattice po-
tential and is ∼0.32 Å�1. In BL MoSe2, the same moiré
potential may have weakened significantly for elec-
trons in the top layer, so Bragg reflection by the moiré
superlattice potential is not realized in BL MoSe2.
Therefore, we observe waves of k > 0.32 Å�1 in
Figure 3b.

Tunneling of the DB States through MoSe2. Visualization
by the STM/S of the DB defects in the bottom-layer
via quantum tunneling through the top MoSe2 ML
is remarkable, which deserves further elaborations.
Figure 4a�c presents examples of the STM images
at different bias conditions. Besides the bright rims
representing the DB defects in the top layer, there are
also lines of weaker contrasts but otherwise the same
morphology as the bright rims. On the first sight, this
morphological feature of Figure 4 resembles that of the
lateral heterojunction between graphene and BN,39,40

where different STM/S contrasts were revealed be-
tween the boron- and nitrogen-terminated edges
of BN due to varying DOS at the two junctions. Here,
on the other hand, we assert that the weaker lines
in Figure 4a,b are the DBs in the bottom layer of the
BL film, which are seen in STM micrographs due to
tunneling of the defect states through the top MoSe2
ML. Comparing the three images in Figure 4, one
observes that the darker rims change their contrasts
with the bias and become increasingly invisible upon
decreasing the sample bias. Figure 4d presents line
profiles measured from the three images on the same
position, elucidating the diminishing contrast with
decreasing energy. By referring to the STS spectrum
of Figure 2(ii), we see that Figure 4a corresponds to an
energy that is just inside the bandgap of BL MoSe2.
Under such a condition, electrons of the defect states
in the bottom layer tunnel into the STM tip through the

Figure 4. STM images acquiredover BLMoSe2 at (a)�1.29V,
(b) �1.97 V, and (c) �2.39 V, respectively, of the same area
(size: 14nm� 9nm). The line defects are displayed inorange.
In (a) and (b), weak contrast features are seenwithin a defect-
free region of the top layer, which are assigned to be the
“buried” line defects in the bottom layer. (d) Line profiles
taken along the white lines drawn in (a�c). They are normal-
ized per the maximum intensity.

Figure 3. (a) STS map of a domain boundary defect mea-
sured at the energy as labeled. The black line marks the
position from where the intensity profiles in (b) are ex-
tracted. (b) Intensity profiles of the defect in (a) at different
energies. The solid lines represent the fitting results by the
function I=A sin2(kxþj)þD, whereA, k,j, andD arefitting
parameters. (c) The fitted wavevector k for a few different
defects (coded by colors) and at different energies. The
dashed line is drawn to guide the reader's eye, showing a
dispersive E ∼ k relation.
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“energy gap” of top-layerMoSe2, and so they are visible
in STM micrographs. This is similar to a recent report
of tunneling by the Dirac states in graphene through
ML WSe2 in an STS experiment.41 Contrasting to STS,
which exhibits local DOS at a particular energy, STM
images of Figure 4 represent integrated DOS over the
energy range from the Fermi level to the applied
sample bias. Therefore, the defects can still be visible
at the bias outside the bandgap (e.g., Figure 4b) (note,
however, that there are resonant states, which will also
contribute to the STM contrast). On the other hand,
because the tunneling matrix is dominated by states
at the energy of bias, the contrast of the defects in
STM become increasingly weaker as the bias is further
shifted from the band gap edge to deeper in the
valence band (Figure 4c).

Visualization of the DB defects in the bottom layer
through the top MoSe2 ML suggests significant out-of-
plane momenta of the defect states. They could be the
dz2 component of themetal atoms or the p-states of Se.
Considering the distances of the two atoms from
the STM tip, the p-orbitals of Se can be more relevant.
Such out-of-plane components of the defect states
will make them strongly coupled between the DBs in
the top and bottom layers of BL MoSe2 if are vertically
correlated. This is consistent with an early discussion
about the new feature in the STS spectrum of a BL
MoSe2 than ML film.

Ionization of Point Defect in BL MoSe2 by Tip-Induced Electric
Field. In addition to the line defects visualized by STM/
S, point defects are also observed by STM/S through
the ionization process by the tip-induced electric field.
For example, Figure 5a shows a STSmap of a MoSe2 BL,
in which an elliptical bright feature is clearly discern-
ible. As one decreases the bias of the measurements,
the size of the ellipse shrinks (see Supporting Informa-
tion Figure S1) and becomes invisible below 0.38 V
(Figure 5b). This morphological feature and its bias-
dependence signify an ionization process of a donor
defect in MoSe2.

42�45

Low electron density on the surface of MoSe2
cannot shield the tip induced electric field during
STM measurements, so the field effect inside the
semiconductor MoSe2 must be taken into account.
At a sample bias above the “flat-band” condition, the
penetration of the electric field in ultrathin MoSe2 layer
lifts the energy bands upward, inducing a transition of
the charge state of a donor defect at a sufficiently high
voltage (see Figure 5c). This, in turn, leads to an en-
hancement in the tunneling current and manifests in
the STS map by a bright ring such as in Figure 5a.42�45

Obviously, the electric field is the strongest direct under-
neath the tip, so the band shift is themost prominent at
zero lateral distance from the tip. Moving away from the
tip position, the field strength decays monotonically
with the lateral distance, causing varying degrees of
band lifting (refer to a schematic diagram of Figure 5d).

At a given bias voltage, there exists a specific distance
of the tip from the defect such that the defect level
ED intersectswith the Fermi energy EF. At suchdistances,
transition of the charge state of the defect activates,
which gives rise to enhanced STS contrast. For a point
defect imaged by a symmetric tip, a circular ring will
show up with the diameter reflecting the ionization
energy of the defect as well as its depth in location
from the sample surface.42,46�48 On the other hand, a
nonideal shape of the STM tip apex would generate

Figure 5. (a and b) dI/dVmaps (size: 9� 9 nm2) acquired at
0.56 and 0.38 V, respectively, revealing the presence and
absence of an elliptical ionization ring as highlight by the
solid red line in (a). The dotted horizontal line in (a) marks
the position along which Figure 6a below is obtained.
(c) Energy diagram of the tip�MoSe2/graphite tunneling
junction at zero bias. (d) Schematic illustration of tip induced
band bending in the plane of MoSe2. In (c) and (d), Ec and Ev
mark the conduction band minimum and valence band
maximum, respectively. EF is the Fermi level and ED is the
defect state with a constant binding energy relative to EC.

Figure 6. (a) Color-coded diagram showing position-
dependent dI/dV spectra (it contains a total of 108 individual
spectra). The yellow parabola reveals the spatial evolution of
the ionization peaks. The black line represents a simulated
result (see text). The vertical dash-dotted lines mark the
positions from where the STS spectra in (b) were derived.
(b) Individual dI/dV spectra taken at different distances from
the defect as indicated by the colored vertical dash-dotted
lines in (a). The arrow points to the ionization peak in
the top(red) curve. The dashed line marks the conduction
band edge.
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deviations, but the above interpretation of the phenom-
enon remains valid. The experiment of Figure 5 provides
a direct evidence of electric field induced ionization of
a donor defect.

Figure 6a is a color-coded position-dependent
dI/dV diagram along the marked dotted line in Figure 5a
and at varying energies. The nearly parabolic curve
conforms to a donor defect in MoSe2. In the diagram,
distance zero (i.e., the position where the parabola
minimum lies) refers to the lateral position where the
defect is.Moving away from the defect, higher voltages
are required to ionize the defect. The defect appears
singly charged, as we do not observe double rings over
wide energy range scans. Figure 6b shows two indivi-
dual STS spectra taken at different lateral positions
relative to the defect (marked in Figure 6a), fromwhich
one observes clearly the ionization peak at energies
above the conduction band edge, e.g., at about 0.6 eV
in the top curve taken from inside the ionization ring of
the dI/dV map. It is absent in the spectra taken from
outside of the ionization ring (e.g., the bottom curve).
This reaffirms the electric field effect inducing the
ionization of donor defect in MoSe2.

In principle, one can perform simulations of the
energy-dependent ionization ring or the position-
dependent dI/dV diagram (i.e., the parabola) to derive
the binding energy and/or other properties of the
defect and the host material. There are, however, com-
plications due to a few unknown parameters, such as
the STM tip characteristics and the contact potential,
which would affect the fitting results.42 Nevertheless,
based on appropriate assumptions of such parameters,
one may still provide order-of-magnitude estimates
of the defect binding energy and/or the dielectric
constant of the film. For ultrathin TMDs, one of the
important material properties is the dielectric con-
stants (εr). The much reduced εr in ML and BL TMDs
than that of the bulk crystal contributes to the en-
hanced exciton binding energies, for example.49

It is thus quite appealing to provide independent experi-
mental evaluations of such a parameter than the exciton
binding energy measurements by optical methods.
Coulomb potential profile associated with an ionized
donor defect in a film will contain such information,

so the result of Figure 6 can be used to extract such
a quantity. Following ref 42, we performed simulations
of the result of Figure 6a and the black line represents
one of the simulated results assuming the dielectric
constant of BL MoSe2 is εr ∼ 4.6 as suggested by
theory.49 The resulted binding energy of the defect is
∼240meV. If one uses a larger εr, such as that of the bulk
MoSe2 (i.e., ∼10.2),49 the fitted result appears also good
(see Supporting Information Figure S2), and the derived
binding energy will be lower at ∼130 meV. To discrimi-
nate one from the other, one needs a priori knowledge
about the defect. For a donor defect in MBE-grown
MoSe2, the most relevant candidate includes Se-
vacancy, metal-adatom, interstitial or antisite. Unfortu-
nately, we do not have enough data to ascertain the
identity of the defect. Should we accept the theoretical
dielectric constant (εr∼ 4.6), the derived binding energy
of ∼240 meV may actually help to specify the very
identify of the defect in MBE-grown MoSe2, a key
property in its own right in semiconductor physics and
devices.

CONCLUSION

BL MoSe2 films grown by MBE are investigated
by STM/S, revealing both DB and point donor defects.
The DB defects give rise to mid-gap states and their
quantum confinement leads to undulated intensities
in the STM/S micrographs. By comparing ML with BL
MoSe2, a possible coupling of the defect states be-
tween the top and bottom layers of the BL film is
indicated. Tunneling of the DB states through MoSe2
ML is also visualized in STM measurements. Electric
field induces ionization of a point defect in BL MoSe2
and manifests by a bright ionization ring in the STS
map. Simulations of the energy dependent ionization
rings and/or position-dependent conductance spectra
may lead to derivations of such important properties as
the binding energy of the defect and the dielectric
property of the host material. These STM/S studies
of the defect states, including direct visualization of
the tunneling effect and the electric field induced
ionization processes, are imperative and important to
supplement the transport and optical studies of the
devices made of the TMD films.

METHODS
MoSe2 films were deposited on freshly cleaved HOPG from

elemental molybdenum (Mo) and selenium (Se) sources in an
e-beam evaporator and a dual-filament Knudsen cell, respec-
tively, using a customized Omicron MBE reactor. The flux of the
metal source was calibrated by the built-in flux monitor in an
e-beam evaporator and that of Se was estimated by the beam-
equivalent pressure (BEP) measured using a beam flux monitor
at the sample position. The flux ratio between Mo and Se
was 1:15, and the film deposition rate was 0.5 MLs per hour
(i.e., ∼0.3 nm/h). The sample temperature during growth was
400 �C. Reflection high-energy electron diffraction (RHEED)
operated at 10 keV was employed to monitor the growing

surfaces and the persistent streaky RHEED patterns signified 2D
layer-by-layer growth mode of MoSe2 on HOPG. After a preset
coverage of the deposit was grown, the source fluxes were
stopped by closing the mechanical shutters and in the mean-
time the sample was cooled naturally to room-temperature
(RT) for subsequent RT-STM measurements using an Omicron
VTSTM system. For some, the samples were capped by amor-
phous Se layers by depositing Se at RT, which could be signified
by the change of the streaky RHEED patterns of MoSe2 to
diffusive ones. Such samples were transported to a separate
Unisoku LT-STM system for STM/S characterizations at 4 K. Prior
to the LT-STM/S measurements, however, clean and smooth
MoSe2 surfaces were recovered by thermal desorption of the Se
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capping layers. The latter were verified by the reappearance
of the sharp streaky RHEED patterns as well as the observation
of smooth surface morphology of the samples by STM. For both
RT and LT-STM experiments, the constant current mode was
adopted. For the STS measurements, the lock-in technique
was employed using the modulation voltage of 15 mV and
frequency of 985 Hz. The differential conductance (dI/dV)
spectra were taken at each point of an imagewith same starting
voltage and current and the same lock-in parameters. The dI/dV
map was acquired by plotting the dI/dV data at a particular
energy for every point of the image.
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