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Atomic-scale intrinsic defects play a key role in controlling functional electronic properties of two-dimensional (2D) materials. Here,
we present a low-temperature scanning-tunneling microscopy and spectroscopy investigation of a common point-defect in
monolayer molybdenum disulfide (MoS,). We employ a sample preparation method in which the film surface is never exposed to
air so that the native dangling bonds surrounding the defects in the film are preserved. Molybdenum vacancies are identified by
their three characteristic in-gap resonances by combining scanning-tunneling measurements with parallel Green’s function-based
theoretical modeling. The relative energy shifts between the various in-gap states allow us to identify a relative charge difference
between two of the observed vacancies. The role of the substrate on the band structure of the defective MoS, monolayer is
unveiled. Our study highlights the effects of the substrate on the in-gap states of common defects found in MoS, providing a
pathway in designing and optimizing 2D materials for electronic applications.
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INTRODUCTION

Electronic properties of 2D materials, such as graphene and
monolayer transition metal dichalcogenides (TMDs), are more
sensitive to structural defects than their bulk counterparts due to
their atomically thin nature. This sensitivity presents an opportu-
nity to functionalize 2D materials through defect engineering,
much like what has been done in the silicon industry'. For
example, defects have been intentionally introduced in semi-
conducting MoS, to improve its optical response?, induce
magnetism® or enhance catalytic activity*®. Similarly, defects in
other TMDs have been shown to funnel excitons to act as single-
photon emitters—a critical component of the quantum-
information processing ecosystem®®. The reduced electron
screening that makes defect engineering a powerful tool in 2D
materials can also yield undesirable consequences. As an example,
MoS, monolayer films exhibit carrier mobilities well below the
theoretical limit due to the effects of disorder, defects, and
impurities'®'3, Studies show that charged defects such as sulfur
and molybdenum vacancies act as electron acceptors to produce
deep in-gap states'*24, which drive desirable optical properties
that can be leveraged for nanophotonic applications®. Despite the
extensive literature on the topic, the correlation between point
defects and their in-gap states has experimentally remained
elusive. This is primarily due to the fact that the dangling bonds at
the defect sites are rapidly quenched by the contaminants in the
air due to their high reactivity, which makes it challenging to
experimentally access these pristine defect states.

In this work, we overcome this obstacle by utilizing a sample
fabrication method in which the surface of a monolayer MoS, film
is never exposed to air, so that the native electronic properties of
the point defects are properly preserved. We employ low-
temperature scanning-tunneling microscopy/spectroscopy (LT-
STM/STS) and conductance-imaging-tunneling  spectroscopy
(CITS) to identify molybdenum vacancies in two distinct charge
states. Parallel theoretical modeling is carried out to interpret and
analyze the results. We map the in-gap resonances as a function of

both position and energy and show that their experimentally
observed spatial distribution is in reasonable accord with the
corresponding (real-space) density of states calculations. Our
study provides insight into the atomic-scale electronic properties
of the defective landscape of MoS, monolayers.

RESULTS AND DISCUSSION

Identification of point defects

Monolayer MoS,/Pb samples were produced using the “flip-chip”
technique?’. In this method, the MoS, is first deposited onto a
sapphire substrate via chemical vapor deposition (CVD) and a
100 nm Pb film is later evaporated on top. The Pb side of the
sample is then glued to an STM sample holder and the sapphire
side is glued to a cleaving post which is used to cleave the
sapphire away from the MoS, in ultra-high vacuum (UHV). Details
of the fabrication method are reported elsewhere?®. This
procedure is naturally beneficial for the study of native defects
compared to conventional preparation methods primarily because
the measured monolayer film is sandwiched between the Pb and
the sapphire substrate during preparation. As a result, it is
protected from undesirable oxidation of dangling bonds arising
from structural defects which are known to alter the density of
states?’. This method thus provides a platform for measuring the
electronic structure of the pristine defect site. Another advantage
is that it circumvents the need for UHV heating which is
conventionally used to remove water and other contaminants
from the film surface prior to STM characterization, but this
process creates additional defects in the film?2,

STM topographic images show that the surface of our films
exhibits two distinct domains: one where the MoS, is well adhered
to the Pb substrate, displaying proximity-induced superconduc-
tivity?5, and another region that exhibits semiconducting proper-
ties, where there is less interaction between MoS, and Pb (see
Supplementary Fig. 1). A typical large-area STM topographic map
of the semiconducting MoS, monolayer surface is shown in
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Fig. 1
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Common point defects found in monolayer MoS, films. a Large-area STM topography showing the native defects on a

semiconducting region of MoS; (Vset = 1.0V, I = 30 pA). Scale bar represents 50 nm. b Atomic resolution STM topography acquired over a
sulfur vacancy (Vser = 100 MV, Isoc = 100 pA). ¢, d Atomic resolution of a molybdenum vacancy acquired in the empty (Vs = 1.0 V) and filled
(Vset = —2.0V) state, respectively (Iser = 100 pA). e-g Constant current STM topography simulations of the defects in panels b-d with bias set
to V=100mV, 1.0V and —1.0V, respectively. Scale bars for panels b-g represent 0.5 nm.

Fig. 1a. The step-like features on the surface do not come from
multiple layers of MoS, but result from the impression of the
terraced surface of the c-axis cut sapphire substrate on which the
film was originally grown?°. The high-resolution STM topographies
in Figs. 1b and c reveal two common defects both of which appear
as depressions in the images obtained by scanning with positive
bias. When the defect in Fig. 1c is imaged with negative polarity,
however, it appears as a three-lobed protrusion (Fig. 1d). While the
chemical structure of these defects cannot be determined using
STM alone, it can be inferred from their density, lattice site, and
influence over the local electronic density of states. For example,
the defect in Fig. 1b is likely to be a sulfur vacancy (Vs) as it is the
most common defect found in this sample with a density of 2.9 x
10'2cm~2, it forms at a sulfur lattice site and it appears as a
depression independent of the scanning bias (see Supplementary
Fig. 2). Vs is expected to be the most abundant defect due to its
low formation energy; its density here is in good agreement with
the values reported for other CVD-grown MoS, films in the
literature'>'62', We further corroborate our inference by perform-
ing an STM simulation of the Vs in constant current mode (Fig. 1e).
The simulated image reasonably captures the feature from Fig. 1b
depicting a depression at the Vs site surrounded by an immediate
protrusion. Similarly, we infer that the defect in Fig. 1c and d is a
molybdenum vacancy (Vy,) based on its density and influence
over the local electronic density of states. Specifically, it is found to
have a density of 3.4 x 10" cm?, which is an order of magnitude
smaller than for the Vs and consistent with the reported values of
the density of the Vj, in CVD-grown MoS, films?'. In addition, our
STM simulations for a Vy, imaged with positive (Fig. 1f) and
negative polarity (Fig. 1g) correctly capture the depression and
three-lobed protrusions in Fig. 1c and d, respectively.

Electronic characterization of Vy,,

To further investigate the influence of the Vy,, over the local
electronic density of states we acquire tunneling spectra (d//dV
curves) at the defect locations (Fig. 2a, b). Both spectra exhibit
three resonances located between the Fermi level (Ef) and the
valence band maximum (VBM). Although these three in-gap states
exist in both spectra, they are shifted in energy by ~100 meV,
appearing at 0.4 (0.3), 0.9 (0.8), and 1.8 eV (1.7 eV) below the Ef for
the defect circled in red (blue). A similar energy offset has been
predicted in the first-principles calculations of Noh et al.'®, where
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the three in-gap states of a charged Vy, are found to exhibit a
relative shift in energy with respect to its neutral counterpart.
Moreover, Noh et al. predict that the charged V), is stable in
n-doped MoS, where the conduction band minimum (CBM) is
close to the Eg'S.

Figure 2b also presents a spectrum acquired far from the defect
sites (gray curve) to show the reference energies of the VBM and
CBM where the latter is notably closer to the Er. Compared to the
di/dV spectra taken from MoS, films on graphite3°, the CBM here
is closer to the E, which is likely due to the interaction with the Pb
substrate. This interaction is not strong enough to induce
metallicity in MoS, but it produces an intermediate semiconduct-
ing state with an altered band gap. The observed in-gap states in
Fig. 2b have been labeled in keeping with the notation used in the
computations of ref. 16, which also show the presence of a fourth
defect state within the valence band. Since the defect creates a
local perturbation of C,3 symmetry, so that the associated
wavefunctions belong to the irreducible representations A; and
E. The two in-gap states with the highest energy have wavefunc-
tions that involve hybridization between the p-orbitals of S and
d-orbitals of the neighboring Mo atoms, and accordingly these
states are labeled as a;-pd and e-pd, the latter being a doublet.
The lower energy defect states have wavefunctions that involve
only on the p-orbitals of S atoms, and hence the notation e-p,
which is a doublet, and a;-p, which is a singlet state that lies
deeper in the valence bands.

Unlike the theoretical density of states of the Vy,, our tunneling
spectra also show the presence of states between the three in-gap
resonances (compare Fig. 2b, c). This is a well-known consequence
of tunneling from the filled states of the sample into the empty
states of a metallic tip®'2 Note that the states at E; have the
highest probability of tunneling into the tip and this probability
reduces exponentially as a function of energy. Therefore, when
the tunneling bias falls between two filled-state resonances, there
is a probability of tunneling from electrons in states closer to
E3'32. As a result, the features that arise from the in-gap
resonances appear as steps in the tunneling spectra moving away
from the Eg. The agreement between theory and experiment with
regard to the energies of the defect states indicates that the
dangling bonds associated with these defects remain free of
contamination in our samples.
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Fig. 2 Localized in-gap states exhibited by molybdenum vacancies. a STM topography zoomed in on the two primary defects shown in
Fig.1b (Vset = 1.0V, Iset = 100 pA). The inset shows the same area acquired with V= —2.0 V. Scale bar represents 1 nm. b STS acquired on top of
the two defects in (a) where the red (blue) curve is acquired over the defect outlined with the red (blue) dashed circle (Vset =1.0V, lsor =
100 pA) in (a). The gray curve is a spatially averaged dI/dV spectra acquired far from the defects on pristine MoS,. ¢ The transmission
coefficient t between the bottom Pb layer and the orbitals of S on a pristine overlayer (blue solid curve) and in the presence of a Mo defect
(magenta solid curve). As a comparison, the corresponding PDOS spectra projected to the top sulfur layer are presented (black and red

dashed lines for the pristine and defected case, respectively).

Tight-binding model

In order to model the effects of substrate-film interaction on the
density of states, we use the following material-specific tight-
binding Hamiltonian

H= Z(echccuo + VapcloCpo) M

afo

where we modified the parameters slightly from the values we
used previously in ref. 26 to model MoS, on Pb, see “Methods” for
details. We emphasize that the energy, symmetry, and orbital
character of the theoretically found in-gap defect states provide
important fingerprints for identifying these defects in the
experimental spectra. Spectral weights in the di/dV spectra and
the topographic patterns in the STM images associated with
various defects, however, depend on the details of the tunneling
matrix element and the related tunneling pathways between the
tip and surface orbitals, which in turn depend not only on the
overlayer-substrate interaction but also on how the overlayer
orbitals are hybridized.

Our tight-binding parametrization of pristine MoS, only
captures the a;-pd and e-pd states within the gap and not the
states that lie deeper in the valence band since this model does
not account for defect-induced charge transfer. However, a 2 eV
shift of the onsite energies of the p-orbitals of the sulfur atoms
next to the defect shifts the two aforementioned pd states only
slightly upwards but it makes the third defect state (e-p) to
emerge slightly above the VBM; the fourth defect state also
appears in the valence bands, but in our calculations, it is more
hybridized with the valence bands than the a;-pd state in ref. 'S,
The a;-pd and e-pd states possess a mixed character and involve
both the p-orbitals of S and the d-orbitals of Mo. The two lower
energy defect states (a;-p and e-p) are dominated by the
p-orbitals of sulfur.

In order to gain further insight into the experimental di/dV
spectra, we consider the effect of the Pb substrate by evaluating
the transmission coefficient from the bottom Pb layer through the
surface S layer and compare it with the partial density of states
(PDOS) projections onto the sulfur orbitals of the surface layer. In
Fig. 2¢c, the dashed lines show the PDOS projected on the orbital
of a top-layer S atom for the pristine case (black) and of an S atom
in the vicinity of the defect using half interaction with the
substrate (red). (see “Methods” and the Supplementary Note 1 for
a discussion of the half-interaction and full-interaction computa-
tions for modeling substrate effects.) Solid lines show the
transmission coefficient (1) between the bottom layer of the Pb
substrate and the orbitals of an S atom in the pristine case (blue)
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and near the defect (magenta). While the transmission from the
substrate to the defect states is seen to merely broaden the lower
defect peak, more dramatic is the difference in the overall
spectrum. The substrate appears to be strongly connected to the
overlayer states at energies close to the valence band, especially in
the presence of a defect, suggesting that the substrate provides a
significant contribution to the strong background towards
negative energies seen in the experimental d//dV spectra (Fig. 2b).

Spatial perturbation of the density of states

In addition to the three characteristic in-gap states present around
both the defects, we observe an upward band bending of the
CBM. Figure 3a and b shows the measured spectra directly above
Vmo #1 and #2, respectively, over an energy range that extends
well into the conduction band. For reference, a spectrum acquired
on the pristine film, far from these defects, is shown (gray color) in
both plots. Figure 3c and d presents line-cuts through the spectra
acquired over a distance of 4.75 nm centered over Vy, #1 and #2,
respectively, and show that the e-pd and a-pd states are localized
in a region within +/— 1 nm of the V), site. In contrast, the local
bending of the CBM away from the Er extends to +/— 2 nm of the
Vmo site. The CBM shift is evidence for the presence of a local
potential induced by a localized charge, which pushes the CBM
away from the Eg. Details of the band-bending effect depend on
those of the electrostatic potential and how it is screened in the
system involving the MoS, film, Pb substrate, and the tip>3. The
observed shift in the in-gap states and the conduction band edge
between Vy,, #1 and #2 indicates that there is a relative charge
difference between the two vacancies, with Vy, #2 being more
negative.

The energy offset between the two Vy, defects is further
demonstrated by the conductance maps in Fig. 4a-d acquired
over the same area as Fig. 2a. The localized a;-pd and e-pd states
from the Vi, #2 (outlined in blue in Fig. 2a) systematically emerge
in the map at a lower energy than those originating from its
neighboring Vy, #1 (outlined in red in Fig. 2a). Qualitative
similarities are present between the spatial distribution of the Vy,,
#2 conductance at —0.33 eV (Fig. 4e) and the real-space projection
of the a;-pd (Fig. 4f). In particular, the dominant intensity
protrudes from the center of the vacancy to the three neighboring
sulfur atoms (dashed ovals in Fig. 4e and f). This contrasts with the
spatial distribution of the Vi, #2 conductance at —0.84 eV (Fig. 4g)
where the primary intensity is more evenly dispersed around the
perimeter of the defect. Thus, we find a defective state at —0.84 eV
that is spatially more rounded than the state at —0.33¢eV, in
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Fig.3 Local band bending. a, b STS acquired on top of the charged
defect #1 (red) and #2 (blue), respectively, with the spectrum
acquired on the pristine MoS, film (gray) plotted for comparison
(Vset =1.0V, lsec =100 pA). The black dashed lines represent the
energies of the a;-pd and e-pd states. ¢, d STS line profiles of length
4.75 nm centered over the defects in (a, b), respectively. The white
dashed arrows represent the a;-pd and e-pd states while the white
dashed line labeled CBM represents the energy of the conduction
band minima of the pristine MoS, film.

agreement with the real-space projection of the e-pd state
(Fig. 4h). The patterns of the real-space projections are in
reasonable accordance with the constant density contours shown
in ref. '°, and the symmetry of the representations of the C,3
group is clearly seen. In addition, the p-d hybridized nature of the
a,-pd and e-pd defect states is obvious compared to the p (sulfur)-
character of the e-p state. However, it should be noted that the
calculated images here are PDOS maps projected on a plane at a
given height. Direct comparisons between the PDOS and STM
conductance images are not straightforward because different
defect states can have very different transmission channels to the
conducting substrate. Figure 2c shows an example where there is
a relatively low transmission coefficient between al-pd and e-pd
states and the substrate. The patterns of especially the pd states
are not sensitive to substrate-overlayer interaction, although the
background emerging from the valence band is affected by this
interaction.

Effect of the Pb substrate

The strongly energy-dependent transmission probability affects
the contrast of the defects in the topographic images and
conductance maps. For example, the PDOS at the defect states of
pd character is quite high (Fig. 2c), but the spectral intensity of
these states will be reduced by the relatively low value of the
associated tunneling matrix element. The increasing transmission
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probability as we go towards the valence band energies would
increase the contrast of the defect image.

Figure 5a shows the simulation supercell we used for modeling
the defect states. It consists of a 4 x 4 horizontal supercell for MoS,
on a 3 x 3 Pb substrate?, Figure 5b presents the PDOS projection
of the orbitals of the MoS, layer for different substrate-overlayer
interaction strengths. In the case of no interaction (black curve),
there are three peaks in the gap. Comparing the no interaction
and half-interaction (red curve) cases, the two mid-gap spectral
peaks are seen to remain essentially intact. When the full-
interaction strength (blue curve) is turned on, the presence of the
Pb-induced states becomes clearer within the gap. The evolution
of the PDOS at different substrate-overlayer interaction strengths
indicates that the a;-pd state hybridizes with the Pb states, since
the corresponding PDOS peak broadens with increasing interac-
tion. However, the unfolded band structures of Fig. 5c-e (see
“Methods” for details) show that the in-gap states with pd
character are not sensitive to the substrate. A comparison of Fig.
5c and d shows (half-interaction case) that the a;-pd state is close
to the K-point, while the e-pd state spans momenta over the K- M
symmetry line in the momentum space. The a;-pd and e-pd states
are seen to be intact at all three interaction strengths considered
in Fig. 5. The third state (e-p) lies over a wide range of momenta
and appears to be coupled to the substrate in a more complicated
way compared to the two other in-gap states.

In summary, our study demonstrates that the “flip-chip” sample
preparation method can preserve dangling bonds at defect sites
and that the associated in-gap resonances can be identified in their
tunneling spectrum. For this purpose, we focus on molybdenum
vacancies, a common defect observed on semiconducting MoS,
monolayers with a density of 3.4 x 10'" cm~2. These defects exhibit
localized in-gap states whose measured spatial distributions are
reasonably described by our computed real-space projections of
the a;-pd and e-pd states. The three in-gap states related to the Mo
vacancy (Vyo) are found to be shifted in energy suggesting that
they exist in two distinct charged states. We interpret and analyze
our experimental results by varying the strength of the
substrate-film interaction in our modeling and show that states
with pd character are insensitive to the substrate while the e-p
defect state exhibits a complex coupling with the substrate. While
the vacancy defects we have identified, which are electron
acceptors, cannot account for the intrinsic n-type doping of the
investigated films, these defects nevertheless substantially alter the
local electronic density of states of the MoS, monolayer. Our study
provides insight into the atomic-scale electronic properties of the
defective landscape of MoS, monolayers for next generation defect
engineering of 2D materials.

METHODS
STM/STS

Scanning-tunneling microscopy and spectroscopy measurements were
carried out using a Unisoku STM with PtIr tip in ultra-high vacuum (<10~
Torr) at T= 1.5 K. The sapphire was cleaved from the MoS,/Pb in UHV and
the sample was immediately transferred to the STM without breaking
vacuum. The Ptlr tip used in this experiment was previously prepared on a
Au single crystal. The STM images were recorded in constant current mode
and the dl/dV spectra were recorded using a lock-in technique with a
modulation amplitude and frequency of 20 mV and 373.1 Hz, respectively.

Tight-binding Hamiltonian and Green’s function

In Eq. (1), cgc (Cqo) is the real-space creation (annihilation) operator, the
composite indices a and 3 encode both the site and orbital information,
and o is the spin index. Other terms are the onsite orbital energy &, and
the off-diagonal matrix elements Vg between the a and  orbitals based
on Slater-Koster hopping integrals®* and the tables of Harrison3>. The
overlap integrals between the atomic orbitals of two atoms can be
separated into two parts: an angular part, which depends on the
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Fig. 4 Spatial distribution of the a;-pd and e-pd states around two molybdenum vacancies. a-d A series of four CITS maps acquired over
the same location shown in Fig. 2a with the energy of each map shown in the upper right corner of their respective panels. Scale bars
represent 1 nm. e The map acquired at —0.33 eV magnifying the defect outlined in the white dashed box in (a). f The real-space projection of
the density of states at the energy of the a;-pd defect state at a level of 0.1 A above the upper Sulfur layer. g The map acquired at —0.84 eV
magnifying the defect outlined in the white dashed box in (c). h The real-space projection of the density of states at the energy of the e-pd
defect state at a level of 0.1 A above the upper Sulfur layer. Scale bars for (e-h) represent 0.5 nm. The grid of white lines in (f, h) represents the
horizontal primitive cells of the MoS, where the purple and yellow spheres in the upper left-hand corner indicate the positions of the
molybdenum and sulfur atoms, respectively.

KM

r r

K M

DOS

Fig. 5 The effect of the substrate interaction strength on the density of states of the molybdenum vacancy. a The simulation cell used in
calculations. b PDOS projected to the MoS, overlayer at three different interaction strengths, no interaction (black), half interaction (red) and
full interaction (blue). ¢ The band structure of MoS, in the case of half interaction with the substrate with a defect with bands unfolded to the
BZ of a primitive cell of MoS.. d, e The same as Fig. 4c but with no interaction and full interaction with the substrate, respectively. f The same
as in Fig. 4c, i.e,, with half interaction but without any defect.

orientation of the two orbitals, and an amplitude part that depends on the
type of bonding between the two orbitals (sigma, pi, or delta), see
Supplementary Tables 1 and 2 for details. The main difference in our
parameterization compared to that of ref. 2 is that we consider three
different values for the interfacial S-Pb matrix elements in order to
simulate different strengths of overlayer-substrate interaction: no interac-
tion, half interaction, and full interaction, see Supplementary Note for
details. Our basic simulation cell consists of a 1 ML MoS, overlayer with a
4 x 4 supercell structure on a three-layer Pb slab with 6 x6 atoms in the
horizontal direction, see Fig. 4a. For the defect, one Mo atom from the
overlayer is removed without any relaxation, since previous computational
studies’® indicate a relatively small relaxation.
The Green'’s function related to the Hamiltonian above:

G(E, k) = [E— H(k) — £(E, k)]’ )

is used to calculate the unfolded band structures, partial densities of states
(PDOSs), and the transmission through the Pb substrate and the MoS,
overlayer. While the substrate is modeled as a finite slab instead of a
recursively created semi-infinite slab, a self-energy term is added to the
bottom layer of the Pb slab for transmission calculations with features of a

Published in partnership with FCT NOVA with the support of E-MRS

conducting lead with constant density of states and a homogenous
interaction with the bottom Pb layer. The principal quantity obtained from
the Green’s function matrix of Eq. (2) is the density matrix:

1

p(E. k) ==~ (G(E. k) — G(E.k)")

2mi @)

The matrix elements 45, (E, k) of the density matrix are used for
computing the orbital projections of states. For projecting the electron
density into real space, we use Slater-orbitals @q(r-R;)

d(Ev r) = Z eiik.Ru (p:;(r - Ri)(pﬁ(r - Rj)pacﬁc’(E: k)
k.iojB

(4)

While pygae (E; k) is used to analyze the experimental di/dV spectra in
the Tersoff~Hamann approach®, we also obtain transmission from the
bottom of the substrate using the function

Tot (E) = ToGoe(E)Gew (E) (5)

where subscripts b and t denote the bottom layer of the substrate and the
chosen orbitals of the overlayer. For simplicity, ', is taken to be a constant.
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Unfolding the bands

In order to unfold the bands, the matrix elements of the Green'’s function
can be augmented with a phase factor with respect to the coordinates of
atoms within a chosen primitive cell:

Gﬁg,po(kf) _ Ze—ik-(run*IuO)Guotun(k’E) ©)
n

where u0 is orbital  in the central primitive cell within the supercell and uj, is
orbital u in the nth cell. r,, is the position of orbital u in cell n. The Green'’s
function G:ﬁ)‘po (k,E) is then used to derive the corresponding density matrix:

1
pﬁg,uo(Ev k) = ﬁ (G:{),W(E: k) - G:{).uo(ﬁ k)T) @)

The appropriate elements of the density matrix is plotted as a function
of k and E in order to obtain the unfolded dispersion.
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