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ABSTRACT: The electronic properties of semiconducting monolayer transition-metal dichalcogenides can be tuned by
electrostatic gate potentials. Here we report gate-tunable imaging and spectroscopy of monolayer MoS2 by atomic-resolution
scanning tunneling microscopy/spectroscopy (STM/STS). Our measurements are performed on large-area samples grown by
metal−organic chemical vapor deposition (MOCVD) techniques on a silicon oxide substrate. Topographic measurements of
defect density indicate a sample quality comparable to single-crystal MoS2. From gate voltage dependent spectroscopic
measurements, we determine that in-gap states exist in or near the MoS2 film at a density of 1.3 × 1012 eV−1 cm−2. By combining
the single-particle band gap measured by STS with optical measurements, we estimate an exciton binding energy of 230 meV on
this substrate, in qualitative agreement with numerical simulation. Grain boundaries are observed in these polycrystalline samples,
which are seen to not have strong electronic signatures in STM imaging.

KEYWORDS: Monolayer molybdenum disulfide, scanning tunneling microscopy/spectroscopy, single-particle band gap,
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Monolayer MoS2 is a semiconducting transition metal
dichalcogenide (TMD) with unique electronic1−5 and

optical2,3,6−8 properties. A unique feature of monolayer
semiconducting TMDs is the tunability of their properties by
the electrostatic environment. By using an appropriate substrate
or electrostatic gate, it is possible to strongly influence the
dielectric screening and carrier concentration in the TMD.
Appropriate substrate and gate engineering can thus modify
fundamental transport and optical properties such as the
electrical conductance,1,9−11 excitonic properties,8,12,13 band
gap,14 electron−phonon coupling,15 and even structure16,17 of
the TMD. These effects have been probed to date chiefly by
transport measurements in a field-effect transistor (FET)
geometry1,9−11 as well as by optical measurements on gated
substrates.6−8,12−14 To complement these transport and optical
measurements, it is desirable to directly probe the single-
particle electronic structure of these new materials as a function
of field-effect doping. In the past, several single-particle
spectroscopic probes such as angle-resolved photoemission18,19

and scanning tunneling microscopy (STM)20−25 have been
used to probe the electronic structure of monolayer TMD.

Because of reasons of sample cleanliness and difficulty in
making Ohmic contact26 with the TMD film, these studies have
so far been confined to studying monolayer TMD films placed
or grown on metallic or semimetallic substrates, with successful
gate-dependent STM measurements only being achieved on
multilayer films.27 Such gate-dependent STM studies on
graphene have provided important information on sample
homogeneity,28,29 scattering mechanisms,28 electron−elec-
tron30 and electron−phonon31 interactions, and insights into
new electronic phenomena at the atomic scale.32,33 It is thus
highly desirable to achieve gate-dependent spectroscopic
measurements on monolayer TMD films.
In the present work, we describe methods by which the

typical problems of cleanliness and contact resistance can be
overcome, allowing us to perform high-quality spectroscopic
measurements on gated monolayer MoS2. Key to our new
measurements is the availability of a new class of monolayer
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MoS2 samples. The initial experimental work on monolayer
MoS2 was performed on micron-sized samples produced by
mechanical exfoliation.2 While such samples can be produced
cleanly on an insulating substrate without the use of lithography
or polymers, the small size of these samples gives rise to large
contact resistances to metal electrodes. More recently, chemical
vapor deposition (CVD) has been used to grow large-area films
of MoS2, which enables statistically relevant experimental
studies as well as applications.34−36 These growth techniques
use solid precursors, which lead to contamination from
unreacted species on the surface and make STM imaging
difficult. Very recently, a fully vapor-based precursor approach
has been used to create extremely uniform, high-quality films of
monolayer MoS2 over the wafer scale.

37 This newly developed,
metal−organic chemical vapor deposition (MOCVD) techni-
que is a major advance in the large-scale growth of monolayer
TMD films with spatial homogeneity and high electrical
performance in spite of its polycrystalline structure. Importantly
for STM measurements, the use of only vapor precursors leads
to a much cleaner surface than other CVD techniques.
Additionally, the wafer scale continuity of the sample implies
that making the contact area large enough can minimize the
resistance to a drain contact as demonstrated by a recent
transport study showing that a large contact area helps to
realize full carrier injection.38 Because of the new availability of
these MOCVD films, we are able to perform high-resolution
STM imaging and spectroscopy on the film under influence of a
back-gate electrode for the first time.
Our experiments begin by the growth of monolayer MoS2

samples directly on a SiO2/Si substrate,
37 which optimizes the

growth time to produce films that have near-complete coverage
over the entire 4-in. wafer. The thickness of the film is primarily
monolayer (>95%), with occasional small patches (micron-
sized) of bilayer or thicker regions. The MoS2 films are first
characterized using optical absorption, photoluminescence

(PL), and Raman spectroscopy. Our monolayer films show
PL spectra with peak position at 1.87 eV that are similar to
previous reports on exfoliated and CVD samples (Figure 1a).2,3

After characterization, our substrates are cleaved into pieces
that are 2 mm × 10 mm in size. To perform STM, we deposit a
metal electrode that serves as the drain of the tunneling current.
To minimize contact resistance to the MoS2 film, we deposit a
Cr/Au (2/50 nm) electrode of dimensions 50 μm × 3 mm on
the MoS2 film. The electrode is deposited by evaporation
through a stencil mask to preserve the cleanliness of the MoS2
film. The MoS2 film is introduced into the ultrahigh vacuum
preparation chamber and annealed at 150 °C for several hours
to remove surface contamination before the STM measure-
ment. Our measurements indicate that the quality of the film is
not affected by annealing at temperatures below 300 °C. The
sample is then loaded into the STM and measurements
performed without additional sample preparation. To further
overcome the contact issue of monolayer MoS2, we perform all
of the measurements in this letter at room temperature to
minimize the effect of the Schottky barrier between the metal
electrode and MoS2 film that becomes a severe problem at
cryogenic temperatures. Figure 1, panel b shows the schematic
of our device setup. During the STM measurements, the
electrode in contact with the film is kept grounded. To
independently tune the carrier concentration in the MoS2 film,
the Si wafer is biased with a gate voltage Vg that is tuned in the
range of ±50 V. STM measurements are performed with a W
tip that is biased at a potential Vb with respect to the sample.
Figure 1, panel c is an atomic resolution STM image of

monolayer MoS2. It clearly reveals a hexagonal atomic lattice as
expected from the top sulfur layer with the appropriate lattice
constant of 3.2 Å. Figure 1, panel d is the STM topography of a
typical 60 × 60 nm2 area of monolayer MoS2. The sample
surface shows a root−mean−square (RMS) roughness of 225
pm with the lateral size scale of the roughness being a few nm.

Figure 1. (a) PL spectra of monolayer MoS2 displaying a prominent peak at 1.87 eV. (b) Schematic of the STM measurement setup. An electrostatic
gate voltage is applied to the monolayer MoS2 through a SiO2/Si substrate during the STM/STS characterization. (c) Atomic resolution STM image
of monolayer MoS2 showing a triangular atomic lattice of S with lattice constant of 3.2 Å (set point: V = 2 V, I = 40 pA). (d, e) Large-area STM
images of monolayer (ML) and bilayer (BL) MoS2 (set point for ML, V = 2.5 V, I = 20 pA; set point for BL, V = 2.5 V, I = 20 pA). (f) Histograms of
the topographic height distributions for (d) ML and (e) BL MoS2.
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While height contrast in an STM image can come both from
topographic roughness as well as density of states variations, we
note that the roughness of monolayer MoS2 that we measure is
comparable to the roughness of monolayer graphene on SiO2, a
sample with very different density of states variations. Both of
these numbers are also comparable to the intrinsic roughness of
the SiO2 substrate itself, indicating that monolayer MoS2
conforms well to the SiO2 surface and the height variations
we measure are primarily topographic. We occasionally find and
measure bilayer MoS2 patches in our sample (see Supporting
Information). In contrast to the large-scale topography of
monolayer MoS2, we find that bilayer MoS2 (Figure 1e)
displays a much smoother topography on the large scale, with a
typical RMS roughness of 174 pm. Figure 1, panel f displays the
histograms of the height distribution for monolayer and bilayer
MoS2, illustrating this difference. We can understand the
reduced roughness of bilayer MoS2 as due to the increase in
bending stiffness of MoS2 with thickness. Similar effects in
roughness have been reported on graphene before by STM.39

This layer thickness-dependent roughness can potentially be
used to determine the van der Waals interaction between
individual sheets of MoS2, though appropriate theoretical
models are currently lacking for this.
To measure the electronic spectrum of monolayer MoS2 with

STM, we record the tunneling current I as we sweep the sample
bias voltage Vb. We perform this measurement tens of microns
away from the metal contact to avoid effects of the Schottky
barrier in our measurements. This I(V) measurement can be
performed at a fixed value of the back gate voltage Vg. In Figure
2, panel a, we show a typical I(V) spectrum acquired at Vg = 0

V. The spectrum clearly shows the presence of a tunneling gap
where the current is zero. For this particular spectrum, the
tunneling gap extends from −1.2 V to +0.9 V, for a total gap of
2.1 V. In Figure 2, panel c, we plot a series of I(V) taken at
different back gate voltages from 0 V to +50 V. We see that the
application of a positive gate voltage systematically tunes the
positive edge of the tunneling gap toward the Fermi level.
These observations are completely consistent with the expected
spectrum of a two-dimensional (2D) semiconductor that is
being electrostatically gated. The tunneling gap measured in the
STM is directly related to the semiconductor band gap. We will
discuss reasons below why the two are not necessarily identical
in magnitude, but in what follows, we will interchangeably use
the two notations. The positive edge of the tunneling gap thus
corresponds to electron tunneling into the unoccupied
conduction band of MoS2, while the negative edge of the
tunneling gap corresponds to hole tunneling into the occupied
valence band. The fact that the conduction and valence band
edges are roughly equidistant from the Fermi level at zero gate
voltage implies that the sample has a compensated hole and
electron density as grown. As the gate voltage is increased in
the positive direction, the sample becomes capacitively charged
with electrons, thus adding electrons into the conduction band.
This shifts the edge of the conduction band toward the Fermi
level, exactly as observed in Figure 2, panel c.
To extract the size of the band gap as a function of back gate,

we can fit the I(V) curve at each value of Vg using Bardeen’s
formula:40

Figure 2. Evolution of electronic spectrum I(V) with back gate Vg. (a) I(V) spectrum taken at Vg = 0 V showing a tunneling gap of 2.1 eV. A band
alignment diagram is shown in the inset (set point: V = 2.8 V, I = 25 pA). (b) A fit to the I(V) curve in panel a using Bardeen’s formula. (c) A series
of I(V) spectra taken at different back gate Vg from 0 to +50 V. The set point bias V varies from 1 to 2.8 V, and current I varies from 10 pA to 30 pA
for different back gate voltages. The conduction band edge EC is moving toward the Fermi level EF with increasing back gate voltages as denoted by
the red arrows. (d) The position of the conduction band edge EC and the extracted band gap as a function of back gate Vg.
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Here ρt (ρs) is the tip’s (sample’s) density of state (DOS), d is
the tip−sample distance (∼5−8 Å), Φ is the averaged work
function of the W tip and monolayer MoS2 (∼5 eV),41,42 f(ε) is
the Fermi funct ion a t room tempera ture , and

≈ − ℏ Φ− −T E e( ) d m E2 / 2 ( )eV
2 is the energy-dependent tunneling

matrix element. We assume for our experiment that the energy
dependence of the tip DOS is weak. To make a fit to the
experimental I(V), we have to assume a functional form to the
energy dependence of the sample DOS ρs. In the case of MoS2,
multiple electron and hole bands are present near the gap,
which can contribute to tunneling.43 Indeed, in previous
experiments on other monolayer TMDs, additional features in
the experimental spectra have been used to estimate the
contributions of different bands to tunneling.44 In our case, we
do not see such additional features clearly at room temperature.
Thus, we use a simple one-band approximation of the
semiconductor DOS, where parabolic bands have an energy-

independent ρ =
π

*
ℏ

m
s 2 . We also allow the conduction and

valence bands to have different effective mass m* and hence
different DOS. Thus, we model the experimental spectrum by
the following ρs:
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We use this function to fit to the experimental spectrum. We
limit our fit to the bias range close to the edge of the gap (<500
mV) where the one-band approximation is reasonable. We note
that our results for the band gap are reasonably independent
(10−20 meV) of the precise functional form of the DOS
assumed outside the gap. In our fit, the magnitude of the
parameter ρt, ρ0 that enters the tunneling current is fixed by the
normalization condition of the tunnel junction. We thus have
three free parameters that determine the spectrum: the
positions of the valence and conduction band edges Ev and
EC, and the ratio of the DOS of the conduction band to the
valence band α. Shown in Figure 2, panel b is a typical example
of a fit to the I(V) curve shown in Figure 2, panel a. The fitted
conduction band edge EC is 0.9 eV, and the valence band edge
Ev is −1.2 eV, giving a band gap Δ = EC − Ev = 2.1 eV. The
conduction band edge EC is seen to move toward the Fermi
level with increasing gate voltage indicating electron doping of
the MoS2 sheet. We can perform similar fits to the I(V) curves
at each value of Vg < 25 V. At larger gate voltages, the Fermi
level reaches the edge of the conduction band, and the
spectrum near the Fermi level is dominated by defect states,
making the fitting routine unreliable. Additionally, the valence
band edge moves out of the range of safe voltages we can apply.
In Figure 2, panel d, we plot the band gap and the position of
the conduction band edge EC as a function of the back gate
voltage for Vg < 25 V. The fits show that within our
measurement accuracy (about 50 meV), the band gap extracted
is independent of gate voltage.
We first discuss the shift of EC (or equivalently the shift of

EF) as a function of the back gates as plotted in Figure 2, panel
d. Given the capacitance per unit area between the gate and the
MoS2 sheet C = 1.28 × 10−8 F cm−2 (C = ε0εr/d; εr = 3.9; d =
270 nm), one estimates that the MoS2 sample will be charged

with electrons at a rate of 8 × 1010 V−1 cm−2, shifting the Fermi
level EF into the conduction band. The rate at which the Fermi
level shifts, κ = dEF/dVg, depends on multiple factors. The first
factor is the presence of thermally activated intrinsic carriers

= −Δn Ne kT/ . Here, N is the number of carriers in the valence
bands of monolayer MoS2 (∼1015/cm2). At room temperature,
the number of such thermally excited carriers (∼10−19/cm2) is
still negligible given the large band gap of MoS2, and we can
thus neglect this effect. The second effect that determines κ is
the density of states of the conduction band nc. In the absence
of intrinsic or extrinsic carriers, the Fermi level will be located
close to the midpoint of the semiconducting gap. Upon adding
electron carriers, the Fermi level should immediately jump to
the edge of the conduction band. Once it enters the conducting

band, the Fermi level will shift at a rate given by κ = C
enc
.

Experimentally, we do not see an abrupt jump from the
midpoint of the gap to the edge of the conduction band as a
function of applied gate voltage. Instead, the Fermi level EF
shifts gradually to the conduction band (see Figure 2c) as the
back gate Vg is increased from 0 to +20 V. This indicates the
presence of in-gap states that can be filled by the gate bias.
These in-gap states are created by the defects or trapped charge
in or near MoS2. We see experimentally that the shift of the
Fermi level is fairly linear with Vg in the gap, indicating that the
in-gap states are distributed uniformly in energy within the gap.
We apply a linear fit to EF (Vg) from 0 to +20 V (gap region) to
extract the shift rate. The experimental shift rate κ = 0.062 eV/
volt within the gap corresponds to a defect density nD = 1.3 ×
1012 eV−1 cm−2. We note that the charge traps can be located
either in the MoS2 itself or in the underlying SiO2.
We next turn to the measured tunneling gap in scanning

tunneling spectroscopy (STS) spectra. The tunneling gap
clearly originates from the band gap of MoS2. However, two
important effects should be considered before one can make
quantitative comparisons between the tunneling gap and the
band gap. The first of these is the local doping caused by the
STM tip itself, typically called tip-induced band bending
(TIBB) in the context of three-dimensional (3D) semi-
conductors. TIBB in general will make the tunneling gap
appear larger than the band gap of the semiconductor, with
detailed magnitudes depending on the electrostatics of the
junction.45−47 The second effect is the screening of the
tunneling electron in the MoS2 by the dielectric environment,
commonly referred to as the image potential effect.48,49 This
effect will make the tunneling gap appear smaller than the true
band gap. In STM measurements on 3D semiconductors, TIBB
can be a large fraction of a volt due to the poor screening in the
semiconductor. Our situation is different for two reasons. First,
our electrostatic geometry is significantly different due to the
presence of the gate electrode. We find that the calculated
magnitude of TIBB is smaller than that usually seen in prior
measurements on 3D semiconductors due to the screening
from the back gate electrode. Second, a significant amount of
lateral tunneling is present inside the MoS2 film that reduces
the effect of the TIBB in the tunneling spectrum. Our estimate
for the overestimation of the band gap due to TIBB is roughly
140 ± 50 meV (details in the Supporting Information).
Coincidentally, the estimate of the image potential (also
provided in the Supporting Information) is roughly of the same
magnitude. Since the two effects have opposite sign, they cancel
each other, implying that the observed tunneling gap is equal to
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the single-particle band gap of MoS2 (to within 50 meV due to
uncertainties in the tip shape).
We can use the STS estimate of the band gap (2.1 eV) in

conjunction with the PL measurements (1.87 eV) on
monolayer MoS2 to estimate the exciton binding energy in
our samples. This calculation results in an estimate of 230 ± 50
meV for the exciton binding energy. This large exciton binding
energy is a consequence of the strong Coulomb interactions
due to lower dimensionality and reduced dielectric screening of
monolayer MoS2.

50,51 Interestingly, our measured band gap on
SiO2 is very similar to previous measurements of monolayer
MoS2 on graphite20 indicating the screening effects of the two
substrates on the band gap is very similar. To better understand
and compare with our experimental findings, we also calculate
the exciton binding energy using an electrostatic model as
sketched in Figure 3, panel a.52 In the model, we approximate

the system as three coplanar dielectric slabs: the MoS2
monolayer, 6.5 Å thick with a static dielectric constant ε2 =
14.5, surrounded by either vacuum on both sides (ε1 = ε2 = 1)
or vacuum and SiO2 (ε1 = 3.9, ε3 = 1). Naturally, we confine
the electron and hole to the middle of each MoS2 monolayer.
Using a field method described by Smythe53 and extended by
Sritharan,54 we can calculate the potential experienced by an
electron at (ρ, z) due to the presence of a hole at (0, z0) (see
Supporting Information). The simulation yields binding
energies of the lowest exciton (1s) of Eex = 280 meV for a
MoS2 monolayer on SiO2. The corresponding 1s exciton
binding energy for a free-standing MoS2 monolayer is Eex = 500
meV. The 44% reduction of Eex by considering a SiO2 substrate
explicitly demonstrates the sensitivity of Eex to the screening
from the dielectric environment.22 The experimentally
determined exciton binding energy (230 meV) is in reasonable
agreement with our model simulation (280 meV). Uncertain-
ties that remain could largely be an effect of the imprecise
determination of TIBB in our experiment. This simulation also
yields the complete hydrogenic series of high lying excitons.
Figure 3, panel b plots the lowest a few excitonic states, with
corresponding binding energies of Eex = 280, 85, and 41 meV
for the 1s, 2s, and 3s states, respectively. We note that our
calculated binding energy of excitonic states does not follow the
1/n2 (n = orbital angular momentum) rule expected in a
hydrogenic Rydberg series. This is consistent with recent
studies on monolayer WS2

55 and is due to the nonuniform
dielectric environment in 2D monolayer TMDs.
Finally, we discuss the grain boundaries of monolayer MoS2.

A grain boundary naturally forms when two grains are merged
together during the growth of our polycrystalline MOCVD thin
film. Figure 4, panel a is a large scan of sample surface showing

Figure 3. (a) An electrostatic model to calculate the exciton binding
energy of monolayer MoS2 on a SiO2/Si substrate. (b) The calculated
lowest few excitonic states, with corresponding binding energies of Eex
= 280, 85, and 41 meV for the 1s, 2s, and 3s states, respectively. The
scale bar is only used for the excitons shown in the schematic, while
the TMD layer is exaggerated for the display purposes.

Figure 4. (a) A large STM image of MoS2 showing a region with two types of grain boundaries, which separate the area into three domains as
labeled by the numbers (set point: V = 2.5 V, I = 20 pA). (b) A grain boundary of CVD graphene grown on a copper substrate showing the presence
of additional states at the grain boundary (set point: V = 1 V, I = 100 pA). (c−e) Atomically resolved STM images of MoS2 for each domain in panel
a and their Fourier transforms (set point: V = 2 V, I = 50 pA).

Nano Letters Letter

DOI: 10.1021/acs.nanolett.6b00473
Nano Lett. 2016, 16, 3148−3154

3152

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b00473/suppl_file/nl6b00473_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.6b00473


two types of grain boundaries. One boundary type shows a
“trench” structure with a central dip, while the second one is
characterized by a row of discrete spots reminiscent of
“stitching”. These two grain boundaries separate the surface
into three domains as labeled in Figure 4, panel a. We achieve
atomic resolution for each domain (Figure 4c−e). These
atomically resolved images and their Fourier transforms help us
to determine the grain orientation and, hence, grain boundary
misorientation angle. One can see that the “stitching” boundary
is actually associated with a much smaller misorientation angle
(4.3°) than that of “trench” boundary (21.7° and 17.4°). In our
topographic images of the MoS2 grain boundary, we see the
boundary as largely featureless. This situation is to be
contrasted with the case of grain boundaries in graphene
grown by CVD techniques. Shown in Figure 4, panel b is a
typical STM topographic image of a stitching grain boundary in
graphene grown on copper foil. One sees a significant
enhancement of the local density of states near the grain
boundary of graphene indicating the presence of one or more
edge states. Such states have also been seen before at the
boundaries of graphene ribbons or sheets at low energies.56,57

The fact that the MoS2 grain boundaries do not show a similar
strong enhancement indicates that the contributions of such
edge states to the overall local density of states are small. We
note that other measurements23 of CVD-grown MoS2 on
graphite substrates have shown density of states variations at
grain boundaries. The nature of such edge states is highly
dependent on the chemistry of the actual grain boundary, and
our current findings are consistent with transport measure-
ments on the same MOCVD samples that indicate that grain
boundaries in MoS2 do not scatter charge carriers strongly in
these films.37

In conclusion, we have provided an atomic-scale character-
ization of the structure and spectroscopic properties of
monolayer MoS2 grown by MOCVD techniques. Our measure-
ments indicate that the atomic chemical defects in the film as
grown by the MOCVD process are comparable in density to
typical single-crystal samples of TMDs. Using a back-gated,
insulating substrate allows us to conduct doping-dependent
STS measurements on monolayer MoS2. The gating depend-
ence of the Fermi level indicates a large in-gap trap state
density. Minimizing such traps will be of importance in
electronic device performance. Our measurements of the band
gap on the dielectric substrate together with PL measurements
allow us to extract the exciton binding energies, consistent with
simple theoretical estimates, and confirm the fact that Coulomb
interactions are extremely strong in the excitonic state. The
ability to do doping-dependent imaging and spectroscopy
opens up several new avenues to study the unique physics of
semiconducting monolayer TMDs and their heterostruc-
tures.58−61 Our experiments also lay the groundwork for future
spectroscopic imaging measurements at lower temperatures to
image localized quantum states and scattering in monolayer
MoS2.
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