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M
olybdenite, MoS2, is the most in-
vestigated transition metal dichal-
cogenide because of its abun-

dance in nature,1 sizable specimens (∼ cm2),
commercial availability, and promising prop-
erties. In addition to its widespread use
for tribological applications,2 MoS2 is being
evaluated for and is being integrated into
different devices in nanoelectronics,3,4

optoelectronics,5,6 biosensors,7 hydrogen
production,8,9 and water purification10

among others. The aforementioned devices
typically contain heterostructures with the
associated interfaces between the various
materials, including potential contaminant
residues introduced during the fabrication
process. These interfaces play a critical role
in device performance11 and need to be
carefully controlled. In this regard, although
typically ignored inmany studies, it is critical
to consider the role of native defects, im-
purities, and reaction of the MoS2 with the

ambient before any device fabrication
process.
Despite the promising electronic applica-

tions of MoS2, several erratic behaviors have
been observed in devices fabricated using
exfoliated geological MoS2. For example,
I�V characteristics measured on bare MoS2
or after metal deposition show large varia-
bility across the surface.12 A low electron
Schottky barrier height (SBH) and Ohmic
contacts have been reported with metals
that have a large work function, for exam-
ple, W, Au, Pd, and Ni, and that would be
expected to form a high electron Schottky
barrier with MoS2.

12�20 In another study,21

the conductivity polarity measured on gold
nanoparticles deposited on MoS2 using I�V
and Raman measurements also showed
substantial inconsistencies. In that study,
the n- and p-type behavior was measured
on samples that were prepared in an iden-
ticalmanner and the variability was explained
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ABSTRACT Room temperature X-ray photoelectron spectroscopy (XPS), induc-

tively coupled plasma mass spectrometry (ICPMS), high resolution Rutherford

backscattering spectrometry (HR-RBS), Kelvin probe method, and scanning

tunneling microscopy (STM) are employed to study the properties of a freshly

exfoliated surface of geological MoS2 crystals. Our findings reveal that the

semiconductor 2H-MoS2 exhibits both n- and p-type behavior, and the work

function as measured by the Kelvin probe is found to vary from 4.4 to 5.3 eV. The

presence of impurities in parts-per-million (ppm) and a surface defect density of up

to 8% of the total area could explain the variation of the Fermi level position. High resolution RBS data also show a large variation in the MoSx composition

(1.8 < x < 2.05) at the surface. Thus, the variation in the conductivity, the work function, and stoichiometry across small areas of MoS2 will have to be

controlled during crystal growth in order to provide high quality uniform materials for future device fabrication.

KEYWORDS: MoS2 . Fermi level shift . surface defects . X-ray photoelectron spectroscopy . impurities . work function .
scanning tunneling microscopy . electron affinity
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by the difference in MoS2 thickness and/or by the
Au-MoS2 interface interaction.21 Furthermore, while
MoOx deposited on MoS2 under UHV conditions re-
sulted in core-level band bending that suggested
an Ohmic contact, devices fabricated using MoOx in a
high vacuum (∼10�6 Torr) but not UHV showed a low
Schottky barrier for holes. The discrepancy between
the two approaches was explained by a lower work
function of MoOx deposited in high vacuum in com-
parison with MoOx deposited in UHV.22,23

The reported conductivity type induced by metals
deposited on MoS2 depends strongly on the work
function of both the metal and the MoS2 substrate.
Several studies indicate that the MoS2 work function
(ΦS) varies between 4.5 and 5.4 eV,24�28 the electron
affinity (χ) is reported to be ∼4.3 eV,23,32 and the
work function reported for Au (ΦM) ranges between
4.9 and 5.5 eV.29�31 Figure 1 illustrates the proposed
energy band alignment at the Au/MoS2 interface with
the work function variability reported above. The band
diagram displays both upward and downward band
bending when the Au interfaces with MoS2. For exam-
ple, downward band bending occurs at an interface
where ΦM < ΦS while upward band bending occurs
whenΦM >ΦS. Characterization of various metal con-
tacts on MoS2 performed by two different research
groups reveals the presence of pinning behavior,12,19

which deviates from the Schottky-Mott equation (ΦB =
ΦM� χ).17,19 Bothn- andp-typebehaviorwere observed
on the bare surface and after metal deposition.12 The
current densities show the same trend with vacuum
work function of the metal.12,19 In general, while the
large variability can easily be explained by chemical
interactions occurring at the interface in certain cases,
a combination of Fermi level pinning and the presence
of a high defect density on MoS2 (up to 8 at. %)
explains the variability observed even when no detect-
able interfacial reactions are observed.
Several studies have shown that bulk MoS2 is in-

trinsically an n-type semiconductor with an indirect
bandgap of 1.2�1.3 eV for multilayers32�35 and direct

bandgap of 1.8�1.9 eV for monolayer flakes.34�36

However, p-type behavior was also reported on bulk
crystals.12,23,24,37 The 2H-MoS2 phase is the most stable
among the three established polytypes of MoS2
(1T, 2H, and 3R)38 and it is also well-known that the
intercalation of alkali metals such as Li, Na, or K into
2H-MoS2 causes a phase transformation to the dis-
torted 1T0-MoS2 which exhibits a metallic nature.39�45

Surface analysis techniques such as X-ray photoelec-
tron spectroscopy (XPS) have been employed to study
such a phase transition from Li intercalation.42,43 In
XPS, all photoelectron energies are referenced to
the Fermi level position and the binding energy of
the detected peak is a measure of the energy differ-
ence between the initial and final states of the atom
that has been photoionized.46 Therefore, it would
not be surprising for 2H-MoS2 and 1T-MoS2 to exhibit
unique spectral features. Moreover, the coexistence of
both phases 2H- and 1T-MoS2within the same 500 μm2

analysis area would then be expected to yield two
distinct spectra. Such spectral features have also been
recently reported after MoS2 immersion in butyllithium
solution43 andpreviously after in situUHVdosing of the
MoS2 surface with Li.42 Recently, the metallic phase of
1T0-MoS2 produced by lithiation was successfully used
to reduce contact resistance.45 Both photoelectron
emission and Raman spectroscopy were used to differ-
entiate between 1T0- and 2H-MoS2 structures. For
the Mo 3d and S 2p core levels from such lithiated
samples, the component located at lower binding
energy was assigned to the metallic phase 1T0 and
the component at higher binding energy to the semi-
conductor phase 2H.45

In this study, we use several surface and bulk
methods to investigate the origin of the variation in
MoS2 properties, which has not been systematically
addressed yet in the literature. Photoemission studies
reveal the presence of both conductivity types that will
be confirmed by band alignments constructed from
our work function measurements. STM studies reveal
a highly defective surface, which provides dangling

Figure 1. Simplified schematic of the energy band lineup at the interface between Au metal and MoS2 crystal. ΦM‑min and
ΦM‑max represent the lowest and the highest Auwork function reported in literature, respectively. Similarly,ΦS‑min andΦS‑max

indicate the work function range reported for MoS2.
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bonds and thus reaction upon atmospheric exposure.
The variability and reactivity of the MoS2 surface are
also shown to be significant and must be mitigated to
enable high-quality electronic materials for reproduci-
ble device fabrication.

RESULTS AND DISCUSSION

Impurity Detection. Several theoretical and experi-
mental studies show that majority charge carriers in
geological molybdenite (“g-MoS2”) can be introduced
by incorporating foreign atoms, that is, substitutional
doping or intercalation.47,48 Inductively coupled plas-
ma mass spectrometry (ICPMS), with an impurity de-
tection limit better than 1 part-per-billion (ppb) for
most impurities, was used to determine the impurity
concentration for 33 different elements from acid-
digested geological MoS2 crystal surfaces.49,50 The
ICPMS data reveals a large number of impurities at
considerable concentrations. Figure 2 shows all of the
impurities detected with concentrations > 0.2 ppb
by weight (ppbw). Al, As, Bi, Ca, Cd, Fe, Pb, and W
elements are present in concentrations higher than
10 ppbw, andmany of these are known to have energy
levels within the bandgap of silicon.51 Also, it is likely
that many of them will be electrically active in MoS2
in various allowed sites and in general other transi-
tion metal dichalcogenide (TMD) materials as well.
An estimate of the equivalent impurity concen-
tration levels shows that this can easily exceed
5 � 1010/cm2 (Figure 2), and thus the presence of
ionized impurities is expected to have a high impact in
carrier transport measurements.52,53 High resolution
XPS was also used to search for foreign elements;

however, except for C and O all other impurities were
found to be below XPS detection limits (Figure S1); this
is expected since XPS has a detection limit on the order
of 0.05%, which is significantly higher than ICPMS, but
is illustrative in that the detection of impurities, poten-
tially responsible for degrading materials properties
such as mobility, must be carefully considered and
is not typically discussed in the recent device litera-
ture. We also examinedMoS2 samples by time-of-flight
secondary ion mass spectrometry (ToF-SIMS) which
has a detection limit higher than ICPMS and identified
the following impurities: Al, Fe, Si, Cu, Mn, Cr, Ni, B,
and V (Supporting Information, Table S3).

Importantly, the comparison of the ICPMS results
between a synthetic MoS2 (s-MoS2) by chemical vapor
transport and g-MoS2 sample (Table S1 and S2) at this
early stage of development reveals the presence of
high level of impurities, regardless of the source. This
result highlights the need for continued improved
synthesis process to ensure that higher puritymaterials
are made available for integration into nanoelectronic
devices. Moreover, the concentration level in some
impurities such as Ag, As, Ba, Bi, Fe, Mg, andW is higher
in the synthetic sample s-MoS2 than in g-MoS2. Further
comparative study of this vapor-deposited MoS2 is of
great interest and is underway.

n- and p-type Conductivity in MoS2: Photoemission Study.
X-ray photoelectron spectroscopy was used to study
the chemical state of exfoliated MoS2(0001) surface.
Only two contaminant species are detected by XPS:
carbon and oxygen (occasionally and in low concentra-
tions) consistent with the previous reports (Figure S1).12,33

In separate experiments it was shown that annealing in

Figure 2. Periodic table shows the impurity concentrations from ICPMS analysis of geological MoS2. The abundance unit is
parts-per-billion by weight (ppbw).
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UHV up to 400 �C for 15 min is sufficient to render the
surface contaminants below the limit of detection by
XPS (Figure 3a). Nevertheless, the XPS measurements
reveal considerable spatial variability across the sur-
face of a single sample. The spot size used during the
XPS acquisition is approximately 0.5 mm in diameter.
The spatial variability is observed by scanning a differ-
ent location separated by less than 1 mm. Figure 3b
shows a comparison between the surface character-
istics observed across a single sample (L1 and L2) and
the spectra obtained from a different sample (L3).
On one region (L2), the expected peaks of Mo 3d5/2
(S 2p3/2) corresponding to n-type MoS2 are measured
at 229.7 eV (162.55 eV), in agreement with the reported
binding energies.12,54 Concurrently, a second feature
at lower binding energy is also identified confirming
the presence of the second component that may be
responsible for the p-type behavior, with core levels
shifted to 229.2 eV (162.05 eV) forMo 3d5/2 (S 2p3/2). On
another area (L1), XPS measurements indicate the
presence of both features, expressed by two pro-
nounced single peaks Mo 3d5/2 (S 2p3/2) located at
229.0 eV (161.9 eV) for p-type peak and at 229.7 eV
(162.55 eV) for n-type peak. On another MoS2 sample,
the spectra L3 in Figure 3b show the presence of a
shoulder at higher binding energy for both Mo 3d and
S 2p core levels. Themain peak for Mo 3d5/2 and S 2p3/2
is assigned to p-type MoS2 while the higher binding
energy shoulder (blue peak, L3) is assigned to n-type

MoS2. The n-type component is less pronounced in
this region of the sample. The stoichiometry of MoSx
estimated from all of the analyzed spectra indicates the
presence of large variations in the S concentrations,
leading to an alloy ratio x in MoSx ranging from 1.6 to 2.1.

Similarly, the XPS performed on another g-MoS2
sample also showed oxygen and carbon only as ex-
pected. The spectra shown in Figure 3c are acquired
from a single sample, but are not typical of MoS2
evaluated so far, as they displayed no variability be-
tween the areas of the sample that were analyzed.
While low levels of variability were occasionally ob-
served, the spectra displayed in Figure 3b are more
representative of the typical characteristics of MoS2.
The core-levels acquired at three different locations on
the same sample (Figure 3c) show perfect alignment
with core levels position consistent with p-type beha-
vior; this sample exhibits a higher degree of uniformity
than is typically observed.

The large spatial variability in the electronic proper-
ties of MoS2 observed on different samples (Figure 3b,c)
reveals the difficulty in correctly identifying (or assigning)
unique conductivity behavior. As discussed in the
introduction, similar low binding energy components
in the Mo 3d and S 2p have previously been correlated
with the formation of metallic distorted 1T0-MoS2 after
alkali exposure.42,43,45 It should therefore be noted
that in this present study, theMoS2wasmechanically ex-
foliated in air with no intentional exposure to alkali metals,

Figure 3. (a) O 1s and C 1s core levels peaks prior and after annealing g-MoS2 in UHV to 400 �C for 15min. (b) Mo 3d and S 2p
core levels measured on three different locations. L1 and L2 are acquired on the same sample. For clarity, the n- and p-type
components in spectra L3 are aligned with L2. (c) On the third sample, three different locations showing no Fermi level
variation. (d) Comparison between the Fermi level variation on as-exfoliated MoS2 crystal and He sputtered MoS2 surface.
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and none were detected by XPS as natural contami-
nants (Supporting Information, Figure S1). The high
concentration of some alkali elements detected by
ICPMS and SIMS does not result in phase transforma-
tions as the STS measurements always show a detect-
able band gap. It is also important again to highlight
that either conductivity variations or the 2H to dis-
torted 1T phase transformation can result in very
similar core-level spectra; thus, the XPS spectra alone
are not sufficient to provide direct, unique evidence of
either phenomenon. Instead, it should be interpreted
as evidence of local variations in Fermi-level that may
originate from very different mechanisms. Other char-
acterization techniques such as Raman spectroscopy,
X-ray diffraction, and current�voltage measurement
can help to distinguish between these two causes.

To demonstrate that the second feature detected in
the XPS spectra is not caused by a chemical bonding
shift, an MoS2 surface was intentionally sputtered by a
Heþ ion beam at 1 keV. This process creates a different
chemical environment through ion-beam mixing and
defect production, that is, MoS2 and MoSx. Figure 3d
compares the Fermi level variation measured on a
pristine surface and the chemical change induced by
sputtering. On the as-exfoliated surface, shoulders in
both the Mo 3d and S 2p are shifted to lower binding
energy by the same peak separation (Δ = 0.8 eV). On
the sputtered surface, a low binding energy feature is
still present in theMo 3d core-level, however no similar
shift was detected at lower binding energy for S 2p
core-level. Therefore, the low binding energy feature in
this case for the Mo 3d after He sputtering cannot be
explained by Fermi level variations, since Fermi level
variations will alter the binding energy position of all
elemental core-levels detected equally. Instead, this
feature from the sputtered sample suggests the pre-
sence of metallic Mo caused by sulfur loss from the top
surface region. There is additional evidence of a chem-
ical change found in the S 2p core-level. A high binding
energy shoulder is observed after sputtering suggest-
ing the presence of elemental sulfur. This result high-
lights the importance of using both the Mo 3d and the
S 2p core-level when attempting to distinguish be-
tween chemical changers and variations in Fermi level.
A similar behavior was observed previously by noble
gas ion bombardment on the basal plane surface of
crystalline and polycrystalline MoS2.

55,56 The sputter-
ing results in substantial sulfur reduction or a Mo rich
film, and a number of different molybdenum�sulfur
(MoSx) and molybdenum�oxide (MoOx) species.

Variation in the MoSx Stoichiometry. High-resolution
Rutherford backscattering spectrometry, HR-RBS, is
one of the most effective methods for near-surface
layer analysis of materials, chemical composition, and
depth profiling of individual elements. The main goal
of using RBS is to study the variation of the MoSx
stoichiometry near the surface. Figure 4 shows the

HR-RBS depth profile measured on two different sam-
ples (MoS2-1 and MoS2-2) indicating that the atomic
concentration varies significantly throughout the in-
vestigated depth (80 nm). The data show that the S
concentration of one sample is lower, Mo-rich, in
comparison to that of the other MoS2 sample. The
average composition across the 80 nm depth-profile
shows that the MoS2-2 is sulfur deficient with (S/Mo) =
x = 1.8 (i.e., MoS1.8), while that the MoS2-1 sample is
slightly Mo-rich with x = 2.05 (i.e., MoS2.05). The varia-
tion in the MoSx stoichiometry on or at the vicinity of
the surface may contribute to the variation in the
conductivity-type as detected by different measure-
ment techniques such as XPS, as well as the correlation
to structural defects recorded by STM/STS.12,33

Work Function Variation and Ionization Energy. The work
function (Φ) variation of two different MoS2 samples
was measured in air by the Kelvin probe technique
before and after exfoliation (Table 1). Such surfaces are
anticipated to be representative of those produced
by exfoliation typically used for device fabrication.
Prior to exfoliation, the Φ value is measured to be Φ
(g-MoS2-A)before = 5.19( 0.01 eV andΦ (g-MoS2-B)before =
4.87 ( 0.01 eV. The Φ measured within 1 min of the
exfoliation process decreases with time and then
stabilizes after about 25 min (Figure 5a) in a laboratory
ambient. The time dependent behavior could arise
from the adsorption of contaminants from the atmo-
sphere (e.g., hydrocarbons, water, etc.) or oxidation.
The work function values stabilize close to the pre-
exfoliated surface value after 30 min exposure to the
ambient with the following values:Φ (g-MoS2-A)after =
5.16 ( 0.01 eV andΦ (g-MoS2-B)after = 4.85 ( 0.01 eV.
It should be noted that such differences in the

Figure 4. Comparison of the elemental composition
of two different MoS2 using high resolution Rutherford
backscattering spectrometry. The MoS2-1 sample is more
S-deficiency than MoS2-2.

TABLE 1. Workfunction (Φ) and Valence Band Maximum

(VBM, IE)Measurements onTwoDifferent Samplesbefore

and after 25 min from Exfoliation

MoS2 crystal g-MoS2-A g-MoS2-B

exfoliation before after before after

Φ (eV) 5.19 ( 0.01 5.16 ( 0.01 4.87 ( 0.01 4.85 ( 0.01
IE (eV) 5.68 ( 0.05 5.64 ( 0.05 5.66 ( 0.05 5.61 ( 0.05

A
RTIC

LE



ADDOU ET AL. VOL. 9 ’ NO. 9 ’ 9124–9133 ’ 2015

www.acsnano.org

9129

experimental work function are consistent with the
stoichiometry variation in the sulfur concentrations in
MoS2, as measured by RBS and XPS. The surface char-
acteristics of the synthesized MoS2 studied using STM
and Kelvin probe measurements show comparable
results indicative of a defective surface. (Figure S4 and S5).

Different samples examined under identical ambi-
ent conditions show significant variations in the Φ.
The highest Φ value obtained on the air-exposed, as-
exfoliated sample (>25 min) was measured at 5.33 eV
and the lowest value at 4.45 eV (Supporting Informa-
tion, Table S4 and S5). On yet another sample g-MoS2-C
(see Figure 5b), the Φ after exfoliation reaches the
value prior to exfoliation in a period of 7 days as shown
in Figure 5b, which indicates that it takes much longer
for the surface of this sample to be saturated with
ambient contaminants; this sample also showed non-
monotonic time dependence during the first 6 h after
exfoliation. To compare this time dependent variation
on another van der Waals material, the Φ of highly
ordered pyrolytic graphite (HOPG) was measured un-
der the same ambient conditions for the first hour after
exfoliation. Figure 5c shows that the Φ of HOPG is

stable in air with a variation of only between 4.64 and
4.67 eV indicative of the chemical stability of the sp2

surface and in good agreement with literature.57 The
reactivity of the MoS2 surface with oxygen, and the
impact on the electronic structure, has been recently
studied using density functional theory.58 Calculations
indicate that the air stability of MoS2 and the electronic
band gap are significantly impacted by the presence of
surface defects and increasing O concentration.58

The ionization energy (IE) was measured using
photoelectron spectroscopy in air (PESA). Figure 5d,e
shows the PESA results for each sample at two different
positions. Each IE value in Table 1 was obtained as an
average from 7 measurements. The threshold of
(photoelectron yield)1/3 as a function of the UV excita-
tion energy is the IE, that is, valence band maximum
(VBM) position, of the sample. The IE values measured
before and after exfoliation are almost identical and
within the uncertainty of the instrument. Also, the IE is
similar for both MoS2 samples corresponding to the
value of 5.65( 0.05 eV which is similar to that reported
by Schlaf et al.27 The only variability observed in the IE
measurements across a single crystal surface is the

Figure 5. (a) Kelvin probemeasurement of theΦ of two different samples g-MoS2-A and g-MoS2-B; (b)Φ evolution recorded
on another (g-MoS2-C) freshly exfoliated surface (0 h) until reaching the initial value (dashed line) after a week (168 h) in air;
(c)Φmeasurements on as-exfoliated HOPG. The HOPGΦ averaged from 3000 measurements during 1 h is 4.66 eV. Panels d
and e show the ionization energymeasurement of g-MoS2-A and g-MoS2-B, respectively. The position 2 shows a second slope
likely caused by the presence of traps on the surface.59 The photoemission threshold energy for this second slope is 5.40 eV.
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occasional presence of a second slope (position 2,
Figure 5d,e). The presence of a second slope is in
agreement with the spatial variation measured by
photoemission and can also be explained by the
presence of a surface layer with lower IE values
(∼5.40 eV).59 Taking a bandgap of 1.3 eV measured
by scanning tunneling spectroscopy,33 the measured
Φ indicates the presence of both polarities as sketched
in Figure 6. The estimated electron affinity of about
4.35( 0.05 eV is in agreement with recently corrected
electron affinity.23

Surface Defects. Room temperature STM was em-
ployed to study the surface characteristics of natural
MoS2 along the basal plane.33 Figure 7a,b shows STM
images recorded at different locations on the same
freshly exfoliated surface, the defect density of the dark
defects varies across a single sample. The character-
istics of the defects also change in depth (0.6�1.8 nm),
width (3�5 nm), and nature (structural, metallic-like,
impurities, and point defects).33 A single defect is pre-
sented in Figure 7c with ∼3 nm in width and ∼0.6 nm
in depth as dimensions. Such defects are likely respon-
sible for the presence of dangling bonds,60 and thus
the reactivity of the 2D material will be strongly in-
creased, relative to an ideal, pristine surface. The varia-
tion in the measured work function in air observed
from sample to sample will change depending on the
concentration of imperfections and stoichiometry,
and some of these intrinsic defects on van der Waals

surfaces can be very active and may act as nucleation
centers.61 The presence of these surface defects and
their role in surface reactions can be correlated to the
decay in the work function measurement during the
first 30 min after exfoliation and the different behavior
in air measured by Kelvin probe. We also used STM and
STS to characterize the surface of synthetic MoS2. The
results presented in Figure S3 (Supporting Information)
reveal that the surface characteristics and the quality of
s-MoS2 are not different than the g-MoS2, suggesting
that the spatial variation observed in both s-MoS2 and
g-MoS2 can be explained by the presence of impurities
and imperfections.

In summary, the exfoliated molybdenite surface
typically used for device fabrication as reported in
the recent literature shows large spatial variations of
the Fermi level position. By considering that the XPS
core levels are measured with respect to the Fermi
level, the local variation is explained by the presence of
both conductivity polarities (n and p). The Mo 3d core-
levels observed in this study, show that the ratio of the
two components also varies with position across the
investigated MoS2(0001) surface. Only two impurities
(C and O) are detected within the limits of detection by
XPS. However, significant concentrations of impurities
such as Al, B, Cr, Cu, Fe, Mn, Mg, Na, Nb, Ni, Re, V, andW
were detected in parts per billion and in parts per
million by ICPMS. Such concentrations are expected to
readily cause n- and p-type conductivity behavior,47

and also impact transport properties and variability.52,53

Both XPS and HR-RBS show that the molybdenite
chemical composition in the near surface region is
not uniform, with substantial variations in sulfur con-
centration, and results in a spatially variable chemical
reactivity after exfoliation. This chemical variation
might explain the lower IE slope in PESA measure-
ments and a large change in the work function. On the
basis of a bandgap of ∼1.3 eV, the midgap energy is
equal to 4.95 eV. The work function measured by the
Kelvin probe shows values ranging from 4.4 to 5.3 eV,
illustrating the existence of both n- and p-conduction
(as illustrated in Figure 6). Further, STM analysis reveals
large variation at the nanometer scale and across the

Figure 6. Banddiagramconstructed from thework function
measurements on twodifferentMoS2 crystals, andusing the
measured values of electron affinity (χ = 4.3 eV) and
bandgap (Eg = 1.3 eV).

Figure 7. Defect density changes across the sameMoS2 surface. (a) STM image (Vbias = 1.15 V, It = 0.5 nA) and (b) (Vbias = 0.75 V,
It = 1 nA) recorded on different locations. (c) STM image (Vbias =�0.15 V, It = 3 nA) shows a highmagnification on a dark defect.
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whole crystal surface. Finally, the surface structure
exhibits several type of imperfections: S-vacancies,
donor and acceptor impurities, and structural defects
with different width and depth and the resulting local
electronic structure confirms the variability in the
Fermi level position.12,33

CONCLUSIONS

The results presented in this paper point out that the
measured n- and p-type conductivity characteristics of
exfoliated, geological molybdenite are not necessarily
caused by any intentional thermal or chemical treat-
ment after growth. Rather, imperfections and impuri-
ties can generate spatial variations in the conductivity.
Freshly exfoliatedMoS2 from different sources displays
large variability over areas smaller than 500 μm2 on
the same MoS2 crystal surface. The variability can be
associated with nonstoichiometry as well as the detec-
tion of structural defects and impurities, as revealed by
STM, XPS, RBS, ToF-SIMS, and ICPMS. The presence of
such imperfections in geological MoS2 induces discre-
pancies in the work function as measured by Kelvin
probe. Therefore, it is indispensable to understand
and to account for the fact that such variations are
likely present in current device fabrication processes

incorporating g-MoS2, even without further extrinsic
contaminants/residues, such as that from polymers
utilized in lithography steps. Moreover, it is also seen
that synthetic MoS2 bulk crystals can exhibit similar
properties.
Finally, these results are consistent with prior studies

indicating that the structural defects on exfoliated
MoS2 result in the formation of dangling bonds, caus-
ing a more reactive MoS2 surface in air that can lead
to bonding with air contaminants such as oxygen,
H2O, and hydrocarbons.12,33,58,60 Our findings indicate
that the variation at the micrometer scale can be
interpreted and related to the nanoscale variation.
For reliable, reproducible, and manufacturable 2D
devices, homogeneous and high quality MoS2 (and
other TMDs) is urgently needed, and any future work
will have to be focused on reducing the density of such
imperfections (e.g., vacancies, grain boundaries, var-
ious structural defects, and impurities). Enormous ef-
forts are now underway on the growth of high quality
(i.e., structural and low-impurity) TMD materials using
a variety methods, and the understanding and control
of defect physics and chemistry in these materials is
of utmost importance in order to achieve high quality
devices.62�65

MATERIALS AND METHODS
The preparation of the MoS2 crystal surface consists of

mechanical cleaving (exfoliation) in air using scotch tape.66

After exfoliation, the bulk crystal (lateral size > 5 mm, thickness
> 0.1 mm)67 is loaded within 1 min to a UHV system with a base
pressure better than 2 � 10�10 mbar using a fast entry lock
(PFEL ≈ 10�7 mbar). The UHV system is a customized Omicron
instrument.68 The analysis chamber incorporates a monochro-
mated Al KR X-ray source and a high intensity helium ultraviolet
source. The generated photoelectrons are detected by a multi-
channel plate MCD 128 on an Argus electron analyzer. The spot
size used during the acquisition is about 0.5 mm in diameter.
Core-level spectra are analyzed with the spectral analysis soft-
ware AAnalyzer. A coupled chamber houses a variable tem-
perature scanning probe microscope (SPM); the variable tem-
perature design allows analysis using traditional STMmethods.33

The STM images in this studywere acquired at room temperature
with an etched tungsten tip.
The vapor phase decomposition ICPMS measurements are

performed by the Balazs Nanoanalysis lab which provides
contamination measurements on Si wafers for the semiconduc-
tor industry and is established as the standard for such surface
contamination analysis for detection levels well belowmethods
such as XPS. The lab has developed protocols to measure
the impurity concentration in the solutions they use for the
“etching” of the MoS2 and then they measure the “digested”
surface impurity species on MoS2, through the formation of
fluoride ions from the resultant vapor.50 The impurities in the
etching solutions are at extremely low levels, nearly undetect-
able by such mass spectrometry. Impurity measurements are
thus confined to the accessible surface region of the MoS2, as
the MoS2 is relatively inert to chemical attack.
The ex situ work function and ionization energy of the

samples are measured in air using a Kelvin probe apparatus
(SKP 5050, KP Technology) and photoelectron spectroscopy in
air (model AC-2, RKI Instruments), respectively. In the Kelvin
probe measurements, a stainless steel probe (1 mm diameter,

∼4.4 eV work function) is calibrated against a piece of 100 nm
thick Au sample (work function equal to 5.15 eV).29 The instru-
ment resolution is about 3 meV. The ionization energy is
determined from the threshold of photoelectron yield to the
1/3 power vs energy taken with 100 nW deuterium lamp inten-
sity and energy scanning between 4.8 and 6.2 eV with a step of
0.05 eV and spot size of ∼1 mm2.69 The HR-RBS analyses were
performed in an instrument manufactured by Kobe Steel, Ltd.
The RBS composition vs depth profile was obtained with
400 keV Heþ ions with a beam size about 1 mm2.70
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