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ABSTRACT: Transition metal dichalcogenides (TMDs) are
being considered for a variety of electronic and optoelectronic
devices such as beyond complementary metal-oxide-semi-
conductor (CMOS) switches, light-emitting diodes, solar cells,
as well as sensors, among others. Molybdenum disulfide
(MoS,) is the most studied of the TMDs in part because of its
availability in the natural or geological form. The performance
of most devices is strongly affected by the intrinsic defects in
geological MoS,. Indeed, most sources of current transition
metal dichalcogenides have defects, including many impurities.
The variability in the electrical properties of MoS, across the
surface of the same crystal has been shown to be correlated
with local variations in stoichiometry as well as metallic-like
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and structural defects. The presence of impurities has also been suggested to play a role in determining the Fermi level in MoS,.
The main focus of this work is to highlight a number of intrinsic defects detected on natural, exfoliated MoS, crystals from two
different sources that have been often used in previous reports for device fabrication. We employed room temperature scanning
tunneling microscopy (STM) and spectroscopy (STS), inductively coupled plasma mass spectrometry (ICPMS), as well as X-ray
photoelectron spectroscopy (XPS) to study the pristine surface of MoS,(0001) immediately after exfoliation. ICPMS used to
measure the concentration of impurity elements can in part explain the local contrast behavior observed in STM images. This
work highlights that the high concentration of surface defects and impurity atoms may explain the variability observed in the

electrical and physical characteristics of MoS,.
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B INTRODUCTION

After the isolation of graphene, there has been an increased
interest in all related two-dimensional (2D) materials (e.g,,
hexagonal boron nitride, graphane, silicene, transition metal
dichalcogenides, etc.)' resulting in many studies on both
isolated single layers’™* and on stacked 2D heterostructures.>
The difficulty of opening a band gap in graphene has limited its
integration into current device architectures.” In contrast, many
transition metal dichalcogenides, such as molybdenite (MoS,),
are semiconductors possessing a natural band gap. For MoS,,
this band gap ranges between 1.2 and 1.8 eV, depending on its
thickness,”” making it suitable for diverse applications for nano-
and optoelectronics.”'® MoS, is a layered crystal consisting of
two atomic layers of close-packed S atoms separated by one
close-packed Mo atomic layer (S—Mo—S)."""* Atoms within
each layer are strongly bonded by covalent interactions, while
the interactions between layers are through weak van der Waals
forces enabling easy exfoliation. Ideally, the cleaved surface is
expected to yield a dearth of dangling bond states and defects,
raising the prospect of a desirable, low defect density device
interface.
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Accurate control of the entire semiconductor interface prior
to (and during) device integration is crucial to achieve
maximum device performance and reliability. Numerous
scanning tunneling microscopy studies of the basal plane of
MoS, have contributed to the understanding of the atomic
structure of the defect-free surface.”*™'7 Besides MoS,, a
number of other layered crystals belonging to the class of
transition metal dichalcogenides (TMDs) MX, (M = Mo, W,
Ta, Re, Nb; X = S, Se, Te) have been successfully imaged, as
reported in STM studies of ReSe,,'® ReS,,'” WSe,,*"*!
NbTe, 22 WTe, 23> MoTe,25® MoSe,, 22 Ta$, 2> and
TaSe,.>”* In general STM can be used to image the surface of
materials and to also specifically detect imperfections. To
correlate these imperfections and defects (vacancy, impurity,
adatoms, etc.) with the electronic structure, several theoretical
and experimental studies of induced and/or natural defects
have been carried out,'”!%>!2%3073%
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Figure 1. Topography of the “as-exfoliated” MoS, crystal from both sources. (a) Large STM image (Vi = +1.5 V, I, = 0.3 nA) exhibits dark defects
with high defect density. (b) STM image (Vi,;,; = —300 mV, I, = 0.5 nA) recorded on low defect density area. (c) Line profile taken across the dark
defect outlined in panel b; the green box shows an example of the defect dimensions (5 nm X 0.6 nm). (d) High resolution STM image (S nm X §
nm, Vi = +150 mV, I, = 0.2 nA, R, = 750 MQ) shows a hexagonal pattern in defect-free area. (e) Schematic representation of the 2H-MoS, bulk
structure. The 2H-MX, polytype possess trigonal prismatic coordination that has two X—M—X layers per unit cell. (f) Well-resolved STM image
(2.5 nm X 2.5 nm, V;,=+100 mV, I, = 2.3 nA, Ryp=43.5 MQ) showing both S- and Mo-layer structure presented by the bright and moderate

contrast, respectively.

The intrinsic defects found in natural MoS, result in
significant variation in the doping and contact resistance as
demonstrated in our previous work.>* Samples used in that
study exhibited a large degree of variability across the same
exfoliated MoS,(0001) surface. For example, both n-type and
p-type conductivities have been detected across the same
natural MoS, surface, and the stoichiometry, as determined
from the surface S/Mo atomic concentration ratio, can vary
from 1.8 to 2.3. The variation in the electronic properties was
correlated to two different types of defects: metal-like and
structural. The presence of intrinsic metallic-like defects on the
MoS, surface results in a parallel conduction path, which can
explain the low electron Schottky barrier (metal/MoS,) that is
observed even in contact with high work function metals.***~3
To achieve a low resistance contact, the electronic, chemical,
and physical properties at the interface need to be carefully
controlled. An earlier report identified the unexpected low
Schottky barrier height for metal/MoS, contacts and attributed
this to Fermi level pinning. However, the details of the interface
chemistry and presence of defect-induced parallel conduction
paths were not considered in that work.*®

The introduction of well-controlled defects is a potential
route for tuning new functionalities, such as those under
consideration for graphene and graphene-related materials.*” >’
A recent report on elemental analysis of geological MoS,
highlighted the role of defects on doping and contact
resistance.”® The purpose of this study is to outline the diverse
intrinsic defects detected on exfoliated natural MoS,. We
characterize and compare the MoS, samples from the two main
sources of molybdenite located in Australia (“a-MoS,”) and
Canada (“c-MoS,”) that have been commonly utilized for
exfoliation and device studies. Understanding the role of such
structural and/or metallic imperfections on the top-surface/
subsurface of the MoS, crystals is crucial for establishing what
happens in or at the vicinity of the interface of an integrated
device where the TMD surface could be in contact with a

dielectric or a metal. The comprehension of those defects is
illustrated and interpreted in this detailed study.

B RESULTS AND DISCUSSION

Variability of the Defect Areal Density and Atomic
Structure. The first type of noticeable defects on the exfoliated
MoS, crystal surface is the presence of dark concave (pit)
regions detectable in STM images larger than 200 X 200 nm”.
The areal density of such defects varies across a relatively small
surface area (0.01 ym?) of the same surface. The largest areal
defect density is estimated to be about 10% with an average
roughness of ~1 nm as shown in Figure la, and the smallest
areal density, with only a few detectable defects, is estimated to
be less than 1.5%, as presented in Figure 1b. The surface in this
region exhibits an average roughness of about 0.5 nm: 2 times
less than the high defect density region presented in Figure 1la.
Figure 1c presents a line profile measured on the surface in
Figure 1b across a dark defect and indicates that the width of
the defect is about 5 nm. The height is measured at about 0.6
nm, corresponding to the value of ¢/2 (0.616 nm) in bulk
MoS,."* It has been reported that the depth of the dark defects
varies with the applied positive bias voltage (Vi;,);>"*" the
higher bias corresponds to the shallower depth, thus explaining
the depth values changing between 0.3 and 0.7 nm. Dark
defects generally have a circular shape with a diameter varying
between 3 and S nm.

Imaging a defect-free region requires a high magnification of
a small area to avoid the presence of defects. Figure 1d shows
an example of the atomic structure recorded on a MoS,(0001)
surface showing the expected hexagonal pattern having a unit
cell, a, of 0.34 + 0.03 nm, similar to that found in previous
investigations'>'”*" and identical to the bulk model structure
indicated in Figure le.'” The structure is consistent with the
semiconducting phase 2H-MoS,; in contrast, the metallic
distorted 1T’ phase was not detected.*” The root-mean-square
(rms) roughness (z,,,) measured on the defect-free area is very
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low (z,ms = 0.14 + 0.04) nm. The topmost sulfur layer causes
the bright contrast forming the hexagonal structure, while the
image of the underlying Mo-layer is taken under different
imaging conditions. For example, the STM image shown in
Figure 1f is recorded at V}, = 100 mV and a tunneling current, I,
of 2.3 nA is measured showing two levels of contrast
corresponding to the two topmost layers (S- and Mo-layer).
In contrast, the STM image showing just the topmost S-layer in
Figure 1d is recorded at V},, = 150 mV and I, = 0.2 nA. The high
resolution STM images are recorded with a relatively low
effective gap resistance (Ry,, < 100 MQ), as presented by the
well-resolved STM image in Figure 1f.

Morphological Defects. The surface morphology of MoS,
exhibits several types of structural defects (Figure 2). The

4C-Fe,S4(001) surface model

Figure 2. Additional structural defects observed on c-MoS,. (a) STM
image (Vi = +1 V, I, = 1 nA) shows a highly corrugated area. (b)
STM image (Vi = +1.1 V, I, = 0.7 nA) shows a giant pit. (c) Line
profile across the pit presented in panel b. (d) STM image (V;, = +200
mV, I, = 3 nA) presents an unexpected superstructure; the depression
corresponds to a single vacancy. This phase was only observed on a c-
MoS, sample. (e) Enlargement (2.5 nm X 2.5 nm) of an area from
STM image in panel d describing the atomic structure of the new
pattern. (f) Structural model of topmost S-layer in the 4C-Fe,Sg (001)
plan (ref 43) illustrating the atomic structure of the new phase
observed on MoS,.

topography of the area shown in Figure 2a appears highly
corrugated in comparison to the STM images in Figure 1, with
a roughness >2 nm. This causes difficulties in identifying the
atomic structure and acquiring images in negative bias, which
may be due to the electron depletion that causes local band-
bending.*"*' Scanning tunneling spectroscopic analysis at room
temperature also shows a peculiar electronic nature in specific
regions, and this observation is discussed further in the STS
section. Occasionally, large pits are also detected with a few
nanometers in depth as shown in Figure 2b. In the case of
Figure 2b the pit is 3 nm in depth and is equivalent to five
layers of MoS, (Figure 2c), showing several step edges on the
same region. This large pit could be a result of the aggressive
nature of the mechanical exfoliation, which could also be
responsible for other structural defects. We also observed a
large structural defect, which appears to be associated with a
large void underneath the top surface (Supporting Information
Figure S1). The measured depth is less than 0.3 nm, and the
MoS, atomic structure remains the same on and around the
defect.

One of the unexpected and new defect structures measured
by STM at room temperature is described in Figure 2d—f. By
carefully analyzing the high resolution STM image in Figure 2e
obtained from the outlined area in Figure 2d, we identified a

structure with a triangular shape. This is similar to the atomic
structure of the monoclinic pyrrhotite 4C-Fe,Sg(001) surface,
as depicted by the structural model in Figure 2f* The model
shows only the topmost sulfur layer in the Fe,Sg(001) surface.
The fast Fourier transform (FFT) reveals additional spots
around the center in comparison to the FFT calculated from
the pristine MoS,(0001) surface, confirming an alternative
reconstruction (Supporting Information Figure S2). The unit
cell, as outlined in Figure 2e, is measured to be about 0.35 nm,
similar to the unit cell of the 2H-MoS, phase. The
photoemission analysis shows the detection of only two states
Mo** and S*~ confirming the chemical states of the MoS,. We
speculate that this phase is a local surface reconstruction.
Defects Characteristics. In addition to the variation in the
density of defects across the surface of the MoS, crystals, the
bias dependent test also shows varying behavior for the dark
concave defects for both MoS, crystal sources (Figure 3 and

Figure 3. STM images recorded on a-Mo$S, sample. (a) STM image
(Vs = 1.1V, I, = 0.5 nA). (b) STM image (Vi = —1.15V, I, = 0.5
nA) imaged on the same area as panel a. Inset for panel a: STM image
(Vs = +1.15 V, I, = 0.8 nA) appears as if it were a defect-free area.
Inset for panel b: STM image (Vi;, = —1.15 V, I = 0.8 nA), recorded
at the same area as the inset in panel a, shows the appearance of bright
defects. (c) STM image (Vj;,s = +0.4 V, I, = 1 nA) shows high defect
density. The dark defects possess three different depths 0.6, 1.3, and
2.1 nm outlined by black, white, and gray circles, respectively. Line
profiles across the outlined defects in panel ¢ are presented in
Supporting Information Figure S4.

Supporting Information Figure S3). By comparing the same
area outlined in Figure 3a,b, under opposite biasing conditions,
we observe that one of the dark defects in positive bias (Figure
3a) appears bright under negative bias conditions (white and
black circles in Figure 3b). Previous studies®"*"** reported
similar defect behavior on an ion-irradiated MoS, surface. The
bright defects are attributed to Mo-like defects caused by the
missing topmost S layer, and the dark defects as a missing layer
segment (S—Mo—S) within or beneath the topmost layer.
However, in this study, the MoS, crystals were not irradiated.
Samples were simply exfoliated and loaded to ultrahigh vacuum
without any other treatment or surface preparation.

The presence of structural defects on the as-exfoliated surface
has only occasionally been reported,>**$ with other reports
implying that the surface is largely “defect-free”.>"*'*** At the
atomic scale examined here, it is clear that a significant density
of surface defects can be detected over areas equivalent to
future device dimensions and that such defects may affect the
behavior of contacts, dielectrics, and channel performance of
exfoliated MoS,. The dark regions bordering the bright defects
were previously explained by local band-bending generated by
Coulomb repulsion.>™*' In addition, these STM images
indicate a different defect behavior as outlined by the black
square in Figure 3ab, where a bright defect at negative bias
disappears at positive bias. Moreover, the STM image measured
at positive biases (inset to Figure 3a) shows a very flat surface
with an average roughness of <0.35 nm without any indication
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of structural defects or imperfections. Nevertheless, the imaging
performed at negative biases (inset to Figure 3b) indicates the
presence of bright defects with a height measured between 0.3
and 0.6 nm (the height is strongly dependent on the imaging
parameters V,;; and I,). This demonstrates that a new defect
type is detected on this unintentionally doped surface, which is
similar to that detected on cleaved Re-doped synthetic
MoSeZ(OOOI).28 The Re atom possesses one more electron in
comparison to Mo atom; substituting a Mo by a Re atom will n-
type dope the MoS, sample. At negative bias, the filled states at
the Fermi level are dominated by the partial density of states
(DOS) of Re. At positive bias, the S density of state dominates
the local DOS.

Figure 3c shows a MoS, surface region with a large defect
density, where the areal density of imperfections is estimated at
about 7% thus inducing an rms roughness of about 1.75 nm.
Interestingly, the dark defects have three depths: 0.6 + 0.1 nm,
1.3 + 0.3 nm, and 2.1 + 0.2 nm (Figure 3c), which correspond
in the bulk structure to '/, X ¢, 1 X ¢, and 3/, X ¢, respectively
(Supporting Information Figure S4). In contrast, the c-MoS,
investigated here exhibits only one depth corresponding to '/,
X ¢ (Supporting Information Figure S3). These results indicate
that exfoliated MoS, has substantial variability at the atomic
scale. The STM image is similar to the MoS, surface
morphology after submonolayer metal exposure. The measured
atomic structure of the a-MoS, surface, which is identical to the
previous structure (in Figure 1d), shows a hexagonal pattern
with expected unit cell of (0.33 + 0.03) nm and is consistent
with that of the 2H polytype. The average roughness measured
on defect-free area is around 0.1 nm. The areal density of the
bright defects is estimated to be 0.2—0.8 atomic %, approaching
the chemical detection limit of techniques such as XPS. It is
worth noting that reduction of the sample thickness from
millimeter to few nanometers does not change the defect
characteristics (nature, size, density, and electronic structure),
as recently reported.*

Other types of defects are also observed on the MoS,
surfaces as shown in Figure 4. Figure 4a shows an STM
image acquired at negative bias with several bright defects with
and without the dark region surrounding the defect. The dark
area surrounding the defect is not generated by a difference in
the height but by electron deficiency caused by the local band-
bending induced by the Coulomb repulsion (otherwise
impurities or metallic-like defects).”"*" The difference in the
dark (depletion) region present around the defects in Figure 4a
could be a result of a specific impurity or local structure. The
tip—surface interaction can be excluded since the same
tunneling current and the bias are used to collect the STM
image for both types of defects. We argue that the electron
depletion caused by the Coulomb repulsion is occurring around
negatively ionized S atoms or impurities. Such a depletion area
is recorded as a dark region by the metallic tip owing to the
local band-bending or screening length.*"

The bright defects shown in Figure 4 have different shapes:
(i) cluster-like in Figure 4b, (ii) depression in the center of the
cluster in Figure 4c, (iii) structured clusters in Figure 4d, and
(iv) ring-structured defects in Figure 4e. The ring-structure
defects surrounded by dark areas are similar to that reported for
the MoS, surface after Na adsorption*” which may suggest the
presence of impurities (below the XPS detection limit) on the
surface or intercalated within these crystals. Figure 4f shows yet
another type of bright defect; indeed, the morphological
behavior of this bright defect is totally different from the

<«S-vacancy

Figure 4. Additional defects observed on the exfoliated geological c-
MoS,. (a) STM image (Vi = —300 mV, I, = 0.5 nA) shows different
dark regions around the bright defects; the dark regions are produced
by the effect of electron depletion. (b) STM image (V};,, = —20 mV,, I,
=2 nA) indicating a bright defect appears as an amorphous cluster. (c)
STM image (Vi = —150 mV, I, = 0.2 nA) shows a shaped bright
defect with a depression in the center. (d) STM image (V};,, = —200
mV, I, = 0.5 nA) shows two structured bright defects. (¢) STM image
(Vpws = =1 V, I, = 0.7 nA) shows ring-structure imperfections. (f)
STM image (Vi = +50 mV, I, = 1.3 nA) shows bright defects (or
protrusions) similar to those once generated by alkali metals. Similar
structures were observed on a-MoS, except for panels e and f.

metallic-like defects. Similar imperfections are identified in
other transition metal dichalcogenides such as MoSe, and
WSe,.”**** Such nanometer-scale bright spots have been
attributed to trapped electron states around a donor on the
surface chalcogen-atom layer.'5?°

The bright defects detected in the current study are similar in
all aspects (bias dependence, shape, contrast, height) to the
structures observed on 2H-MX, (M = Mo, W and X= S, Se)
with impurities such as Li, Na, K, Rb, Cs, Re, I, and CI at
atomic concentrations'®**** (e.g,, Re-doped MoSe, <0.05%>*).
The XPS measurements performed on all geological MoS, bulk
crystals studied here do not show any detectable impurities
other than oxygen and carbon (Supporting Information Figure
SS). Moreover, as noted previously, the topography of both
exfoliated MoS, surfaces investigated is dominated by the dark/
bright defects that were not intentionally created by Ar"/He"
ion bombardment as previously reported.®"*!

Point Defects: Vacancies and Impurities. The surface of
both a-MoS, and c-MoS, crystals frequently exhibits local
intensity variations in STM images. Figure 5 shows examples of
dark and bright imperfections with sizes ranging from a few
angstroms to a few nanometers. The local change in the
contrast observed in Figure Sa as a local depression and in
Figure Sb as a bright location could be explained by the
presence of impurities below the XPS detection limit, but could
be detected by more sensitive methods such as inductively
coupled plasma mass spectrometry discussed in more detail
below. The local depression of 0.03 nm is not considered a
vacancy since a missing S atom would result in a depth of ~0.2
nm. The unit cell is fully preserved, and such defects do not
disturb the surrounding lattice geometry. However, an impurity
located at or around the S atom site could produce the
depression (acceptor atom).* Such a depression could also be
induced by a vacancy located at the subsurface layer.>® Likewise,
the bright contrast observed in Figure 5b could be caused by
impurities located beneath or atop the topmost surface (donor
atom).* Topographically, the local contrast changes the overall
rms roughness slightly by an amount 0.02—0.05 nm.
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Figure S. Survey of atomic imperfections observed on as-exfoliated a-
MoS,. (a) STM image (Vhas = +150 mV, I, = 1.5 nA) presents several
local depressions as outlined by a circle. (b) STM image (V;;,, = 0.5S
V, I, = 1.5 nA) shows locally a high contrast observed on very flat
surface, with the most clear examples outlined. (c) STM image (Vi;,s =
—150 mV, I, = 1.5 nA) shows three vacancies with high contrast at the
vicinity of the point defect. Inset to panel c: STM image (S nm X §
nm, V}, = +150 mV, I, = 0.2 nA) shows a single vacancy on c-MoS,.
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Figure 6. Differential conductance curves measured at room
temperature on natural MoS,. On c-MoS, sample: (a) n-type
behavior, (b) p-type behavior, (c) spectrum showing a flat valence
band with Fermi level shifted from conduction band minimum. On a-
MoS,: (d) n-type behavior with a defect feature (arrow) in the band
gap, () n-type STS on an area less defective than that shown in panel
£, (f) n-type behavior with very low conductivity at negative bias. The
inset of each dI/dV curve corresponds to the STM image (100 nm X
100 nm) illustrating the typical topography where the I(V) curves
were carried out.

Regarding the vacancy defect, no obvious difference is noted
between the sources of MoS,. Identical single vacancies are
observed on c-MoS, and on a-MoS, (Figure Sc).

The contrast in the vicinity of the vacancy is more notable
than that in defect-free regions, which explains the change in
the local density of states caused by the missing S atom as
demonstrated by ab initio calculations.>® The tunneling current
is sensitive to the partial electron density associated with the
surface Fermi level. Such a situation is easily created when the
surface structure has a single atomic vacancy. Adjacent
vacancies are also observed as shown in Figure Sc where the
separation between the two vacancies is measured at ~0.63 nm
corresponding to two unit cells. The depth of the vacancy is
measured at 0.19 nm in agreement with the distance between
S—Mo layers along the z-direction (Figure le). An acceptor
atom located at a subsurface region can also cause the
depression.*” The bright contrasts may also be caused by the
accumulation of negative charge induced by a donor atom. The
difference between the intensity in the outlined area in panels a
and b of Figure § is correlated with dopant localization in two
different subsurface layers.*”*° Similar observations were
generated by defects in AsGa, InP, GaP, and InSb semi-
conductor surfaces.*

MoS, Electronic Structure: Scanning Tunneling Spec-
troscopy Studies. In this section, STS measurements were
employed to identify the electronic characteristics of the MoS,
crystals from both sources. The spectra are presented in terms
of tunneling conductance (dI/dV) versus sample bias. The first
derivative dI/dV, calculated from the current—voltage I-V, is
proportional to the local electron density of states (LDOS) of
the surface and permits one to determine the conduction and
valence band edges that define the band gap.*">

The dI/dV spectra show large variability over the exfoliated
MoS, surface. Three typical characteristics of the spectra are
identified: (a) n-type conductivity (Fermi level Ep near the
conduction band (CB) edge), (b) p-type conductivity (Eg near
the valence band (VB) edge), and (c) a flat valence band (dI/
dV = 0, at negative bias). The n-type spectrum indicated in
Figure 6a is identified on a surface with a near zero defect

density. The band gap is measured to be 1.3 + 0.1 eV,
consistent with the values reported in previous studies.*>>>*
The STS shown in Figure 6b exhibits a p-type behavior found
on areas with apparent structural defects exhibiting a high
defect density, with the corresponding STM image shown in
the inset of Figure 6b. The band gap variation observed on or in
the vicinity of the p-type/defective regions could be explained
by local stress created by either S-rich/Mo-deficiencies or
impurities.

One of the dominant electronic signatures measured on a
rough region is illustrated in Figure 6¢c, where dI/dV is equal to
zero at a negative bias. This behavior has previously been
assigned to the local tilp—induced band-bending effect (TIBB) as
observed on WSe,”’ In conventional semiconductors, the
TIBB phenomenon is a source of error in the STS analysis and
band gap measurements.*>>® The TIBB effect occurs in the
metal—insulator—semiconductor (MIS) junction presented
here due to the (tungsten tip)/(vacuum gap)/MoS, structure
associated with the measurement technique. The band-bending
prevents electron tunneling from the valence band of the
semiconducting substrate to the metallic W tip. Using the same
tip across the single MoS, surface and the same imaging
conditions (applied bias Vi, and tunneling current I,), the
observed zero-conductance is observed on several spots
independent of the tip—surface distance or the tip shape,
suggesting that the effect is not tip-induced. Instead, we note
that measuring a zero tunneling current while probing filled
states could be induced by band-bending due to surface defects
or a charge trapping mechanism (instead of TIBB).*** This
unbalanced state causes local changes in the conductivity
behavior and the band gap. This is an expected effect due to
local variations in the nature and the concentration of the
imperfections. To sum up, it is clear from Figure 6¢ that the
highly defective surface changes the STS spectrum in two ways:
(i) Fermi level shift of 1 V away from the conduction band and
(ii) dI/dV = 0 at negative bias.

Spectroscopic measurements also show another electronic
signature with n-type STS behavior suggesting the presence of a
feature in the band gap located 0.65 eV below the Fermi level
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Table 1. Comparison of ICPMS Data Collected on Both MoS, Sources”

abundance (ppb)

Al Ca Cu Fe Mg
a-MoS, 52.6 5.7 21.3 44.3 2.32
c-MoS, 9.6 <1.0 <1.0 374 <1.0

“The abundance unit is parts-by-billion by weight.

Mn P Na Ti w Zn
231 10.5 18.7 1.4 6.68 7.8
<1.0 5.0 2.82 2.17 1.84 <1.0

(Figure 6d and Supporting Information Figure S$6). A
comparable feature*® was also observed above the valence
band maximum in the calculated density of states on the MoS,
monolayer with induced defects.>>’

The n-type regions shown in Figure 6e,f suggest that there is
a variation in the surface defect density: the low defect density
(inset to Figure 6e) and high defect density regions (inset
Figure 6f) exhibit low conductivity at negative bias which could
be caused by TIBB, electron depletion, and/or the surface
defect-induced band-bending. The band gap is estimated at
~1.25 eV with the conduction band minimum reproducibly
located at 0 eV, consistent with prior reports of bulk MoS,. The
high current measured at negative bias on the area shown in
Figure 6e could be caused bZ the Mo-like defects on the surface
as reported previously.>* We conclude from the STS
observations that impurities or other defects located at the
surface/subsurface cause local electron depletion and band-
bending resulting in a lowering and suppression of current from
the occupied states. It is worth noting that the same band-
bending behavior was also observed on semiconductor
TiO,(110) and TiO,(011) phases induced by intrinsic and
extrinsic defects.”®*’

Impurity Detection. Recently, ICPMS was used to analyze
MoS, minerals collected from 135 localities over the earth with
known geological ages, and it was found that large amounts of
transition elements such as Fe (~1000 ppm), W (~4000 ppm),
and Re (5000 ppm), as well as high concentrations of Ni, Mn,
Cu, Ry, Ca, and Co (>20 ppm, <1000 ppm), were found.®® Re
varies significantly depending on geological age and location of
the MoS, on the earth. Ab initio calculations also reveal that Re
behaves as a donor and alkali metals shift the Fermi level close
to the conduction band edge making the MoS, n-type.®’

We also used ICPMS, commonly utilized for quantitative
impurity analysis in the semiconductor industry, to measure
impurities in the samples used in this study.®> While XPS has a
detection limit of approximately 0.1%, ICPMS has a detection
limit of better than 1 part-per-billion (ppb). Table 1 shows the
concentration of elements measured at values higher than 1.0
ppb. In addition to Mo and S different impurities are present in
amounts greater than 1.0 ppb: Al, Ca, Cu, Fe, Mg, Mn, P, Na,
Ti, W, and Zn. These concentrations are consistent with
previous secondary-ion mass spectroscopy (SIMS) evaluations
that estimated the presence of several elements: Mn (0.5%), Al
(0.4%) and Ca (1.5%).° Glow discharge mass spectrometry
(GDMS) also indicated the presence of different types of
impurities considered as intrinsic to MoS,. In addition to the
major impurities such as Ti (46 ppm) and V (19 ppm), GMDS
reveals that F, Na, Al, Ca, K, Mn, Si, and Fe are present at
concentrations less than 1 ppm.®* Conversion of these levels to
equivalent impurity concentrations in the MoS, host leads to
the conclusion that impurities can easily exceed concentrations
of 10'°/cm?, and would thus be expected to impact transport
measurements if present as ionized impurities.és'é6

The detection of such impurities in the bulk or near the
surface of MoS, may explain the large variability found in the

topography and the electronic structure of molybdenite
samples. Nevertheless, substantial variations appear to be
observed among the materials investigated, and comparisons
to synthetic MoS, as well as other TMDs is underway.

B DISCUSSION: CORRELATING THE OBSERVED
VARIABILITY

Measurement of the MoS, surface is key to the understanding
of interfaces and heterojunctions involving MoS,. Since the
majority of molybdenite used in device fabrication is currently
provided from exfoliated geological sources, those same sources
have been utilized in this work with complementary methods.
After mechanical cleavage, annealing is performed in vacuum at
400 °C to desorb adventitious contamination (e.g., weakly
bound organics detected as C and O surface impurities). The
study of the MoS,(0001) surface using XPS and STM
techniques before and after such annealing shows no detectable
changes in the topography or the conductivity. High resolution
STM images are obtained readily on as-exfoliated MoS, surface
without any thermal treatment, and the hexagonal structure
typically corresponds to the 2H semiconducting phase. These
observations lead to the conclusion that carbon and/or oxygen
species are not the origin of the p-type behavior observed on
the expected n-type sample.

As XPS measurements indicate only C and O as detectable
contaminant species, other impurities, if present, are below the
detection limit of XPS. From STM/STS studies, a S-deficiency
manifests itself as vacancies and pits on the pristine surface of
MoS, caused by the missing atoms, thus potentially explaining
the observed n-type conductivity. On the other hand, the S-rich
surface is rough and corrugated, and we speculate that the high
concentration of sulfur causes the structural defects and strain
generating p-type conductivity and defect-induced zero
conductivity behavior.** The p-type conductivity could of
course be caused by the presence of impurities below the limit
of XPS detection (e.g,, Nb, Zr, Y)."*” STM images on the
exfoliated MoS, crystal show a similar surface topography as
that observed after alkali, Sn, or Re deposition. 8 As noted
previously, some impurities, such as Re, are also expected to
generate the n-type doping60 and have been detected®' in
geological MoS, at concentrations anticipated to be significant
for carrier scattering in device transport.65

To the best of our knowledge, this is the first report depicting
the origin of the zero-conductance at negative bias (flat valence
band) measured by room temperature STS on the highly
defective MoS, surface. Intrinsic and extrinsic defects inducing
band-bending were previously observed on different semi-
conducting surfaces such as TiO,(011).>® This band-bending
observed in MoS, shifts the Fermi level by about 1 eV from the
conduction band edge. The variability in the surface defects and
the impurities concentration variation between the two mineral
sources explains the local areas of electron depletion. Such
variations are also expected to impact device behavior variations
reported in the literature.
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The single vacancy is assigned to the absence of a sulfur atom
as predicted by ab initio calculations.® The S-vacancy creates a
feature in the band gap region as measured by the STS and
calculated by the density of states. Ab initio calculations®>*®
revealed that intrinsic defects (single vacancies, extended
defects such as dislocations and grain boundaries) in MoS,
can significantly impact the electron transport, even at very low
concentration. The bright defects detected on a pristine surface
are assigned to the cluster-like Mo formed from the absence of
sulfur atoms. It has previously been explained that such defects
provide a parallel conduction path with a low Schottky barrier
than the regions with a direct high work function metal—MoS,
interface.®* The observed Schottky barrier measured is
dominated by the lower of the two barriers, which means
that even high work function metals can appear to have low
Schottky barriers on n-type MoS, simply due to the presence of
defects with concentrations as low as 0.3% lowering the
Schottky barrier height as recently measured by I—V character-
istics and confirmed by simulation.>* While XPS is a convenient
in situ chemical analysis technique, the detection limit of the
technique is insufficient to detect impurities that can have a
significant impact on the electronic properties of TMD
materials. Furthermore, the highly defective surface can be
very reactive in air. The surface reactivity and perfection of
MoS, or of any TMD material is a critical aspect that must be
mitigated to enable high quality electronic devices.

B CONCLUSION

In summary, we performed a detailed surface study of pristine
natural MoS,(0001) surfaces after mechanical exfoliation, using
room temperature scanning tunneling microscopy and spec-
troscopy, and X-ray photoelectron spectroscopy. Geological
MoS, crystals obtained from Canada and Australia are typically
consistent with 2H-MoS, atomic structures with structural and
metallic-like defects at significant concentrations varying
between 0.1% and 10%. The surfaces of MoS, from both
sources display large local variation, expressed by the presence
of both n- and p-type conductivities explained by sulfur-
deficient or -rich regions. Point defects caused by sulfur
vacancies are readily identified on both surfaces. The
nanometer variation in the intensity of the STM images can
also be explained by the presence of impurities as measured by
ICPMS in the parts-per-billion level, but well below the limit of
detection of XPS. Defects and impurities/dopants were found
to induce the observed zero-conductance behavior at a negative
bias as measured by STS. Finally, it is clear that the synthesis of
high quality materials will be required before any TMD
materials can be integrated into industrial scale processing. Of
course, the absence of high quality synthetic crystals or thin
films makes exploratory investigations of the electrical proper-
ties of these materials using geological sources a necessity. This
study emphasizes that, for useful conclusions to be extracted
from the electrical characterization of devices fabricated with
geological MoS,, a detailed understanding of the semiconductor
material itself is required, and the impact of impurities and
defects must be considered in the interpretation of device
performance including carrier mobility.

B MATERIALS AND METHODS

The geological MoS, specimens used in this study are purchased from
two vendors: SPI and 2D Semiconductors.” The former provided
molybdenite collected from Canada (c-MoS,), and the latter provided
MoS, mined from different sources including Australia (a-MoS,).

Crystals of ~5 X 5 mm? and thickness larger than 0.2 mm were
employed. The preparation of the crystal surface consists of
mechanically cleaving (exfoliation) using transparent office tape. The
crystals are then loaded within 1 min into an ultrahigh vacuum (UHV)
chamber capable of achieving a base pressure in the low 107'° mbar
range. The UHV system (Supporting Information Figure S7) is a
customized Omicron multiprobe-scanning probe microscope
(SPM).”® The SPM is a variable temperature design and allows
analysis using traditional scanning tunneling microscopy (STM). The
STM images and the scanning tunneling spectroscopy (STS) current—
voltage dI/dV curves are acquired at room temperature in the
constant-current mode using an etched tungsten tip. Imaging with a
negative (positive) voltage examines the occupied (unoccupied)
surface states. The dI/dV spectra are differentiated from an average
of 10 I(V) curves acquired sequential at a single location. Image
processing of STM data are executed by WSxM software.

B ASSOCIATED CONTENT

© Supporting Information

Additional information including details of large structural
defect, FFT comparison between 2H-MoS, and a new
superstructure, bias dependence test, photoemission data,
band gap defect in STS, and description of the UHV system
used in this work. The Supporting Information is available free
of charge on the ACS Publications website at DOI: 10.1021/
acsami.5b01778.
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