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ABSTRACT Achieving low resistance contacts is vital for the 2F

realization of nanoelectronic devices based on transition metal 10

dichalcogenides. We find that intrinsic defects in MoS, dominate the <L 1 0* E

metal/MoS, contact resistance and provide a low Schottky barrier ;C: 10°® E

independent of metal contact work function. Furthermore, we show E 10™ME

that MoS; can exhibit both n-type and p-type conduction at different © uF

points on a same sample. We identify these regions independently 10 5 -

by complementary characterization techniques and show how the

0
Voltage (V)

Fermi level can shift by 1 eV over tens of nanometers in spatial

resolution. We find that these variations in doping are defect-chemistry-related and are independent of contact metal. This raises questions on previous

reports of metal-induced doping of MoS, since the same metal in contact with MoS, can exhibit both n- and p-type behavior. These results may provide a

potential route for achieving low electron and hole Schottky barrier contacts with a single metal deposition.
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ince the successful demonstration that

layered materials including graphite,

BN, and MoS, could be exfoliated in
monolayers,’' there has been considerable
research on the synthesis®>~® and the inte-
gration”® of such materials into nanoelec-
tronic devices. Unlike graphene, the transi-
tion metal dichalcogenides (TMDs) can
exhibit metallic or semiconducting proper-
ties through the proper selection of metal or
chalcogen in the crystal, and their band
gaps are tunable with thickness, making
them suitable for a wide range of electronic
and optoelectronic device applications.® An
early demonstration of a monolayer MoS,-
based field-effect transistor with high (10%)
on/off ratios ignited considerable interest in
this material and reported that Au contacts
on n-type MoS, were ohmic.'® The reported
anomalously low Schottky barrier height
for high work function metals, such as Au
(@, =5.1¢V),"" on n-type MoS, has not yet
been explained.’®'?~'* In particular, it was
shown in a previous study'? that for MoS,
devices fabricated with different contact
metals (Sc, Ti, Ni, Pt) with work functions
ranging from 3.5 to 5.9 eV all exhibited
similarly low electron Schottky barrier heights.
Understanding the interfaces formed between
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metals and two-dimensional (2D) semiconduc-
tors is critical for controlling contact resistance,
which is a limiting factor in device performance
and prevents the accurate extraction of the
mobilities for these materials.”” '8 The ma-
jority of recent studies report n-type behav-
ior with low Schottky barriers even for high
work function metals.'*'?~2* Such behavior
is not typical of metal/semiconductor con-
tacts without chemical reactions altering
the interface. This anomaly has previously
been highlighted'? and attributed to Fermi
level pinning close to the conduction band
of the MoS,, but the underlying mechanism
is still not understood.

The variability of the electronic properties
of MoS,; from sample to sample and across
a sample has only been mentioned briefly
in other studies. It was reported that varia-
tions in contact resistance from sample to
sample make the determination of the in-
trinsic mobility difficult.>* A similar variation
in contact resistance across a single sample
was speculated to be due to defects.?” It has
also been suggested that Au/TMD contacts
can be explained by assuming a defective
interface.?® Variations in the extracted mo-
bilities for monolayer devices of more than a
factor of 2 even for the same contact metals
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Figure 1. Variability in MoS,. (a) Schematic of the MoS, conduction and valence band levels and the tungsten work function
with respect to the vacuum level. (b) Band bending that occurs at a metal semiconductor junction. (c) /-V characteristics
measured on a single piece of MoS, with the tungsten probe directly contacting the MoS,. (d) di/dV measured by STS showing
the Fermi level near the conduction band for MoS,. (e) d//dV measured by STS showing the Fermi level near the valence band
for MoS,. (f,g) XPS spectra for the Mo 3d, S 2s, and S 2p core-levels acquired from two different areas on the MoS, sample.

have also been reported.'® To date, there has been no
study directed at identifying the cause of these varia-
tions nor the degree to which they can affect the
electronic behavior of the MoS,.

For this study, we use the same MoS, (SPI supplies,?’
cleaned by mechanical exfoliation) reported in recent
device studies.'®'*'92128=35 we show that surface
defects as well as defect-chemistry-related variations
in the local stoichiometry of the MoS, can be correlated
with the resultant Schottky barrier height in metal/
MoS,; contacts and the n- and p-type behavior of the
material. These facts have likely clouded previous
studies and possibly led to erroneous conclusions.
MoS, devices are typically reported in recent literature
as exhibiting n-type>'%12293936 hahavior; however,
we find that it can display both n- and p-type behavior,
in agreement with much older studies®” when reports
of both n- and p-type behavior were common. We
show that the Schottky barriers between metals and
the MoS, cannot be predicted by simply comparing
the metal work function to the MoS; electron affinity.
To explain this, we utilize current—voltage (I-V)
measurements carried out with a tungsten probe on
multilayer MoS, (cleaned by mechanical exfoliation as
in other reports)'%'#1921:28-32 30 correlate the ob-
served trends with variations in the core-level spectra
obtained by X-ray photoelectron spectroscopy (XPS),
the defect concentration determined by scanning
tunneling microscopy (STM), and Fermi level position
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measured by scanning tunneling spectroscopy (STS).
Our unique experimental setup, which allowed the
analysis positions for each technique to be mapped
across a single sample, enabled the precise correlation
between all four techniques, and we show that natu-
rally occurring defects dominate the observed elec-
tronic behavior of the MoS..

RESULTS AND DISCUSSION

Anomalous Schottky Barrier Heights. In metal/semicon-
ductor contacts where there is no chemical reaction
between the metal and semiconductor, the electron
Schottky barrier (®p,) can be predicted through the
relationship

o, = O —X (1)

where @, and y are the bulk metal work function and
semiconductor electron affinity, respectively.3® This is
shown schematically in Figure 1ab for a W/MoS,
contact. In Figure 1¢, we show for a tungsten probe
directly contacting the MoS, that the /—V character-
istics vary significantly across a single sample. This
highlights the dangers in comparing the /—V charac-
teristics of different metal/MoS, contacts when there is
such a large degree of variation for even single metal/
MoS, contacts. Figure 1d,e shows, by scanning tunnel-
ing spectroscopy, that the local position of the Fermi
level can vary from close to the conduction band to
close to the valence band by moving the analysis

voL.8 = NO.3 = 2880-2888 = 2014 ACNJANIC)

WWwWW.acsnano.org

2881



AN\

:

Bulk MoS, Ti

E=12eV wer N

(b)

—~ 100 : : :
10
1
0.1
0.01
1E-3
1E-4
1E-5 |

1E6F oy

BT} — Ay
1E-8 ' , ;

Volta%e (V)

B N I N NN N —

Current Density (Alcm2
w

Figure 2. Band alignment and observed /—V characteristics
for a range of contact metal work functions. (a) Schematic
of the MoS, conduction and valence band levels and a range
of metal work functions with respect to the vacuum level.
(b) Observed -V characteristics of the metal/MoS, contacts.

location on a single MoS, sample by even tens of
nanometers. Similarly, X-ray photoelectron spectros-
copy shows variations in the observed core-level spec-
tra with low binding energy features being detected
for the Mo 3d and S 2p core-levels on a large percen-
tage of a sample area.

Any investigations of the metal/MoS, interface
must differentiate between three effects that will likely
cause deviations from eq 1 before any conclusions can
be drawn: (i) reactions between the metal and sub-
strate (for example, such as those that occur in Ni/Si
contacts where nickel silicide has a lower Schottky
barrier than would be expected from the comparison
of nickel work function and silicon electron affinity 1139
(ii) the inherent variability in the electronic behavior of
MoS, that was illustrated in Figure 1, and (iii) the reported
Fermi level pinning of metals to just below the conduc-
tion band of MoS,."?

Metal Reactions with MoS,. We investigate the electri-
cal and physical properties of metals, with a range of
work functions, deposited on MoS,. Figure 2a shows
the theoretical band alignment for Au, Pd, W, Cr, TiN,
and Ti."! Figure 2b shows the observed /—V character-
istics, and it is immediately evident that deposited Ti,
Pd, and Au show qualitatively similar characteristics to
those observed with the tungsten probe; that is, their
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Figure 3. Au contacts with MoS,. (a) XPS spectra for the
Mo 3d and S 2s core-levels acquired before and after Au
deposition and aligned to the Mo 3d binding energy posi-
tion to account for band bending. (b) /—V characteristics
from a Au/MoS, contact exhibiting “typical” n-type behav-
ior. (c) I-V characteristics from a Au/MoS, on the same
sample exhibiting p-type behavior.

reverse bias currents are near the same values as their
respective forward bias currents (contrary to what
would be expected from their predicted Schottky
barrier heights, for Au and Pd in particular).* In con-
trast, Cr and TiN exhibit notably different behavior.
Chemical analysis of these interfaces using XPS (shown
in the Supporting Information) revealed that both Cr
and TiN react with the underlying MoS,. As such, the
resultant contact resistance would be determined by
the work function of the metal/MoS, alloy contact at
the interface, and so these metals will not be consid-
ered further for the purpose of this study.

Figure 3a shows an example of the XPS spectra from
the Mo 3d and S 2s core-levels before and after Au
depositions, and the lack of interfacial reactions can
be concluded from the clear overlap of the features.
Similar spectra (shown in the Supporting Information)
can be obtained for Pd and Ti under controlled deposi-
tion conditions. Since there are no detectable chemical
reactions between the metals and MoS,, the Schottky
barrier of the contacts should be determined by eq 1.
Instead, all three metals show low electron Schottky
barrier heights despite the differences in their respec-
tive work functions. While this result requires explana-
tion, it is at least consistent with other reports using Au
and Ti/Au contacts.'®'*"® We also find that for Au
contacts deposited on a single piece of MoS,, both n-
and p-type characteristics can be observed at different
positions. This is shown in Figure 3b,c, where |-V
curves obtained from two different contacts on the
same piece of MoS, display n- and p-type behavior,
respectively. The correlation between such /—V char-
acteristics and n- or p-type behavior observed by XPS
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Figure 4. Correlation of /—V characteristics with STM, STS, and XPS. (a) MoS, sample covered with a shadow mask to allow
positional mapping of the sample. (b) /—V characteristics acquired from within a specific mask aperture showing n-type
behavior. (c) STM acquired in the same mask aperture as 4b with both bright and dark defects observed. (d) STS acquired in
the same mask aperture as 4b showing the Fermi level close to the conduction band. (e) XPS of the Mo 3d and S 2s core-levels
acquired from the same mask aperture as 4b consistent with n-type MoS,. (f) STM tip scanning in a different shadow mask
aperture. (g) /—V characteristics acquired from within a different mask aperture to 4b showing p-type behavior. (h) STM
acquired in the same mask aperture as 4g with a comparatively high concentration of dark defects observed. (i) STS acquired
in the same mask aperture as 4g showing the Fermi level position more than 1 eV away from the conduction band. (j) XPS of
the Mo 3d and S 2s core-levels acquired from the same mask aperture as 4g showing lower binding energy than 4e. STM scale
bars are 20 nm, and the scanning conditions are (c) —1.5 V, 0.1 nA, (h) 1.5V, 1 nA.

and STS will be discussed in the following section. This
unexpected finding calls into question claims of ap-
parent p-type doping of MoS, using Pd contacts®'
since doping variations are, in fact, observed indepen-
dent of the contact metal.

Variability in the Electronic Properties of MoS,. To exam-
ine the variability in the electronic behavior across
a given sample and correlate electrical, chemical,
and structural information, a natural, exfoliated MoS,
sample was fitted with a shadow mask, which defined
regions of interest and thus served as an effective
mapping tool. The largest apertures were 500 um in
diameter, which allowed for analysis by XPS, STM, and a
tungsten needle probe for /-V measurements all with-
in the same region. Figure 4a,f shows this setup with an
approaching STM tip. Regions were selected where the
IV characteristics exhibited either n- (b—e) or p-type
(g—j) behavior, and the same regions were analyzed
with XPS and STM/STS.

For Figure 4b—e, the |-V characteristics display
n-type behavior; the STM shows metallic-like (bright)
defects in negative bias at relatively low concentration;
the STS shows a Fermi level position close to the con-
duction band, and the XPS core-level spectra show a
single chemical state corresponding to MoS,. In con-
trast, Figure 4g—j shows that the /—V characteristics
display p-type behavior; the STM shows a high density
of structural (dark) defects in positive bias; the STS
shows a Fermi level position greater than 1 eV below
the conduction band edge, and the XPS core-level
spectra are dominated by features shifted 0.8 eV to
lower binding energy which is consistent with p-type
behavior. To ensure that the observed defects and
variations are not simply the result of damage induced
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by our characterization techniques, we investigated
multiple samples and varied the sequence of analysis.
For example, when a region with low binding energy
features was identified by XPS on a new freshly ex-
foliated sample, this region would consistently appear
highly defective in subsequent STM measurements
and also exhibited p-type conduction when the /-V
characteristics were measured last. Similarly, a region
of p-type conduction identified from the /-V charac-
teristic acquired from a new sample would consistently
show low binding energy features in subsequent XPS
analysis and appear highly defective when STM was
carried out last. Scanning tunneling microscopy carried
out on separate, freshly exfoliated samples showed
that as received MoS, can have localized regions of
high or low defect density, with some defects being
metallic while the Fermi level position, determined by STS,
was found to vary by ~1 V. These additional observations
confirmed that the defects shown in Figure 4 are present
on as exfoliated MoS, and are not a result of damage
induced during characterization.

It is now useful to discuss the chemistry of MoS, and
the defects observed by STM and explain the variations
in the core-level spectra. The stoichiometry of n-type
MoS, appears to be ~1.8:1 (S/Mo) as determined by
XPS. This would be consistent with the presence of
sulfur vacancies that would cause n-type behavior.
While the presence of a low binding energy feature
in the Mo 3d core-level could easily suggest the
detection of metallic Mo, the similar feature detected
in the S 2s and S 2p core-levels makes this assignment
unlikely since elemental S should appear at a higher
binding energy*' to MoS,, which can be estimated
from electronegativity arguments. Since the binding
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energy of core-levels detected in XPS is referenced to
the Fermi level of the system, p-type materials will
appear at a lower binding energy than n-type materi-
als. As such, the shift of 0.8 eV to lower binding energy
can be attributed to a 0.8 €V shift in the Fermi level
position closer to the valence band edge and not
the existence of a new chemical state. In addition, if
the Mo 3d and S 2p spectra are deconvolved into
features correlated to n-type (high binding energy)
and p-type (low binding energy) related features, we
can calculate the stoichiometry for each. We find that
for the n-type region the ratio of S/Mo is still ~1.8:1;
however, in the p-type region, the stoichiometry is
2.3:1, indicating that these regions are either sulfur-rich
(anti-sites, intercalates, or interstitials) or molybdenum-
deficient (molybdenum vacancies).*? Since sulfur-deficient
and sulfur-rich MoS, would be expected to result in n-type
and p-type behavior, respectively, the changes in stoichio-
metry, binding energy position, /—V characteristics, and
Fermi level position (measured by STS) are all consistent.

As noted previously, there are two distinct types of
defects on the as-received MoS, observed by STM, and
both are very similar to those induced by Ar* irradia-
tion of MoS,, reported recently.** One defect appears
to be dark in both positive and negative bias, while the
other appears dark in positive bias but bright in
negative bias (i.e., when probing filled states).** This
is illustrated in the Supporting Information Figure S2.
The bright defects observed in negative bias can be
described as metal-like regions of low sulfur concen-
tration (i.e., Mo-like clusters) confirmed to be metallic
by STS. Dark pits ~0.7 nm deep were attributed to
missing MoS; layers either on or beneath the surface,
and STS obtained from the center of such defects was
found to be similar to that on defect-free regions but
with the Fermi level shifted 0.2 eV away from the
conduction band. On the edges of these defects, the
band gap appeared to be lowered.

It is interesting that in our work we identify the
presence of both types of defects in large concentra-
tions on commercially available?” MoS, that has not
been intentionally damaged by Ar' irradiation. The
significance of metallic-like defects will be discussed
further in the following section, but the correlation
between the high densities of “dark” defects, p-type
behavior, and higher S/Mo ratio is clear. Previous STM
reports*® showed that such dark defects are present in
both positive and negative bias, suggesting that the
defects are structural. We speculate that these defects
are formed to reduce strain in areas of high sulfur
concentration. These defects can therefore be viewed
as a signature of a high S/Mo ratio and thereby
correlate with the observed p-type behavior (from
|-V, XPS, and STS) and the stoichiometry change
detected by XPS.

For the areas of comparatively lower defect con-
centration, which exhibit n-type /—V characteristics
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Figure 5. Three-dimensional image showing a high tunnel-
ing current from a defect of a 13.6 x 13.6 nm three-
dimensional STM image of the MoS, surface with atomic
resolution acquired in negative bias. This image illustrates
the higher conductivity of certain defects on the surface,
which are attributed to metallic clusters. The imaging con-
ditions were —100 mV, 0.5 nA.

and core-level binding energies, it is the bright defects
that are the most interesting. Such bright defects are
visible only in negative bias (shown in the Supporting
Information), which means that it is an increase in
tunneling current rather than a topographical protru-
sion that is being observed. Figure 5a shows an atomic
resolution image of the MoS, surface and illustrates
how the tunneling current through these defect regions
is higher than that of the surrounding MoS,. Such an
increase in current would be expected from a metallic-
like region. Since these defects are detected in any 100 x
100 nm scan, it can therefore be safely assumed that
micrometer-sized metal contacts, typically exploited in
recent research reports,'®'*192128-32 || necessarily
contact both ideal and defective MoS,, and therefore,
the actual Schottky barrier height will be modified from
the simple form of eq 1, even in situations where no
metal/MoS, reactions have been detected. In fact, these
observed metallic-like defects effectively turn these
Schottky contacts into inhomogeneous metal/MoS, junc-
tions with the majority of the junction area comprising
the deposited metal/MoS, interface as expected and a
small area comprising the metallic-like defect/MoS, inter-
face. Using the STM, we can estimate that these defects
have an areal density on the order of 0.1—5% in n-type
regions, and conduction through these metallic-like
defect/MoS,; contact regions should be independent of
the deposited contact metal.

Impact of Defective MoS, on the Schottky Barrier Height.
For an inhomogeneous interface where a semiconduc-
tor is effectively in contact with metals of different
work functions, the junction current can be described
using a parallel conduction model. If we assume that the
bright defects observed by STM/STS behave as metals
with a low work function, then this inhomogeneous
model (described in the Supporting Information) can
describe the observed Schottky diode currents observed
in our experiments. Figure 6a shows the observed junc-
tion currents for three nonreacting metals on MoS,.
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3 Experimental Simulation
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Figure 6. Comparison of the experimental and simulated
I-V characteristics. (a) Experimental |-V characteristics of
Ti/MoS;,, Pd/MoS;, and Au/MoS, for comparison to the
simulated curves (b,c). (b) Simulated /—V characteristics
for aninhomogeneous interface assuming fixed defect areal
density of 0.3% with metal electron Schottky barriers of
0.45, 0.5, and 1 eV. (c) Fixed metal electron Schottky barrier
of 1 eV and varying defect areal density of 0.3, 0.7, 1, 3, and
5%. Both (b) and (c) assume the defect electron Schottky
barrier to be 0.4 eV and series resistance of 25 Q.

Figure 6b shows three calculated junction currents,
assuming this inhomogeneous junction and purely
thermionic emission, for three different deposited work
function metals along with the observed metallic-like
defects. For this simple model, the total current is equal
to the linear sum of the current through the deposited
metal/ideal MoS, area and the low work function metal/
defect MoS, area in an area ratio of 99.7:0.3, consistent
with STM imaging.

Assuming a high work function metal with a Schottky
barrier height 0.6 eV greater than the defect (with
0.3% coverage), the calculated currents are several
orders of magnitude higher than a junction with
no defects (shown in the Supporting Information,
Figure S3). This is because the junction current is
dominated by the current through the defects, owing
to the low effective work function in that region and
the exponential dependence of the current on the
resultant lower Schottky barrier height. Even for such a
low areal density of 0.3%, the current is primarily
determined by the Schottky barrier of the defects.
However, the deposited metal work function still does
have an impact on the overall current levels as is seen
in Figure 6b. For high work function and the corre-
spondingly high Schottky barrier height metals, such
as Au, the overall current levels in both forward and
reverse bias are orders of magnitude lower than when
the Schottky barrier height of the deposited metal is
near that of the defect. The trends shown by these
calculations agree well with the experimental data
shown in Figure 6a, with the total junction current
increasing with decreasing metal work function, but
still being primarily influenced by the low Schottky
barrier height defects.

Figure 6c shows the impact on the simulated
currents for a single metal contact as the areal percen-
tage of defects in the junction is increased. It is clear
that while the presence of even low concentrations of
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defects dominate the observed Schottky barrier and
resultin apparent Fermi level pinning of the metals, the
variations in defect density also strongly impact the
measured currents.

Correlating Doping Variations and Defect-Mediated Schottky
Barrier Lowering with Other Works. In recent reports, it has
generally been accepted that MoS, is an n-type semi-
conductor. While sulfur vacancies are an obvious cause
of n-type behavior (vacuum annealing has been re-
ported to dope MoS, with n-type carriers®'), such
observations are typically not attributed to sulfur
vacancies due to previous work** which demonstrated
the thermal stability of MoS, under vacuum annealing,
showing no weight loss until 930 °C and no desorbed
sulfur detected until 1090 °C. Another study®® chose
instead to attribute this behavior to low concentrations
of Cl and Br impurities detected in natural MoS,
(obtained from SPI supplies). However, such impurities
are not typically reported nor are they detected here.
Instead, variations in the ratio of S/Mo are seen to vary
across a single sample by up to 30%, which is direct
evidence that the stoichiometry in natural MoS, is not
uniform. This is consistent with the atomic level de-
fects, many of which show a metallic nature and have
previously been attributed to areas of low sulfur
concentration.** As such, it can be concluded that
the sulfur vacancies are present in high enough con-
centrations to be detectable by STM without any
thermal treatments and should contribute to the
n-type behavior of MoS,.

The p-type behavior observed in early studies®” and
also here can be correlated with areas of higher S/Mo
concentration and high defect density. Scanning tun-
neling spectroscopy measurements taken in these
regions show a large degree of local variability with
n-type, p-type, and low band gap spectra all being
observed. The global effect of these is the observation
of p-type behavior with large variations in the current
under positive bias using a tungsten probe directly on
the MoS, surface. More importantly, the STS shows that
variations in the electronic behavior can occur over
nanometer scales and implies that variations will typi-
cally be present in a micrometer scale exfoliated flake
and potentially within a single nanometer scale device.

The simple model proposed here to explain the
defect-mediated low Schottky barrier contacts for a
wide range of metal work functions requires the defect
to behave as a low work function metal and is based on
thermionic emission only. Other factors that could
potentially influence the overall current in a given
metal contact include variations in defect concentra-
tion, field emission, and metal/semiconductor wave
function overlap (predicted for metals on graphene to
result in an effective lowering of the metal work
function that may also apply to MoS,).**~*” However,
none of these effects are inconsistent with the defect-
dominated Schottky barrier height model proposed
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here, and the strong dependence of the junction
current on the density of defects that has been shown
in Figure 6c is clear. Such variations, however, prevent
a quantitative determination of the position of the
defect relative to the MoS, conduction band. This is
because the exact concentration of defects at the
metal/MoS, interfaces studied here is unknown and
also varies from one contact to another due to the
variability in defect concentration across an as-exfoliated
MoS, surface. Using STM to estimate a realistic defect
density range, it appears clear that the defect lies in the
top third of the MoS, band gap, suggesting Fermi level
pinning ~0.2—0.4 eV below the conduction band
edge, consistent with previous work.'? Since the
metal-like defects have been identified in our work as
the cause of the Schottky barrier height lowering, the
effect of Mo defects (caused by sulfur vacancies)
should be considered. The reported values'"*® of Mo
work function can vary from 4.2 to 4.6 eV, which
suggests that Mo-related defects are a likely cause of
the anomalously low Schottky barrier height of high
work function metals in contact with MoS,. The com-
bination of a high work function metal and these low
work function metallic-like defects explains the high
reverse bias currents for both n- and p-type -V
characteristics in Figure 3b,c since the inhomogeneous
interface results in both low hole (Au/MoS,) and low
electron (defect/MoS;) Schottky barriers. If sufficient
control of the defect density could be obtained, per-
haps through MoS, synthesis or surface treatments,

MATERIALS AND METHODS

MoS, crystals used here were purchased from SPI supplies.?”
The samples were cleaned by mechanical exfoliation immediately
prior to any analysis or loading into UHV. XPS was carried out using
a monochromated Al Ka. source and an Omicron EA125 hemi-
spherical analyzer. The analyzer acceptance angle of 8°, takeoff
angle of 45°, and pass energy of 15 eV were employed in this
study. Spectra were deconvolved using the curve fitting software
AAnalyzer,>® and the stoichiometry of the MoS, was determined
using relative sensitivity factors for the Mo 3d and S 2p core-levels
of 2.867 and 0.57, respectively. Metal electron beam depositions
of Au, Pd, Ti, and Cr were carried out both in UHV in a clustered
chamber attached to the XPS analysis chamber, described
elsewhere,' and also in an ex situ high vacuum e-beam reactor.
TiN was sputter deposited on the MoS,. For device characteriza-
tion, the metal depositions were carried out through a shadow
mask resulting in >20 circular 500 um diameter contacts. This
allowed for multiple identical metal contacts to be compared on a
single sample (e.g., Figure 4). For comparisons made between
different metals (e.g., Figure 2), the depositions were carried out on
different samples. Electrical characterization was performed using
a Cascade probe station in conjunction with a HP4155A parameter
analyzer. Scanning tunneling microscopy and spectroscopy were
carried out using an Omicron VT SPM with an etched tungsten tip.
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then the deliberate formation of low hole and low
electron Schottky barriers with predictable junction
currents could be achieved with a single high work
function metal deposition.

CONCLUSIONS

This study has focused on MoS, due to the large
number of recent reports on MoS,-based devices,
which in turn is related to the relative ease with which
natural MoS, can be acquired. It is, however, reason-
able to assume that the observations made here for
MoS, will extend to other TMDs. While the correlations
between |-V, XPS, STM, and STS require the use of a
single sample (highlighting the variability across a
single piece of MoS,), the observance of p-type behav-
ior, low binding energy features in the core-level
spectra, bright and dark defects in STM, and Fermi level
shifts in STS have been observed by us on multiple
samples acquired from SPI supplies?” and also on molyb-
denite samples acquired from Ward's Science,* suggest-
ing that these defects are intrinsic to natural exfoliated
MoS,. The large degree of variation in the electronic
properties of MoS, on both the macroscopic and atomic
scale illuminates two key points: (1) high-quality TMDs
must be synthesized (including potentially the passivation
or control of defect concentrations) in order to truly
understand the intrinsic electrical properties; and (2) no
claims can be made regarding metal-induced doping of
TMDs while the available material displays equal varia-
tions in doping with and without metal depositions.
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