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ABSTRACT: MoS2, as a model transition metal dichalcoge-
nide, is viewed as a potential channel material in future
nanoelectronic and optoelectronic devices. Minimizing the
contact resistance of the metal/MoS2 junction is critical to
realizing the potential of MoS2-based devices. In this work, the
Schottky barrier height (SBH) and the band structure of high
work function Pd metal on MoS2 have been studied by in situ
X-ray photoelectron spectroscopy (XPS). The analytical spot
diameter of the XPS spectrometer is about 400 μm, and the
XPS signal is proportional to the detection area, so the
influence of defect-mediated parallel conduction paths on the
SBH does not affect the measurement. The charge
redistribution by Pd on MoS2 is detected by XPS characterization, which gives insight into metal contact physics to MoS2
and suggests that interface engineering is necessary to lower the contact resistance for the future generation electronic
applications.
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■ INTRODUCTION

Transition metal dichalcogenides (TMDs) are a family of
promising 2D materials for future low power logic electronic
device applications due to their predicted low concentration of
surface dangling bonds, tunable band gaps, and band
alignments through the proper choice of metal and chalcogen
as well as their intrinsic scalability to stable, monolayer
thickness.1−5 MoS2 is one of the most studied TMDs due to
its natural abundance.6−9 The reported metal−MoS2 contact
resistance is 10 times higher than that of Si contacts.10,11 Thus,
the high contact resistance is a hurdle to achieving the low
power application potential of these materials.
Research on a reliable p-doping method without damage to

the MoS2 materials is still underway.12,13 A proper metal
contact is expected to lower the contact resistance by reducing
the Schottky barrier height (SBH) and thus increase the charge
carrier injection rates. The small lattice mismatch of Pd to
MoS2

14 and its high work function motivated the electrical
measurement using Pd as the p-type metal contact on MoS2,
and SBH behavior is reported in the literature.15

Tung et al.15,16 pointed out years ago that the SBH usually
cannot be predicted by simple work function arguments on
traditional semiconductors such as Si, Ge, and III−V. Similarly,
DFT simulations by Kang et al.10 and Gong et al.17 pointed out
that the simple Schottky−Mott theory cannot predict the

behavior of a Pd contacts to an ideal single layer MoS2 surface
because of the charge redistribution at the metal−MoS2
interface and the resultant overlap of the wave functions for
the two contacting materials.18,19 Their calculations indicate
that the effective Pd metal work function near the middle of the
monolayer MoS2 band gap.
Many electrical measurements have been carried out to study

metal−MoS2 contact resistance.
1,6,13,20,21 High performance n-

type metal contacts have been reported, but p-type contacts
with high performance are not regularly reported.12,13,20,22,23

Fontana et al. reported p-type behavior of Pd on MoS2,
consistent with simple metal work function arguments.
However, other groups reported a n-type behavior for Pd,
with a range of different SBH values.20,24

McDonnell et al. highlighted that electrical measurements are
extremely sensitive to the natural doping variations in the MoS2
itself. It was found that on a single piece of MoS2 with
simultaneously deposited Au contacts separated by only 1.25
mm that one contact exhibited n-type I−V characteristics while
the other exhibited p-type I−V characteristics.25 These doping
variations were correlated with observable variations in defect
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density and stoichiometry. They proposed an alternative
explanation for the apparent work function change of metals
to below the conduction band of n-type MoS2

26 by considering
parallel conduction paths involving surface defects that can
explain the low Schottky barrier height observed even when
using high vacuum work function metals. Later work
highlighted that the large level of natural impurities in the
geological MoS2 likely plays a major role in the local Fermi-
level variations in MoS2.

27

To minimize the impact of bulk defects in the MoS2
27 when

extracting the SBH from electrical measurements, we perform
an alternative measurement28 of the SBH of Pd on bulk MoS2
utilizing monochromatic X-ray photoelectron spectroscopy
(XPS).29,30 The surface sensitivity of XPS enables a direct
measurement of the SBH, as the majority of the detected
photoelectrons originate from the top surface (∼5 nm) for the
analysis parameters employed here. This information depth is
also coincident with the few layer devices reported in the
literature. This measurement of the SBH provides new
understanding of this metal−semiconductor contact.
Two in situ ultrahigh vacuum (UHV) surface analysis systems

are used in this study to avoid spurious contamination of the
MoS2 surface. In the first UHV system (“UHV I”), a water-
cooled, metal electron-beam (e-beam) evaporation source is
utilized in the physical vapor deposition chamber (PVD
chamber) for Pd deposition (99.95%, from Kurt J. Lesker31)
and XPS system are connected by a UHV tube (10−11 mbar). A
monochromatic Al Kα1 X-ray source (hν = 1486.7 eV) with a
Omicron 125 mm hemispherical analyzer is employed for XPS,
and the details of this UHV deposition/analysis cluster tool are
described elsewhere.32 The PVD chamber is equipped with
reflection high-energy electron diffraction (RHEED) instru-
mentation to study the surface structure. The takeoff angle for
XPS is 45°, and the pass energy is 15 eV under the constant
analysis energy (CAE) mode. The base pressure is 10−10 mbar,
and the pressure during e-beam evaporation is <3 × 10−8 mbar.
The MoS2 flake (purchased from SPI33) was about 1 cm2 and 4
mm thick. After the sample was mounted on a metal plate,
Scotch tape was used to peal the surface layers off to exfoliate
(the sample still is ∼4 mm thick). The sample was transferred
to the load lock within 5 min.
XPS was carried out on the sample after 5 and 75 min of e-

beam evaporation of Pd. The RHEED study of the surface was
performed after 5, 15, 25, 35, 45, 55, 65, and 75 min of Pd
deposition at room temperature. The e-beam power, which is
correlated to the Pd flux, was kept constant (243 W), so the
thickness of the Pd deposition was controlled by the Pd flux
exposure time.
Measurements were also carried out in a second,

independent surface analysis UHV system (“UHV II”) capable
of atomic resolution studies, also described in detail else-
where.34,35 The apparatus has scanning tunneling microscopy
(STM) as well as monochromatic XPS and an integrated
preparation chamber with an e-beam evaporation source
(manufactured by Oxford) also with Pd. The same XPS data
acquisition parameters were also employed on both XPS
instruments for this study. The exfoliated MoS2 sample used in
this case was provided by Nano Science Instruments.36 The
STM and XPS analyses were performed after 6 s, 12 s, 72 s, 180
s, 600 s, 1 h, and 3 h of Pd deposition. The XPS data analysis
was carried out utilizing the peak fitting software AAnalyzer,37

and both monochromatic XPS spectrometers were calibrated
routinely with the same ASTM standard procedure.38 The

STM images and the corresponding XPS measurements39 thus
provide the detailed evolution of band bending upon the
deposition.

■ RESULTS AND DISCUSSION
Figure 1 shows a simple Schottky barrier model schematic band
structure for an n-type semiconductor with a metal contact,15

where the depletion depth in the semiconductor is in the
micrometer range. Because XPS can only detect photoelectrons
from a shallow surface depth as mentioned above, band
bending over this near surface region is effectively negligible,
enabling accurate SBH measurements. After proper calibration
of the XPS spectrometer, the position of the valence band
maximum with respect to the EF (0 eV in the XPS spectra) can
be directly measured before the metal deposition.
The shift in the core-level spectra of the semiconductor after

the metal deposition can then be used to monitor the near-
surface Fermi-level shift caused by the formation of the
Schottky junction. If the band gap of the semiconductor is
known, the SBH can be then be determined directly from this
measurement. It is worth noting that this method of measuring
the SBH sums linearly with the local SBH area over the entire
analytical spot size, in contrast to electrical measurements
which are exponentially dependent on the SBH, giving much
greater weight to low SBH (such as from defects) even when in
low concentration.22 Assuming the initial semiconductor is n-
type, the electron SBH is defined as the metal work function
minus the electron affinity of semiconductor. As seen in Figure
1, since the Fermi level of metal and the semiconductor are
aligned in equilibrium, the SBH can be determined from the
conduction band minimum (CBM) minus the measured
surface Fermi level position, ECBM − EF.
Figure 2 shows the Mo 3d and S 2s core level features

observed at seven random locations across an ∼10 × 10 mm
area of bulk MoS2. As previously reported, features
corresponding to both p- and n-type regions are observed
(Figure 2a). After a 5 min Pd deposition, estimated by the
attenuation of the Mo 3d spectra to be ∼1 ML thick, the
binding energy variations in the Mo 3d spectral envelope at the
seven locations are observed to all “line up” at the same binding
energy (229.30 eV). Band bending at the surface results in the
core levels aligning as expected when forming a Schottky
junction. Also, the core level peaks also show no chemical
bonding of Pd to the MoS2, consistent with previous reports.25

Figure 1. Simplified example model of traditional Schottky barrier
diagram, where the XPS detection thickness is less than ∼5 nm due to
the photoelectron inelastic mean free path. ϕ represents the Schottky
barrier height of metal contact with a semiconductor. As a result, the
barrier can be essentially detected by XPS.
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Figure 3a shows the valence band structure of MoS2 for the
initial surface and then after 6, 12, and 72 s of Pd deposition.

The Mo 4d spectral evolution is seen and attributed to the
metallic feature from the Pd deposition. The clear demon-
stration of VBM cutoff is shown in Figure 3b. A 1.3 eV
separation from the Fermi level to VBM of MoS2 before the
metal deposition is measured in this study, indicating a Fermi
level near the CBM of the MoS2 (i.e., heavily n-type “doped”).
We also measured the Mo 3d spectrum prior to Pd deposition,
with a peak observed at 229.97 ± 0.05 eV, which is shown in
Figure 4 as the “initial” spectrum.

A shift to lower binding energies is observed with Pd
deposition, as shown in Figure 4a. The core level binding
energy shift is consistent with that of the valence band spectra
as shown in Figure 3. Figure 4b shows the binding energy shift
as a function of deposition time. The minimum binding energy
position after 10 min of Pd deposition is 229.30 eV, so the final
binding energy shift relative to the initial surface is 229.97 −
229.30 = 0.67 eV. This final binding energy value is also
consistent with that measured in UHV I. The final Mo 3d5/2

spectra after thick Pd deposition also lines up at 229.3 eV as
seen in the Supporting Information (Figure S1). The spectra of
Mo 3d is attenuated below the detection limit of the XPS after
the 1 and 3 h of Pd deposition shown in Figure 4.
An important property in this analysis is a consideration of

the vacuum work function. The work function of Pd is strongly
dependent on the crystal orientation. For example, Hulse et
al.40 reported 5.2 eV for Pd (110), 5.65 eV for Pd (100), and
5.9 eV for Pd (111); Demuth et al.41 reported 5.6 eV for Pd
(111); and Kubiak42 reported 5.55 eV for Pd (111).
Nieuwenhuys et al.43 measured the work function of Pd film
to be 5.12 eV, by evaporation of Pd onto a glass substrate (not
likely resulting in a Pd(111) orientation), followed by
adsorption of Xe gas at low temperature, and annealing to
297 K. Nieuwenhuys et al.’s result for the work function of Pd
is reviewed by Michaelson44 and is subsequently used in many
recent publications. However, in this work, as will be shown
later from RHEED patterns, the Pd film on MoS2 has a (111)
orientation. This epitaxial growth of Pd (111) on MoS2 (0001)
is also consistent with the in situ STM and TEM work by Perrot
et al.39 Figure 5 shows the band diagram of Pd and MoS2 before
and after contacting the metal and the semiconductor. The
reported work functions of Pd (111) from the references are
also listed.

Considering bulk MoS2, the photoionization energy is
reported45,46 to be 5.47 ± 0.15 eV. As the band gap of bulk
MoS2 is assumed to be 1.3 ± 0.1 eV,47,48 the electron affinity of
bulk MoS2 can be inferred to be 4.17 ± 0.15 eV. We assume the
electron affinity remains constant before and during the Pd
deposition process. Considering the XPS resolution for the
peak position measurement, which is 0.05 eV, and the error bar
of the band gap (±0.1 eV) used, the SBH is thus measured to
be 0.67 ± 0.15 eV from the CBM, which is close to the middle
of the band gap of MoS2. The detailed band structure deduced
from this method is shown in Figure 5a before and Figure 5b
after Pd deposition from the measurement in UHV II. The
effective work function of Pd is thus seen to be 4.84 ± 0.3 eV
rather than in the range 5.55−5.9 eV, which would be expected
for Pd (111) from the literature reports.
The predicted SBH of Pd on MoS2, based on the simple

vacuum work function argument, is thus shown to be incorrect
when compared to experiment. The measured SBH is
consistent with those predicted by Kang10 and Gong17 et al.
using DFT calculations on single-layer MoS2, which results
from charge redistribution at the Pd/MoS2 interface.

Figure 2. Mo 3d spectra for initial (a) MoS2 at seven random XPS
detection locations and (b) after a thin (∼1 ML) layer of Pd
deposition on the same sample with random XPS detection locations.

Figure 3. Valence band structure of MoS2 for (a) the initial surface
after 6, 12, and 72 s of Pd deposition and (b) valence band edge
structure from (a).

Figure 4. (a) Core level spectra of Mo 3d for the initial surface after 6
s, 12 s, 72 s, 3 min, 10 min, 1 h, and 3 h of Pd deposition and (b) core
level shift with deposition time.

Figure 5. Band diagram of the Pd separated from MoS2 (a) and after
Pd deposition (b) as measured by XPS from UHV II. The work
function values for Pd listed as 5.55, 5.6, and 5.9 eV are from the
literature,40−42 and the electron affinity is inferred from the
photoionization energy given by Schlaf et al.45
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Figure 6 shows the STM images of the MoS2 initial surface
after 6 s, 12 s, 72 s, 3 min, 10 min, 1 h, and 3 h of Pd e-beam
evaporation performed in UHV II. The evolution of the Pd film
growth mode is consistent with the previous studies of film
growth on MoS2 for catalyst applications.

39 It takes about 3 min
of Pd exposure to cover the surface, and the XPS peak position
(shown in Figure 4) is seen to gradually change during the
deposition.
The islanding of Pd is observed on the MoS2 surface, and the

majority of the islands have a height of 0.8−0.9 nm. The
distance between the Pd islands is in the range of a few
nanometers. A concomitant peak shift of the Mo 3d spectra,
without extra states caused by band bending effects during the
successive Pd deposition, is shown in Figure 4. Considering the
island growth process during the initial deposition shown in
Figure 6b−d, the lateral depletion region is in the range of at
least a few nanometers. This indicates a careful doping of the
channel is necessary for future field effect transistor devices to
avoid the depletion of the contact Pd metal to the channel. The
growth mode indicates a strong perturbation of Pd and MoS2,
as the density of metal islands increases randomly on the
surface, and is not more favorable to occur at the step edges or
the defect sites. It is noted that this growth likely also depends
on the substrate of MoS2 surface layer; this growth mode might
vary for a single layer of MoS2 on SiO2

14 or on graphene, etc.

The thick deposition after 1 and 3 h (Figure 6g,h) shows the
step-terrace structure of the Pd film, suggesting an epitaxial
deposition of Pd on the surface. Further indication for the
ordered surface structure is provided by RHEED measurement
as shown in Figure 7. The diffraction “streaks” suggests that the
Pd metal as grown is ordered, and the streaks before and after
the gradual Pd deposition suggest that the Pd surface follows
the same close-packed structure of the MoS2 substrate, which is
the ⟨111⟩ orientation in palladium. The 0 min image shows the
diffraction pattern from the MoS2 surface, and the image after
75 min (4.6 nm) of Pd deposition shows the diffraction of Pd
(111) surface, which is supported by the LEIS result in Figure
8. The orientation is also consistent with reports of the surface
characterized by TEM.39 This epitaxial growth also suggests
that the interaction of the Pd and MoS2 is not weak.
It has been reported that a 1% strain to Pd metal during the

initial growth is introduced.39 But the modification of work
function due to possible strain effect is minimal49 and is
discussed further below.
Low-energy ion scattering spectroscopy (LEIS) is an

extremely surface sensitive technique, which only detects the
outermost layer of the surface atomic composition.50 Figure 8
shows the LEIS spectra after 75 min (4.6 nm) of Pd deposition
from UHV I. The Mo and S are below the LEIS detection limit
after the 75 min (4.6 nm) of Pd deposition, which indicates that

Figure 6. STM images of (a) initial MoS2 and (b) after 6 s, (c) 12 s, (d) 72 s, (e) 3 min, (f) 10 min, (g) 1 h, and (h) 3 h of Pd deposition. The
applied voltage and tunneling current are 1.0 V and 0.5 nA, respectively, for the initial surface and 1.5 V and 0.5 nA for all the Pd-deposited surfaces.
All STM images show a 100 nm × 100 nm area.

Figure 7. RHEED patterns after 0, 5, 15, 25, 35, 45, 55, 65, and 75 min (4.6 nm) of Pd deposition. The thickness of the Pd film is 4.6 nm is based on
the attenuation of Mo 3d signal.
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the diffraction streaks from the RHEED signal originates only
from the Pd surface.
The perturbation of the MoS2 surface by the deposited Pd is

also illustrated in the XPS core level spectra of Mo 3d and S 2p
as shown in Figure 9. The core level spectra were shifted to the

same binding energy so as to compare the line shape with the
spectra from the initial surface. From the broadening of the
core level spectra upon the Pd deposition during the deposition
time of 12 s and 10 min, a perturbation to the MoS2 surface is
expected and is hypothesized to be correlated to the
redistribution of charge at the MoS2/Pd interface. A graphene
or boron nitride (BN) layer between Pd and MoS2 is reported
to minimize the perturbation and enable tuning the
SBH.17,51−53

■ CONCLUSIONS

In summary, a strong band bending effect is observed after Pd
was deposited on the MoS2 bulk surface, which originally
exhibits both n- and p-type behavior. The metal work function
is found to be located in the middle of the MoS2 band gap.
Successive Pd deposition results in an epitaxial growth mode
and is consistent with literature reports. The work function of
Pd decrease for the Pd/MoS2 interface is consistent with the
reported theoretical simulations on single-layer MoS2. Because
the work function of Pd is aligned with the middle of the band
gap, the SBH is high for both n- and p-type contact purposes,
which is also consistent with the high contact resistance from
electrical measurements in the literature. To decouple this band
bending effect, an interfacial layer to separate the metal and
MoS2 is a possible solution, for example MoOx, graphene, BN,
etc., as already shown in the literature,6,22,54 resulting in a lower
contact resistance.
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