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ABSTRACT: We studied the energy-level alignment at interfaces
between various transition-metal dichalcogenide (TMD) monolayers,
MoS2, MoSe2, WS2, and WSe2, and metal electrodes with different work
functions (WFs). TMDs were deposited on SiO2/silicon wafers by
chemical vapor deposition and transferred to Al and Au substrates, with
significantly different WFs to identify the metal−semiconductor junction
behavior: oxide-terminated Al (natural oxidation) and Au (UV−ozone
oxidation) with a WF difference of 0.8 eV. Kelvin probe force microscopy
was employed for this study, based on which electronic band diagrams
for each case were determined. We observed the Fermi-level pinning for
MoS2, while WSe2/metal junctions behaved according to the Schottky−Mott limit. WS2 and MoSe2 exhibited intermediate behavior.

1. INTRODUCTION

The alignment of energy levels at interfaces between two-
dimensional (2D) transition-metal dichalcogenides (TMDs)
and metallic electrodes determines, to a large extent, the charge
injection and extraction efficiency at such interfaces. Metal−
semiconductor junctions have been extensively studied for a
wide range of bulk semiconductors, and the Schottky barrier
formed at such junctions is determined by the Schottky−Mott
rule,1,2 in combination with the distribution of interface states.3

In the case of 2D transition-metal dichalcogenides, the TMD−
metal contact area does not have a depletion region in the
traditional sense, which must be taken into account for the
metal−semiconductor contacts. For more than 3 layers, the
behavior is approaching that of the bulk material in an
exponential manner.4−7 Conventional semiconductor (bulk)
terminology is therefore not very suitable for 2D semi-
conductors. For example, the well-described surface states for
bulk semiconductors are simply not present in 2D semi-
conductors, as the surfaces of these layered van der Waals
materials do not exhibit dangling bonds.8 Although edge states
(one-dimensional (1D)) are present in the 2D case, these
states do not have a comparable effect on the interfacial dipoles
at the interfaces. However, TMDs typically exhibit gap states
related to (point) defects in the lattice,9,10 and chemical
interactions at the metal/TMD interface may lead to metal-
induced gap states as well, making it challenging to achieve the
Schottky−Mott limit for metal/TMD contacts.11 Contacts
between TMDs and metal electrodes therefore need to be
carefully engineered to achieve the desired electronic proper-
ties.12,13

The positions of the valence band maximum and conduction
band minimum (CB) are key components for the semi-
conductor heterojunction design.14 These band positions
largely determine the band alignment in the heterojunction,
and hence the energy barrier for charge injection and
extraction.15 The ionization energy of TMDs has been studied
by the density functional theory (DFT) calculations16−21 and
experimental work, but the latter is mainly concentrated on
TMD flakes located on SiO2/Si substrates, not taking into
account electrode−TMD interactions.22−24

In this work, we report on the energy-level alignment at
interfaces between metal electrodes and several different
monolayer TMDs, namely, MoS2, MoSe2, WS2, and WSe2.
For the metal electrodes, we have chosen passivated Au and Al
layers, which have significantly different work functions (WFs).
This allowed us to study the effect of the metal WFs on the
energy-level alignment. It is well known that, in general, the
alignment of energy levels at a metal/semiconductor interface
is highly dependent on the relative positions of the Fermi level
of the metal and the semiconductor band edges, as well as on
the energy levels and concentrations of defect states in the
band gap. Since using suitable electrodes is one of the easiest
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ways to improve the performance of semiconductor devices
and avoid unwanted losses due to, for example, a Schottky
barrier, it is important to investigate if and how different
substrates affect the energy-level alignment. Spatially resolved
work function measurements were carried out under ambient
conditions. Therefore, the results are relevant for devices that
are fabricated by layer transfer of few-layer TMDs onto
prepatterned metal electrodes in air.

2. METHODS AND MATERIALS
TMD 2D crystals were fabricated by chemical vapor deposition
(CVD) on SiO2/Si substrates. The atomic force microscopy
(AFM) images of all studied materials on SiO2/Si before the
transfer can be found in the Supporting Information 1.
Transfer of the TMDs, typically containing single-layer crystals
and a smaller number of few-layer crystals, was done using a
poly(methyl methacrylate) (PMMA)-assisted transfer proc-
ess.25 We used one-side-polished Si wafers (n-type, ⟨100⟩
orientation) covered with 20 nm thick sputtered Al or Au
layers as substrates for the transferred TMDs. Since the
experiments (in particular, layer transfer) were performed in
ambient conditions, the Au surfaces were passivated by mild
UV−ozone treatment to maintain a stable work function,
which is at a somewhat higher value than that for unpassivated
gold (our previous experiment has shown that polycrystalline
gold surfaces that are passivated with UV−ozone treatment
and subsequently handled in air have a higher work function
than gold surfaces that were not treated in this way). Since Al
oxidizes naturally in air, further passivation is not needed. The
oxide layers involved are very thin (about 1 nm for Al, much
thinner for Au), such that they do not hamper KPFM
measurements. The TMD layers were covered by a PMMA
layer on top as a support for transfer, which also serves to
protect the TMDs from direct contact with ambient gases. It
was removed right before the characterization of the samples.
Kelvin Probe Force Microscopy (KPFM) measurements

were carried out to investigate the energy-level alignment at
the metal/TMD interfaces, via contact potential measure-

ments. To verify the thickness of the deposited TMD crystals
before transfer, Raman spectroscopy (Bruker, Inc., SEN-
TERRA Dispersive Raman Microscope) was employed. After
transfer, the thickness was checked once again with AFM
measurements. Mono- (1L), bi- (2L), or trilayer (3L) regions
in transferred samples are identified by thickness measure-
ments obtained from AFM topography images.
AFM/KPFM measurements were conducted using a Bruker

Dimension Icon atomic force microscope in ambient
conditions. The microscope has a closed feedback loop that
improves the accuracy of force−distance measurements. The
potential map was compared with the topography image to
identify the number of layers in a TMD crystal. A heavily n-
doped Si cantilever (resistivity = 0.01−0.025 Ω cm) with an
aluminum coating (μMasch, HQ:NSC36/Al BS) was used
with a resonance frequency of 90 kHz and a force constant of 1
N/m. The FM-KPFM mode was used (modulation frequency,
4 kHz; drive amplitude, 135 mV), and this one-pass method
uses the frequency shift of the cantilever oscillation to detect
the electrostatic force gradient. As the tip was grounded during
the KPFM measurements, the contact potential difference
(VCPD) is determined by VCPD = ϕs − ϕtip/|e|, with e being the
elementary charge and ϕs and ϕtip are the work functions of the
sample and tip, respectively. To detect the deflection of the tip
cantilever, the KPFM instrument employs a laser diode that
emits light with wavelengths of 650−695 nm, corresponding to
an average photon energy of 1.85 eV. This exceeds the band
gap of the studied materials, which could lead to the generation
of free charge carriers within the TMD crystals and therefore
possibly affect the KPFM measurements. Most of the incident
light is reflected by the cantilever, and monolayer MoS2
adsorbs less than 2% of the incident light with a wavelength
of about 675 nm.26 For the other TMD layers, the absorption
at that wavelength is similar (<2%). The Au and Al substrate
layers are only 20 nm thick such that the reflection of light,
which could enhance the generation of photocarriers, is weak.
We therefore expect that the influence of the laser on the

Figure 1. Raman spectrum measurements of monolayer MoS2 (a), MoSe2 (b), WS2 (c), and WSe2 (d).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c01612
J. Phys. Chem. C 2021, 125, 13551−13559

13552

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01612/suppl_file/jp1c01612_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01612?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01612?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01612?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01612?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c01612?rel=cite-as&ref=PDF&jav=VoR


generation of charge carriers and, in turn, on the contact
potential measurement is limited.
Ultraviolet photoelectron spectroscopy (UPS) in ultrahigh

vacuum (10−9 mbar) using a He discharge UV lamp (He I line
at 21.21 eV) was performed to verify the WFs of the uncovered
substrates.
Previous reports have addressed the stability of TMD

monolayers, in particular, of the degradation of selenide
compounds.23,24 To avoid degradation as much as possible,
samples have been transported in an Ar environment and
stored under vacuum in a desiccator. All presented results have
been measured within 3 weeks after sample preparation.

3. RESULTS AND DISCUSSION

UPS measurements of bare substrates (Au and Al), using the
well-established method of determining the secondary electron
cutoff in UPS spectra, provided the WF values of 4.7 and 3.9
eV for Au and Al, respectively (Supporting Information Figure
S2). The value for Au is lower than the work function of
atomically clean polycrystalline Au (∼5.2 eV)27 due to
exposure to air and UV−ozone plasma passivation of the
surface. We have not noticed high impact of ambient
conditions on the WFs of our samples. We compared UPS
results that have been obtained in UHV to KPFM results in
ambient conditions. Using a graphite sample with a known and
stable WF value as a reference, we could compensate for the tip
WF drift in KPFM measurements and determine the WFs of Al
and Au using contact potential measurements. KPFM so-
obtained results of the WF for Al and Au yielded 3.8 and −4.7
eV, respectively. We considered the UPS measurements to be
more reliable since they are absolute and do not require any
corrections and used the WF values from UPS for further
calculations. To get a better understanding of how ambient
conditions influence surface potential measurements,28,29 we
conducted humidity tests (Supporting Information 3). A minor
impact was observed on the collected data at different
humidity levels. Dry nitrogen as well as nitrogen rich with

water vapor was applied to simulate extreme cases. The surface
potential difference between gold and a MoSe2 monolayer with
dry nitrogen (10% RH) was measured to be 150 mV, 100 mV

Figure 2. Mono-, double-, and triple-layer crystal of MoS2: (a), (b) Au substrate and (c), (d) Al substrate. (a), (c) AFM topography map. (b), (d)
Surface potential map. Insets in (b) and (d) show the line profile along designated area.

Figure 3. Band alignment before and after contact of (a) MoS2 and
Au and (b) MoS2 and Al. The direction of electron transfer between
the materials that occurs once contact is made is indicated by arrows.
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at ambient conditions (RH = 35%), and slightly less than 100
mV during high humidity scans (RH = 74%). Assuming the
substrate WF to be the same for all samples (the substrates
were cut from a single 100 mm wafer), the WF of the substrate
with the TMDs on the top can be found from potential
difference maps measured with KPFM.
In the following, we will describe each case of different

contact behaviors, such as Schottky−Mott limit (WSe2),
Fermi-level pinning (MoS2), or intermediate results depending
on the substrates used, as in the cases of MoSe2 and WS2.

3.1. Raman Spectroscopy. In the MoS2 Raman spectra
(Figure 1a), the two characteristic modes25 are E′ at 385 cm−1

(in-plane vibrations) and A1′ (out-of-plane vibrations) at 406
cm−1. The difference between the two features A1′ − E′ is 21
cm−1, which confirms that the MoS2 crystals are monolayers.25

A narrow E′-peak with a full width at half-maximum (FWHM)
value of 4.7 cm−1 is found in MoS2 spectra, which is an
indication of a good crystallinity of MoS2.

30

In the MoSe2 Raman spectra (Figure 1b), an A1g mode at
241 cm−1 and an E2g peak at 288 cm−1 as well as the
combination modes of the longitudinal (LA(M)) and the
transverse (TA(M)) at 250 cm−1 (originating from the vicinity
of the high-symmetry M point of the MoSe2 Brillouin zone)31

show the formation of monolayer MoSe2.
31,32

In the WS2 Raman spectra (Figure 1c), the LA(M) = 176
cm−1 (longitudinal acoustic mode), 2LA(M) = 353 cm−1

(second-order longitudinal acoustic mode), and A1′ = 420
cm−1 peaks are observable.25 For monolayer WS2 crystals, the
2LA(M) peak shows a particularly high intensity30 when using
532 nm excitation, as can be seen in Figure 1c.
In the WSe2 Raman spectra (Figure 1d), an A1g peak at 250

cm−1 and a recognizable shoulder at 259 cm−1 (2LA(M)
mode) can be seen,33 which confirms that the WSe2 crystals
are monolayers.34

3.2. Fermi-Level Pinning: MoS2. MoS2 crystals, as all
other TMD samples in this work, are made using a CVD
process, which provides a large coverage with crystallite size
ranging from a few μm to a maximum of 100 μm. As the
Raman data show, the samples consist of predominantly
monolayer crystals, with minor contributions of at most three
layers. In the following, we use the notations 1L, 2L, and 3L to
indicate monolayers, bilayers, and trilayers, respectively. MoS2
crystals unavoidably contain defects. Defects in monolayers of
MoS2 and WS2, produced in the same laboratory and under the
same conditions, have been studied previously.10 The areal
density of defects in ML-MoS2 is about 0.8 nm−2, and they
mostly consist of single S vacancies, while double S2 vacancies
amount to ∼8.5% of the total defect density. Although MoS2

Figure 4. Monolayer crystal (with multilayer center) of WSe2: (a), (b) Au substrate and (c), (d) Al substrate. (a), (c) AFM topography map. (b),
(d) Surface potential map.

Figure 5. Band alignment before and after contact of (a) WSe2 and
Au and (b) WSe2 and Al.
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layers exfoliated from bulk crystals may have lower defect
density, CVD growth offers significant advantages regarding
scalability and is thus of great interest for future applications.
The average difference between the surface potential of a 1L

MoS2 crystal and that of the surrounding Au “background” is
−150 mV, which corresponds to a WF of the MoS2 monolayer
on Au of 4.54 ± 0.03 eV. Similar measurements of 1L of the
same CVD MoS2 transferred to an Al substrate show a contact
potential difference of +580 mV, which sets the WF of the
MoS2 monolayer on Al at 4.46 ± 0.09 eV. Since these WF
values are nearly the same, it can be concluded that for MoS2
monolayers, the substrate Fermi level is strongly pinned at
about 4.5 eV below the vacuum level (Figure 2).
In addition to 1L MoS2 crystals, double- and triple-layer

regions were observed, often occurring within the same crystal.
Although the WFs measured on 1L and 2L MoS2 are
essentially the same, the difference with 3L regions is clearly

visible in the contact potential maps but never exceeds about
+0.1 V.
These results are similar to previous reports that showed a

monotonic increase of the WF of MoS2 with an increasing
number of layers.4,5 Note that those studies focused only on
TMDs deposited by CVD processes without transfer, so these
studies were conducted only on the growth substrateSiO2/
Si. We attribute the observation of Fermi-level pinning to the
exchange of electrons between the substrate Fermi level and
defect states in the MoS2, which results in an interfacial dipole
that pins the Fermi level at a fixed value below the vacuum
level.35

Figure 3 shows a simple diagram that depicts how the energy
levels of the metals and the MoS2 align after a contact has been
made. The values of the conduction band minimum (CB) and
valance band maximum (VB) are taken from a publication by
Kang et al.18 Our experimental data suggests that there are

Figure 6. Monolayer crystal of MoSe2: (a), (b) Au substrate and (c), (d) Al substrate. (a), (c) AFM topography map. (b), (d) Surface potential
map.

Figure 7.Monolayer crystal of WS2: (a), (b) Au substrate and (c), (d) Al substrate. (a), (c) AFM topography map. (b), (d) Surface potential map.
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defect states within the band gap that could serve either as
donors or as acceptors of electrons.36 Similar behavior for
these types of defects was previously reported by Song et al.37

The Fermi energy of both stacks (MoS2/Au and MoS2/Al) is
pinned at that level. In the diagrams, the potential variations at
the interface are represented as is typical for “interface dipoles”
rather than “band bending,” consistent with the notion that the
potential variation has to take place within the MoS2
monolayer such that there cannot be an extended depletion
region.

3.3. Schottky−Mott Limit: WSe2. Figure 4 shows the
topography and potential maps of WSe2 on Au and Al. 1L
crystals do not provide any contact potential contrast on both
substrates. Visible features in the potential map of a single layer
on Al occur where height variations are observed in the
topography maps. These height variations may be associated
with wrinkles and/or small multilayer regions in the center of
the structure, presumably where the WSe2 crystal nucleated,
one can observe a thicker region. The thickness of this central
part and similar regions in different structures, according to our
estimations, varies from ∼5 to ∼7 layers. Such a high number
of layers provides a clear potential difference for WSe2 on Al
substrates: the difference in the contact potential is about +300
mV, which corresponds to a higher WF equal to 4.19 ± 0.07
eV in the central region.
On Au, no clear surface potential difference is observed.

Instead, few-layer regions of WSe2 on Au can be recognized in
the potential maps because of their outlines, but they do not
exhibit any potential difference with the substrate within the
experimental error. The darker outlines might be artefacts
caused by the significant step edges occurring at the transition
from 1 to 7 layers.
The diagrams in Figure 5 depict how the energy levels align

for WSe2 monolayers on Au and Al. The observation of a
constant WF on or off the WSe2 monolayer indicates that
charge transfer does not take place at the interface, which
represents the Schottky−Mott limit. Such an observation can
be explained by the absence or low concentration of defect
states within the band gap. We stress that the Schottky−Mott
limit holds when there is (almost) no charge transfer between
the metal substrate and the TMDs. This is the case when the
Fermi energy of the metal resides in the band gap of the TMD,
with no (or very few) in-gap defect states present that could
facilitate charge transfer. Such behavior is well described in ref
11.

3.4. Intermediate Case: WS2 and MoSe2. Transferred
samples of MoSe2 and WS2 exhibit not only similar electrical
contact properties but also similar topography. Both samples
only contain single-layer regions (Figures 6 and 7).
On Au, both MoSe2 and WS2 are almost not visible in the

surface potential maps. In the case of MoSe2, the maximum
WF difference is 0.1 eV and another effect that can be noticed
is a smoother signal in comparison to the signal measured on
the bare Au surface, which might be attributed to different tip/
sample interactions and the presence of PMMA residues.
PMMA (950 kDa) was used as a support layer for transfer of
the TMD crystals and cannot be fully removed. The residues
appear as small protrusions in the AFM topography image
(Figures 6a,c and 7a), which look similar to previously
reported PMMA residues on the surface of CVD-grown
graphene.38 In spite of the difference in potential fluctuations
on and off the MoSe2 crystals, the average difference of the
potentials measured on both monolayers and bare Au is
smaller than 50 mV, which is within the noise error. In contrast
to this, the potential observed on MoSe2 and WS2 crystals on
Al is significantly higher than that on the adjacent bare

Figure 8. Band alignment before and after contact of (a) MoSe2 and
Au and (b) MoSe2 and Al.

Figure 9. Band alignment before and after contact of (a) WS2 and Au
and (b) WS2 and Al.
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substrate. The potential difference is highly similar in both
cases and is about 250 mV. That sets the work function of the
monolayer-MoSe2/Al stack to 4.11 ± 0.07 eV, and that of the
monolayer-WS2/Al stack to 4.13 ± 0.07 eV.
The diagrams displayed in Figures 8 and 9 depict the

energy-level alignment for both these cases. It can be
concluded that MoSe2 and WS2 behave according to the
Schottky−Mott limit in the case of transfer to an Au substrate:
no work function difference was observed, which implies that
no interfacial charge transfer between MoSe2 and Au occurs.
For the same materials located on an Al substrate, the Fermi

level is pinned at about 4.1 eV, i.e., a few tenths of electron
volts above the work function of Al. A possible explanation
could be the following: defect states act only as acceptors for
electrons from Al, such that its Fermi level becomes pinned,
while electron donation to Au does not take place, resulting in
band alignment according to the Schottky−Mott limit. Such a
scenario could occur if the defect states in the band gap are
predominantly unoccupied states.

4. CONCLUSIONS

In conclusion, we studied several members of the family of
transition-metal dichalcogenides, MoS2, MoSe2, WS2, and
WSe2, transferred to Au and Al substrates. All of the measured
work functions of the different stacks are provided in Table 1.
The results show different types of metal−semiconductor
junctions. For MoS2, the substrate Fermi level is pinned at the
energy level of the defect states within the band gap, at about
4.5 eV. It is noteworthy that these states serve both as donors
and acceptors of electrons. Fermi-level pinning is also observed
in the cases of MoSe2 and WS2, but only when these materials
are transferred to Al. This is consistent with the notion that
there are defect states in the band gap that serve as acceptors of
electrons from Al but no states that donate electrons to Au.
The Schottky−Mott limit behavior is observed for WSe2: no

charge transfer appeared after transfer to either Au or Al. We
cannot claim that these samples are defect free but potentially
the defect concentration is not high enough to result in
significant charge transfer.
Our study provides valuable information on metal−TMD

interactions, which can help in the future design of electronic
devices based on these materials. One can draw the conclusion
that the adjustment of the electrode material in the case of
MoS2-based devices will not provide any difference in
performance due to the strongly pinned Fermi level. On the
other hand, WSe2-based devices can be enhanced by
designating suitable electrodes. To a certain extent, this also
applies to MoSe2 and WS2 monolayers, for which Fermi-level
pinning was only observed for TMDs located on Al substrates.
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