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Electronic structure of thin MoS2 films†

Benjamin A. Chambers,ab Christopher T. Gibsonab and Gunther G. Andersson *ab

The valence electron structure of exfoliated monolayer MoS2 deposited onto SiO2 was determined by UV

photoelectron spectroscopy through component analysis in combination with Auger electron microscopy.

The valence electron cut-off for bulk MoS2 was found at 0.64 eV binding energy whilst monolayer MoS2
and few layer MoS2 have higher binding energies of 0.89 eV and 1.26 eV respectively. SiO2 is known to

interact only weakly with MoS2. Thus, the valence electron structure of higher binding energy determined

here is thus considered to represent that of a material not affected by strain. The implications of the

change in the valence electron cut-off are discussed.

Introduction

MoS2 is an example of a transition metal dichalcogenide that
possesses an indirect bandgap with a transition from indirect to
direct band gap when transitioning from bulk to few or
monolayer thickness experimentally and through computer
simulations.1–4 The structure of MoS2 allows fabricating
monolayers through exfoliation1 or growth on substrates.5–7 The
charges on the surface and in the bulk of MoS2 are almost
identical which is related to the van der Waals type bonding
between layers.8 The electronic and optical properties of MoS2
are changing with the number of monolayers9–12 and at the
edges of the crystallites.13 Changing the numbers of monolayers
forming a sample allows for tuning its properties – also through
combining with other metal dichalcogenides9 – for a range of
applications such as energy conversion and storage14 and
biomedical applications.15 A challenge in using monolayer
MoS2 is fabricating the material as large scale crystallites.16

Several calculations of the band structure of monolayer MoS2
have been conducted.17–21 Reducing the thickness of the
material from bulk to a monolayer also increases the bandgap
overall.22 An increase of the band gap of MoS2 from 1.29 eV to
1.9 eV was found by Mak et al.1 It has been reported that with a
fine control over the number of layers forming a MoS2, the work
function of a surface may be tuned allowing for surfaces to be
tuned for specific interfacing and the surface potential can be
changed.23 The electronic properties such as the band structure
and exciton binding energies and the geometric properties of a

MoS2 sample change when strain is introduced into a
sample.17,24,25 The properties of MoS2 can also be changed
through doping.19

Direct measurements of the band structure of MoS2 are rare
and difficult to perform. The reason is that photoelectron
spectroscopy, as the method typically used for investigating the
electronic structure of surfaces, probes several monolayers at a
sample surface and in case of monolayer MoS2 therefore the
monolayer plus the top few layers of the substrate. The resulting
spectra thus show the density of states (DOS) of the monolayer
MoS2 plus that of the substrate.25–28 One of the few examples of
measuring the DOS of monolayer MoS2 are from Eknapakul
et al. who determined the band structure of monolayer MoS2
with intercalated potassium layers with angle resolved
photoelectron spectroscopy (ARPES).5 However, due to the
presence of the K interlayers the results found through this
work have to be considered to differ from monolayer MoS2. This
situation leaves the literature of investigating MoS2 monolayers
deposited onto substrates with a situation that the electron
spectrum of MoS2 is known with a high degree of plausibility
but not with spectra of MoS2 only.

It is an intrinsic problem of all methods of photoelectron
spectroscopy that in the of investigating monolayer materials
deposited onto a substrate, that the contribution of the
monolayer and the substrate cannot be separated unless the
spectrum of the substrate covers an entirely different electron
binding energy range compared to the monolayer material.
The latter is usually not the case. This problem could only be
overcome by applying an electron spectroscopy method
which is sensitive to the outermost layer only such as
metastable induced electron spectroscopy (MIES) or by
applying a procedure in the data evaluation which allows to
separate the contributions of the monolayer and the
substrate. The disadvantage of MIES is that it would be
sensitive only to the outer electronic structure of the
monolayer and not to the overall monolayer. We thus have
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chosen in the present work a different route and applied a
component analysis method for the data evaluation. The
variation of the surface coverage with MoS2 can be used as
advantage in a component analysis because it introduces a
variation in the contribution of the substrate and the
monolayer to the spectra taken from various spots of the
sample and allows for a mathematical separation of the
spectral contributions of monolayer and substrate. The
method developed in this work can in general be used for
investigating any monolayer material deposited onto a
substrate.

The aim of the present work is to determine experimentally
the valence electron structure of monolayer MoS2. UV
photoelectron spectroscopy (UPS) is applied, and the data are
processed through component analysis separating the spectral
contributions of the monolayer MoS2 and that of the substrate.
The data processing also allows to separate the spectra of
monolayer and few layer MoS2 showing the transition of the
valence electron structure from the monolayer over the few layer
to bulk MoS2. We have chosen a Si wafer with naturally oxidised
SiO2 as substrate. SiO2 is known to interact only weakly with the
MoS2 monolayer29 which we assume is holding also in the
present case. In this way the valence electron structure of
monolayer MoS2 can be determined where the valence electron
structure is only weakly modified through the interaction with
the substrate. The combination of careful preparation of a
sample containing mainly monolayer MoS2 and some few layer
MoS2 with the component analysis of the electron spectra allows
to show experimentally the change of the valence band edge
with the thickness of MoS2.

Experimental
Materials and sample preparation

Materials. Monolayer MoS2 crystals are grown on Si
substrates with 300 nm thermal oxide using chemical vapor
deposition (CVD) process according the method described by
George et al.7 The grown MoS2 crystals were transferred onto
Si (100) substrate from MTI corporation (B doped with a
resistivity of 0.001–0.005 ohm cm) with native oxide using
PMMA assisted transfer protocol.6 For comparison a bulk
MoS2 sample from 2D Semiconductors (BLK-MOS2-SYN) was
also investigated.

X-ray photoelectron spectroscopy and ultraviolet photo
electron spectroscopy

The MoS2 samples were investigated using XPS and UPS in
an ultra-high vacuum (UHV) system built by SPECS (Berlin,
Germany) which has a base pressure of a few 10−10 mbar. The
He* and UV light (He I line) were generated in a two stage
cold cathode gas discharge from MFM Analytical Systems
(Claustal-Zellerfeld, Germany). A non-monochromatic X-ray
source is used to generate Mg Kα radiation. For detecting the
emitted electrons a hemispherical Phoibos 100 energy
analyser from SPECS (Berlin, Germany) was used. UPS and
XPS were recorded at a pass energy of 10 eV and a bias of −10

V was applied to the samples for the UPS and metastable
induced electron spectroscopy (MIES) measurements. The
angle of UV and X-ray source radiation and the analyser are
both 54° with respect to the surface normal of the sample.
High resolution XP spectra were fitted with combined
Gaussian–Lorentzian components and a correction for the
Shirley background.30 For quantification of relative
intensities the cross sections calculated by Yeh have been
used.31

For UPS the samples were irradiated with UV photons from
the HeI line (hν = 21.2 eV). The photons excite the valence
electrons through the photoelectric effect. For HeI UPS the
surface sensitivity is limited by the electron mean free path to
the upper 2–3 nm of the sample.32 The binding energy of the
electrons in the sample is determined by eqn (1).

Ebinding = 21.2 eV − Ekinetic − Φspec (1)

where Ebinding is the binding energy of the electrons in the
sample, Ekinetic is the kinetic energy of the emitted electrons
and Φspec is the work function of the spectrometer. For XPS
the binding energy is calculated in a similar way. The probing
depth of XPS at this energy is about 6–7 nm, and slightly
higher than in case of UPS due to the higher kinetic energy
of the emitted electrons.32

MIES was applied at the same time as UPS. The MIE
spectra have no significant features in the region up to 6 eV.
The reason in the present case is that MoS2 has states at low
binding energy which favours the resonance ionisation (RI)
followed by Auger neutralisation (AN) mechanism for the
deexcitation of the metastable He atoms.33

While running UPS and MIES, the measurements were
monitored for evidence of charging. As a routine, the
measurements are conducted in a sequence of acquiring
three spectra consecutively with the first two spectra
consisting of single scans only. The samples are started to be
exposed to UV photons and He* just before the data
acquisition is started. This is facilitated by keeping the valve
between the UV and He* source and the analysis chamber of
the equipment closed until the data acquisition starts. In
case the secondary onset of the measurements stays stable
without showing a shift between the three measurements,
charging of the sample during the measurements can
reasonably be excluded. We also did not find charging of the
MoS2 during the XPS measurement.

Scanning electron microscopy and auger electron
spectroscopy

The MoS2 on SiO2 samples were analysed with a PHI710
Scanning Auger Nanoprobe (Flinders Microscopy and
Microanalysis, Flinders University) with an electron energy of 1
keV. Auger electron spectroscopy (AES) is a similar spectroscopic
technique to XPS. The sample is irradiated with an electron
beam with a kinetic energy of the electrons from 1 to 25 keV
which results in the excitation of electrons in the sample

RSC Applied Interfaces Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/5
/2

02
5 

6:
33

:0
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lf00165f


1278 | RSC Appl. Interfaces, 2024, 1, 1276–1284 © 2024 The Author(s). Published by the Royal Society of Chemistry

leading to their emission. In the present work 10 keV electrons
were used. The atom from which an electron is emitted is in an
excited state which subsequently transits to the ground state
leading to the emission of an Auger electron with an energy
characteristic for the specific element. The emission of the
electrons is detected with a detector with spatial resolution
similar to that of the scanning electron microscope (SEM)
allowing spatially resolved elemental mapping of the surface.
AES and AEM can be combined in one instrument which is
called Auger electron microscopy (AEM). AEM has an advantage
over SEM in conjunction with energy-dispersive X-ray
spectroscopy (EDX) due to the surface sensitivity of AEM.

Heating procedure

Before applying electron spectroscopy, the samples were
heated to 723 K.

Measurement procedure

XPS and UPS were measured on nine different locations
using a medium magnification lens mode with a diameter of
the spot size for the analysis of 1.4 mm. This allows for
applying a component analysis to separate the components
in UPS the spectra related to the various thickness of MoS2
and the substrate. The central spot is located approximately
in the middle of the MoS2 shown in Fig. S1.† The other nine
spots are located +2 mm or −2 mm to the left and right and
top and bottom of the central spot. As an example, the spot
(x, z) +2/−2 is located 2 mm above and 2 mm to the left of
the central spot.

SVD analysis

A mathematical algorithm known as singular value
decomposition (SVD) is used to analyse a series of UP spectra.
The details of the procedure can be found in literature.34–36 A
summary is provided in the ESI.† The SVD procedure results in
reference spectra which are used to reproduce the measured UP
spectra as linear combination. The reference spectra represent
spectra of a surface with a specific composition and electronic
structure.

Raman spectroscopy

Raman spectra were acquired using a WITec alpha 300 R
Raman microscope at an excitation laser wavelength of 532 nm
(≤5 mW) with a ×40 objective (numerical aperture 0.60). A
minimum of 15 Raman spectra were recorded per sample at
approximately 5 separate locations within each sample. Typical
integrations times were 10–30 s for 2–3 accumulations per
spectrum.

Results and discussion
SEM imaging

In Fig. 1 a SEM image of the central part of the sample is
shown. Triangular shaped features with medium grey scale
brightness can be identified as thin MoS2 crystallites with the

help of Auger microscopy and Raman spectroscopy (see Fig.
S2 and S3 in the ESI†). Between the grey triangle areas lighter
grey areas can be seen which is the uncovered Si wafer used
as substrate. Additionally, some darker areas with overlap
between the triangular crystallites can be identified and some
dark areas with arbitrary shape. The latter will be identified
below as contamination. The area analysis from Fig. 1 is
shown in Table 1 with single MoS2 sheets covering 61.4% of
the surface, thicker MoS2 covering 0.7%, contaminations
covering 0.8% and the substrate representing 30.7% of the
surface. The analysis of the coverage was done by a grey scale
histogram analysis of the SEM image.

Fig. S1† shows an optical image of the MoS2. In Fig. 2
examples of key positions chosen to conduct Raman
spectroscopy for evaluating the structural properties of the
MoS2 are shown. The respective Raman spectra are displayed
adjacent to the indicated positions. The optical image itself
appears to have triangular crystalline structures which
corresponds to the expected shape of MoS2 crystallites.

10

The first region within the triangular crystalline shape
appeared to be MoS2 with peaks at 384.8 and 404.5 cm−1

representing the E12g and A1g modes, respectively. The
separation of these peaks (19.4 ± 0.5 cm−1) combined with
the high intensity of the silicon peak at 520 cm−1 indicates
monolayer MoS2 in this region.29 The peak separation of 19.7

Fig. 1 SEM image of the central area of the sample shown in Fig. S1.†
The dark grey triangular shaped areas are the monolayer MoS2
crystallites. The crystallites show a small degree of overlap. The
relative fraction of the sample surface formed by the substrate,
monolayer and few layer MoS2 is provided in Table 1.

Table 1 Coverage of the surface and fraction of coverage

Species Fraction area [%]

Substrate (light grey), silicon wafer 30.7
MoS2, thin (medium light grey) 61.4
MoS2, thick (medium dark grey) 0.7
Contamination (dark grey) 0.8
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cm−1 is between those found for monolayer MoS2 on Al2O3 (18
cm−1) and Au (21 cm−1) were for the first substrate tensile strain
and for the second compressive strain has been reported.37 This
finding is supporting the assumption that SiO2 as substrate used
here results only in a weak interaction between the substrate and
the MoS2 monolayer. The second location, a white cloudlike
region, still has MoS2, however the reduced silicon peak intensity,
relative to the MoS2 peaks, indicates a higher MoS2
concentration. The MoS2 peaks are situated at 382.5 cm−1 and
408.5 cm−1 and are separated by 26 cm−1. This separation
combined with the higher MoS2 concentration than the
monolayer indicates multilayer MoS2.

29,38 The last region which

is a dark black spot on the optical image possesses high intensity
MoS2 peaks at 380.0 cm−1 and 406.0 cm−1 with no visible silicon
peaks. The MoS2 is thus thick enough to obstruct the detection
of the silicon substrate and is classified as bulk MoS2.

For better identifying the chemical nature of the crystallites
AEM was applied. In the ESI† Fig. S2a shows SEM images
indicating the position of the spots from which Auger spectra
were taken with the latter shown in Fig. S2b.† The triangular
shaped features with medium grey scale brightness can be
identified as thin MoS2 crystallites. Fig. S2a† shows an SEM
image of a similar sample with a single triangle in position 5
identified by AES as having very low Mo and S content being

Fig. 2 Optical images (a1–c1) and Raman spectra (a2–c2) of specific areas on the optical image. In a1 an inset with the E12g and A1g modes are shown. In
a2 an inset is shown with the separation of the E12g and A1g modes.
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linked to monolayer MoS2.The Auger spectra clearly identify that
the deposited triangular shaped material in MoS2.

In the ESI† in Fig. S3 Raman spectra of one of the triangular
crystallites are shown. From the Raman spectra the vast
majority of the area of the triangular crystals can be identified
as monolayer MoS2 based on the separation of the E12g and A1g
modes.29 A small fraction of the crystallite area formed is few
layer MoS2.

XPS analysis

In Fig. 3 the high resolution XP spectra of the sample are
shown with the binding energies of all components found

listed in Table 2. In Fig. 3a the C1s spectrum is shown. The
components are C1 at 285 (sp3 C–C), C2 at 286.5 ± 0.2 eV
assigned to C–O (ref. 39) or C–OH (ref. 40) or similar bonds,
C3 at 288.0 ± 0.2 eV assigned to CO (ref. 40) and C4 at
289.8 ± 0.2 eV assigned to C(O)OH.40 All these carbon species
are adventitious carbon. Their specific nature is not relevant
for the present work. In Fig. 3b the Mo 3p doublet is shown
with the 3p3/2 peak at 395.9 ± 0.2 eV which can be identified
as Mo in MoS2.

41 A small peak for MoO3 was found at 399.5 ±
0.2 eV (ref. 41) with 16% of the overall Mo intensity. This Mo
peak is not the main peak for Mo in XPS. However, the main
Mo 3d5/2 peak at around 228 eV is overlapping with the S 2s
peak and for this reason could not be used for the data

Fig. 3 XP spectra of a) C1s, b) Mo 3p, c) S 2p, d) O 1s. and e) Si 2p. The measured spectra are shown together with the fit of Shirley background
and the spectral components.

Table 2 Binding energies XP spectra and relative intensities averaged over all nine analysed spots

Component Chemical species Binding energy ± 0.2 [eV] Rel. intensities [%]

C1–C1s C–C sp3, adventitious 285 13.2 ± 0.3
C2–C1s C–O or C–OH,39 adventitious 286.5 3.3 ± 0.3
C3–C1s CO,40 adventitious 288.0 0.9 ± 0.3
C4–C1s C(O)OH,40 adventitious 289.8 0.7 ± 0.3
Mo MoS2 (ref. 41) 395.9 3.4 ± 0.1
Mo MoO3 (ref. 41) 399.5 0.6 ± 0.1
S MoS2 (ref. 42) 162.8 7.0 ± 0.1
O1 SiO2 (ref. 43) 533.9 36.4 ± 0.4
O2 OH, adventitious 531.7 5.6 ± 0.4
Si1 Si (ref. 43) 99.9 8.0 ± 0.2
Si2 SiO2 (ref. 43) 104.5 20.9 ± 0.2
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analysis. In Fig. 3c the S 2p doublet is shown with the 2p3/2
peak at 162.8 ± 0.2 eV which can be identified as Mo in
MoS2.

42 In Fig. 3c the O 1s spectrum with one component O1
at 533.9 ± 0.2 eV and a second small component at 531.7 ±
0.2 eV. The first is O of SiO2 (ref. 43) while the latter is
probably adventitious OH. In Fig. 3d the Si 2p region with
two doublets are shown. The 2p3/2 peak of one doublet is
found at 99.9 ± 0.2 eV and can be identified as Si while the
second doublet is at 104.5 ± 0.2 eV which can be identified as
SiO2.

43 The ratio of Mo to S based on the relative intensities
shown in Table 2 is 0.49 ± 0.02 thus corresponds to the
stoichiometric ratio of the two elements.

The combined relative intensities of MoS2 of 12.1% are
compatible with a MoS2 layer thickness of approximately 4 Å
at a coverage of 60%.

In Fig. 4 the relative intensities of the elements detected
with XPS for all nine spots are shown. It can be seen that the
coverage with MoS2 is highest in the centre of the sample
along the x-axis, i.e. at x = 0.

UPS analysis

In Fig. 5 the UP spectra of all nine spots analysed are shown.
The components of the series of the nine spectra were
analysed with SVD. SVD has been proven to be a powerful
data analysis tool when the various components of a sample

cannot physically be separated for the process of the analysis.
SVD has been successfully applied to separate in electron
spectroscopy the various components at liquid surfaces and
solid surfaces,44 clusters on surfaces45 and interfaces in
organic electronics.46

The reference spectra resulting from the SVD analysis are
shown in Fig. 6 and the weighting factors for the reference
spectra are shown in Fig. 7. These reference spectra represent
the components forming the sample and the weighting factor
the fraction of their contribution to the measured spectra.
The spectrum of bulk MoS2 is also shown. Two reference
spectra were found representing MoS2. The first reference
spectrum is assigned to single monolayer of MoS2. The
reason for this assignment is that the spectrum shows the
characteristic structure of MoS2 similar to the bulk MoS2 in
the region 6 eV binding energy. Additionally, this reference
spectrum shows a broad distribution between 6 and 10 eV
which is characteristic for SiO2. Thus the first reference
spectrum is a combination of the spectrum from single layer

Fig. 4 Relative intensities of XPS for the nine different spots versus
their location.

Fig. 5 UP spectra of all nine analysed spots across the sample.

Fig. 6 Spectra of the components forming the MoS2/Si/SiO2 sample: the
monolayer MoS2, few layer MoS2 and the Si/SiO2 substrate. For reference
a spectrum of bulk MoS2 is shown. In the inset the onset of the VB are
shown. In the inset spectra are scaled such that they have the same
intensity at their first maximum around 1 to 1.5 eV.

Fig. 7 Weighting factors for the SVD component analysis.
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MoS2 and SiO2 with the later contributing only intensity at
binding energies >6 eV. The part of the spectrum at <6 eV
thus can be assigned exclusively to monolayer MoS2. The
second reference spectrum is also assigned to MoS2. In
contrast to the first reference spectrum it does not show the
broad SiO2 feature between 6 and 10 eV. The second
reference spectrum is assigned to stacking of monolayer
MoS2 forming bilayers as it could be identified from Fig. 1.
The valence electron cut-off is at a binding energy between
monolayer and bulk MoS2. This MoS2 species is referred here
to “few” layer. Although it is likely that this species is a
double layer, we refer here to “few” because we cannot
provide unambiguous evidence for a double layer species.
The third reference spectrum is assigned to SiO2 showing
only the broad distribution between 6 and 10 eV
characteristic for SiO2.

In Fig. 4 the sum of the weighting factors for the first and
second MoS2 spectra are shown. It can be seen that the sum
of the MoS2 weighting factors follows closely the relative
intensities of Mo and S in XPS confirming the assignment of
reference spectra 1 and 2 to MoS2.

The valence band (VB) cut-off for bulk MoS2 is found at
0.64 ± 0.05 eV as can be seen in Fig. S3 which is similar to
what was found by Timpel et al. for annealed MoS2.

2

Comparing the VB cut-off of both reference spectra with
that of bulk MoS2 it can be seen in the inset of Fig. 6 that
the single layer MoS2 is shifted by about 0.6 eV to higher
binding energies of 1.26 eV and the few layer MoS2 by about
0.25 eV to 0.89 eV; the respective VB cut-offs are also shown
in Fig. S3.†

The shift in the VB cut-off is consistent with the increase
in band gap found by Mak et al. who found an increase in
band gap from 6 to 1 monolayer MoS2 of 0.5 eV.1 In case the
conduction band (CB) cut-off does not move at the same time
to lower energies, the band gap of the single and double layer
MoS2 has increased. Mak et al. found a shift in band gap of
almost the same amount as found here for the change of the
valence band edge for the transition from bulk to monolayer
MoS2, and it could be hypothesised that the CB position does
not change at the same time. However, computer calculations
show a decrease in the CB position with increasing number
of MoS2 layers which also would contribute to a decrease of
the band gap of MoS2 with increasing number of layers. It
should be noted that it would be needed to measure the
position of the conduction band for MoS2 with a variation of
the number of layers, which should be possible with a
technique like inverse photoemission spectroscopy.28

The VB cut-off found by Eknapul et al. of MoS2 with an
interlayer of K is found at 1.89 eV which is larger than what
is found in the present work. The reason might be the
interaction of MoS2 with the K interlayer. Interaction with
substrates had been found by Park et al. who reported a VB
cut-off for MoS2 on SiO2 of 1.81 eV and on Au of 1.30 eV.27

Park et al. have used the same preparation as in the present
work. It is unclear why the VB cut-off reported by these
authors is different to our work.

Conclusion

We have determined the valence electron structure of
monolayer MoS2 deposited onto SiO2 with UPS. Component
analysis of UP spectra acquired in a spatially resolved mode
separating various areas of the sample with mm resolution in
combination with SEM and spatially resolved XPS have been
used to separate the components in the UP spectra. The
valence electron of MoS2 only weakly interacting with the
SiO2 substrate shows a VB cut-off which is at 0.6 eV higher
binding energy than bulk MoS2. The double layer shows an
increase in the binding energy of the cut-off of 0.25 eV.
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