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ABSTRACT: A comprehensive study of bulk molybdenum dichalcogenides is presented
with the use of soft and hard X-ray photoelectron (SXPS and HAXPES) spectroscopy
combined with hybrid density functional theory (DFT). The main core levels of MoS,,
MoSe,, and MoTe, are explored. Laboratory-based X-ray photoelectron spectroscopy
(XPS) is used to determine the ionization potential (IP) values of the MoX, series as 5.86,
5.40, and 5.00 eV for MoSe,, MoSe,, and MoTe,, respectively, enabling the band alignment
of the series to be established. Finally, the valence band measurements are compared with
the calculated density of states which shows the role of p-d hybridization in these materials.
Down the group, an increase in the p-d hybridization from the sulfide to the telluride is
observed, explained by the configuration energy of the chalcogen p orbitals becoming closer
to that of the valence Mo 4d orbitals. This pushes the valence band maximum closer to the
vacuum level, explaining the decreasing IP down the series. High-resolution SXPS and
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HAXPES core-level spectra address the shortcomings of the XPS analysis in the literature.
Furthermore, the experimentally determined band alignment can be used to inform future device work.

B INTRODUCTION

Although studied in the 1960s, the full potential of the
transition-metal dichalcogenides (TMDs) was not initially
realized. However, the development of graphene reinvigorated
interest in them, particularly in mono- and few-layer forms.
Most TMDs possess the honeycomb structure that graphene is
well known for; however, their electronic properties differ
greatly. The TMDs experience a vast range of electronic
properties including semiconducting, semimetallic, and metal-
lic behavior, which opens a large range of uses for these
materials.

A series that belongs to the TMD family is the molybdenum
dichalcogenides with the chemical composition MoX, (X = S,
Se, and Te). The most stable phase of these dichalcogenides is
the semiconducting 2H phase with the P6;/mmc space group,
which is presented in Figure 1.~ In the 2H phase, the metal
atoms are in a trigonal prismatic coordination where they are
covalently bonded to six chalcogen atoms in the form of two
tetrahedrons in the +c and —c directions; this completes a
monolayer of MX,. In bulk form, monolayers are held together
by van der Waals interactions. It should be noted that the
MoX, series can be found in other stable phases; for example,
MoS, and MoSe, can also be found in the octahedral 1T
phase™® and MoTe, in the orthorhombic T, phase as well as
the distorted octahedral 1T’ phase.” The effect of the trigonal
prismatic coordination of the chalcogen atoms on the
electronic structure is the splitting of the transition-metal d
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orbitals as predicted by crystal field theory. The resulting
orbitals consist of three degenerate levels: a singlet, denoted as
“a”, which consists of the d orbital, and two doubly
degenerate levels denoted as ¢’ and e”, which consist of the
d,, and d,>_ and the d,, and d,; orbitals, respectively. The a
level has the lowest energy, followed by e’ and e”. This is
because the a orbital consists of the d orbital which projects
out of the plane and into the van der Waals gap, meaning that
it does not interact strongly with the chalcogen orbitals.

The van der Waals interactions between the layers and the
consequently large specific surface area make TMDs attractive
for energy storage, for example, in electrochemical capacitors,8
and as the negative electrode material for lithium-ion
batteries.”™"" The high surface-to-volume ratio also makes
them useful for sensors, includin§ transistor-based sensors for
gas, chemical, and bio-sensing.] ~!% The ability to exfoliate
these materials makes them attractive for ultrasmall and flexible
transistors.'”'® The most interesting aspect of the TMDs is
their layer-dependent properties, making them suitable for
many optoelectronic devices such as solar cells, photo-
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Figure 1. 2H structures of MoS, representative of all MoX, showing
the configuration of the molybdenum (blue) and chalcogenide
(orange) atoms. (a) Layered nature and the trigonal prismatic
coordination of the chalcogen atoms around the Mo atom. (b)
Hexagonal structure within the layers. The images were prepared
using the VESTA software package.”

detectors, and light-emitting diodes.'”*> MoS,, in particular,
has sparked large interest for these applications. Recently,
MoTe, has been identified as a candidate for field-effect
transistors,” but is in the early stages of understanding the
physical mechanisms that limit device performance. Although
many device studies focus on monolayer TMDs, achieving
large-scale high-quality monolayers is very difficult and often
limits the application. Methods of altering the band gap from
indirect to direct for bulk TMDs have recently been
investigated.27 Furthermore, bulk MoS, has been found as a
promising candidate for photovoltaic devices using an
environmentally friendly method of depositing MoS, thin
films.”® MoSe, has had a lot of interest for use in energy
storage devices as it has larger interlayer spacing compared to
that of MoS,. Because of the larger spacing, it has the potential
to accommodate larger ions such as Na.” Moreover, MoSe, has
also been studied for catalysis, including the hydrogen
evolution reaction as well as for CO, reduction.” MoTe, has
a comparable interlayer spacing to MoSe, and thus has also
been considered as an anode material candidate for Li-ion
storage.'”*” Additionally, bulk MoTe, has also been studied
for two-dimensional (2D) gas sensors’”*' as well as for
photodetectors.””** Hence, a good understanding of the bulk
electronic structure is beneficial for the development of
applications of bulk TMDs.

A number of theoretical investigations of the electronic
structure of these materials exist using different methods.**~*'
Both theory-only studies and angle-resolved photoemission
spectroscopy (ARPES) studies exist. However, no studies
report a comprehensive comparison of the theoretical density

of states (DOS) with valence band X-ray photoelectron
spectroscopy (XPS) measurements. Only one study compares
XPS/ultraviolet photoelectron spectroscopy (UPS) measure-
ments of the MoS, and MoSe, valence bands to calculations,
which includes limited discussions of the band gaps and
ionization potentials (IPs) obtained from theory.”* No
discussion of the partial density of states, which is essential
to understand the nature of the bonding within these materials,
was included. Beyond valence states, the core-level analysis in
the literature is often filled with erroneous modeling, in
particular for MoSe,, where the Se 3s peak that lies in between
the two Mo 3d doublet peaks is often overlooked. This is
discussed further in the Core-Level Spectra section.

Therefore, this paper presents high-resolution soft and hard
X-ray photoelectron spectroscopy (SXPS and HAXPES,
respectively) data of bulk Mo dichalcogenides to investigate
their electronic structure. The valence band spectra measured
by soft and hard XPS are compared to density functional
theory calculations of the occupied density of states. Analysis
of the main core-level spectra of molybdenum (Mo 3d) and
main chalcogen core levels (S 2p, Se 3d, and Te 3d) are
investigated.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

The crystals used for this study were grown by HQ graphene
using chemical vapor transport and have greater than 99.995%
purity.

For the Raman measurements, a Renishaw inVia Raman
microscope was used in backscattering geometry. The laser
wavelength was 532 nm, with a power of 0.2 mW, and was
focused through an inverted microscope (Leica) via a SOX
objective lens. The laser spot diameter was 1—2 um.

Laboratory-Based XPS. Laboratory-XPS measurements
were utilized to measure the ionization potential of the
dichalcogenide series. These measurements were conducted
using a monochromatic Al Ka (hv = 1486.6 eV) SPECS X-ray
source operated at 250 W. Emitted photoelectrons were
measured using a PSP Vacuum Technology hemispherical
electron energy analyzer with a mean radius of 120 mm using a
pass energy of 10 eV. All measurements were performed in an
ultrahigh vacuum chamber with a base pressure of 2 X 107"
mbar. All binding energies were measured with respect to the
Fermi edge of a clean polycrystalline silver reference sample.
The resolution of the spectrometer was found to be 0.40 eV by
fitting the Fermi edge with a Fermi—Dirac function convolved
with a Gaussian function. Binding energies are determined
with an uncertainty of +0.05 eV. The measurements were
conducted following in situ exfoliation at a pressure of 1 X 10~
mbar to prepare surfaces with minimal contamination. The in
situ exfoliation was achieved by mechanical exfoliation using
carbon tape. The carbon tape was pressed onto the flattened
surface of the crystal and pulled away, exfoliating the top few
layers.

Hard and soft X-ray photoelectron spectroscopy measure-
ments were conducted at the 109 beamline*” at Diamond light
source (DLS), Oxfordshire, U.K. These measurements were
conducted to measure soft (1.0 keV) and hard (5.9 keV) X-ray
photoelectron spectra on the same spot on in situ cleaved
surfaces of the MoX, series. The cleaving was done at a base
pressure of 1 X 107" mbar. The crystals were mounted onto a
copper plate using a silver-based epoxy which was cured at 120
°C for ~30 min. A peg was then mounted onto the sample
using the same epoxy, and once in situ, the peg was tapped with
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a wobble stick, removing the top few layers exposing a clean
surface. The hard X-rays used were defocussed with an energy
of 5.9 keV selected by a double-crystal Si(111) and Si(004)
channel-cut monochromator. The soft X-rays were also
defocussed with a photon energy of 1.0 keV. The soft X-ray
energy was selected using a plane grating monochromator. The
energy of 1.0 keV was chosen to ensure no overlap of Auger
lines with the main core-level peaks. The experimental
resolution was determined by measuring and fitting the
Fermi edge of a polycrystalline gold sample with a Gaussian
broadened Fermi—Dirac distribution and was determined to be
0.28 and 0.26 eV for the HAXPES and SXPS measurements,
respectively. Binding energies are determined with an
uncertainty of +0.03 eV. The system uses a VG Scienta
EW4000 electron analyzer with a +28° acceptance angle.

Hybrid Density Functional Theory. All calculations in
this work were performed using the Vienna ab initio Simulation
Package (VASP)**™* under the framework of density
functional theory (DFT), with the core valence electrons
interaction described by the projector augmented wave
method.”” The initial bulk structures of the molybdenum
dichalcogenides (MoX,, X = S, Se, Te) were obtained from
experimental data in the inorganic crystal structure database
(ICSD).**™>* We include the 4d, 4p, and Ss valence orbitals
for Mo; 3s and 3p orbitals for S; 4p, 4d, and 3d for Se; and
finally the Ss, Sp, and 4d for the Te valence orbitals. The
Perdew—Burke—Ernzerhof (PBE) generalized gradient approx-
imation functional®® was used in all geometry optimizations
with the correction for van der Waals dispersion (DFT-D3),>*
and a combination of 400 eV plane-wave energy cutoft and I'-
centered k-point mesh of 8 X 8 X 8 was sufficient for all MoX,
to converge within 107 €V per atom. For the geometry
relaxation, the energy cutoff was increased by 30% to account
for Pulay stress introduced by the finite basis sets, and the
structures were considered fully relaxed when the force on all
atoms is less than 0.01 eV A™". Electronic properties such as
density of states and band structures of the relaxed structures
were calculated using the HSEQ06 functional with the spin-
orbital coupling effect included.”>”® A screening parameter of
0.11 Bohr ™" is used to determine the short-range cutoff of 25%
Hartree—Fock exchange. The band structures were plotted
using the sumo package.”” A more in-depth discussion of the
functional used can be found in the Supporting Information
(SI) along with Figure S9.

B PHASE PURITY

Raman spectroscopy was used to verify the phase purity of the
crystals used for SXPS and HAXPES. Figure 2 shows the
Raman spectra for the three molybdenum dichalcogenides.
The main features are labeled on the graph. Because all three
chalcogenides have the Dg,* space group, they have four
Raman-active modes, Eig Ay E%g, and E%g)ss,w where the
modes present depend on the laser wavelength®® and crystal
orientation. Starting with MoS, (green spectrum in Figure 2),
the main Raman modes seen are at 383 and 406 cm™' which
are the Eig and A;; modes, respectively, with a small intensity
as 452 cm™' which agrees with previous reports.”®" For
MoSe,, one strong mode is seen at 243 cm™" which is the Ay
mode and a less intense mode at 169 cm™! corresponding to
the E;, mode again, agreeing with previous literature.””
Finally, MoTe, has two strong features, one at 234 cm™’,
which is that of the Eig mode, and the second at 174 cm™},
which corresponds to the A, peak; these values also agree with

MoS,

Intensity (arb. units)

100 200 300 400 500

Wavenumber (cm™)

Figure 2. Raman spectra for the three molybdenum dichalcogenides
with the main modes labeled.

)

what has been reported previously.””*® The weaker features
are also seen in bulk 2H-MoTe, but are often not reported;
these correspond to the E;, and Bzg1 modes.* No peaks
corresponding to Mo oxides were detected.”” These Raman
spectra show the high quality and phase purity of these crystals.

B HYBRID DENSITY FUNCTIONAL THEORY

In Table 1, the lattice parameters acquired from the
calculations are compared to literature experimental values

Table 1. Calculated Lattice Parameters of This Work
Compared to Experimental Literature Values

MoS, this work ref 66 ref 50
a (A) 3.162 3.15
¢ (A) 12.313 12.30
¢ (a) 3.894 3.892 3.905
MoSe, this work ref 66 ref 67
a (A) 3294 3288
¢ (A) 13.002 12.391
¢ (a) 3.894 3.947 3.769
MoTe, this work ref 52 ref 68
a (A) 3.518 3.519 3.5139
¢ (A) 14.069 13.964 13.964
¢ (a) 3.999 3.968 3.974

and show 6good agreement within 5% to the experimental
values.”3>°°% 1t js important to note that one source of
difference between the theoretical and experimental values is
due to the 0 K temperature of the hybrid DFT calculations
compared to the experiments being performed at room
temperature.

The theoretical band structures of the three chalcogenides
are shown in Figure 3. As is well known for MoS, and MoSe,,
the smallest band gap is indirect with the valence band
maximum (VBM) at the I' point and the conduction band
minimum (CBM) in between the I" and the K point. For
MoTe,, the CBM is located in the same place, however, the
VBM is located at the K point. The calculated indirect band
gap values were 1.450, 1.338, and 1.057 eV for MoS,, MoSe,,
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Figure 3. Calculated band structures of bulk MoS,, MoSe,, and MoTe,. The lowest indirect (direct) band gaps are indicated by red (green) arrows.
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Figure 4. Core-level spectra of the Mo dichalcogenide series where (a) and (d) are the Mo 3d and S 2p core levels of MoS,, (b) and (e) are the Mo
3d and Se 3d core levels of MoSe,; and (c) and (f) are the Mo 3d and Te 3d core levels of MoTe,. All core levels were taken at two photon
energies, 1.0 and 5.9 keV. *SP denotes surface plasmon.

and MoTe,, respectively. Experimentally, the room temper- temperature values are a lot less common within the literature.
ature indirect band gaps of the bulk molybdenum dichalco- The indirect band gap of MoS, and MoSe, was found by
genides have been investigated using photoacoustic spectros- optical transmission to be 1.17 and 1.11 eV at 70 K
copy and were determined to be 1.37 eV for MoS,, 1.25 eV for respectively.”” A report of the indirect band gap of MoSe, at
MoSe,, and 0.89 eV for MoTe,.”” The lowest direct band gap 12 K gives a value of 1.165 eV.”* All band gaps discussed here
values obtained from the present calculations were 2.088, can be found in tabulated form in Table S1 in the Supporting
1.794, and 1.354 eV for MoS,, MoSe,, and MoTe,, information (SI). A reason for the small overestimation of the
respectively. These are overestimated in comparison to the direct and indirect band gaps by DFT could be due to the
experimental values of 1.87, 1.56, and 1.06 eV for MoS,, treatment of the van der Waals forces coupled with the HSE06
MoSe,, and MoTe,, respectively, determined by modulated functional used in these calculations. There are several studies
photoreflectance s.pectroscopy.69 The direct band gaps of the where accurate band gaps have bﬁen obtained using dlffere%
dichalcogenides have also been investigated at low temper- calculation methods such as GW™" and the GvJ-2e method.

atures. These values should in theory be more comparable with However, this paper focuses on the electronic structure rather

the 0 K theoretical values presented here. Bulk MoS, exhibits a than the band gap.
direct band gap at 1.932 eV measured at 10 K using
photoreflectance spectroscopy.”’ 16 monolayers of MoSe,

B CORE-LEVEL SPECTRA

were estimated to have a 0 K band gap of 1.50 eV from the The Mo 3d core levels are shown in Figure 4a—c, where the
extrapolation of temperature-dependent ellipsometry data.”' spin—orbit splitting of the Mo 3d core-level fit was constrained
For MoTe,, the direct band gap at 4.5 K was determined to be at 3.15 eV for all three dichalcogenides. Furthermore, the area
~1.15 eV.”” For the indirect band gap however, low ratios of the fit were also constrained, according to the ratio of

21025 https://doi.org/10.1021/acs.jpcc.2c05100

J. Phys. Chem. C 2022, 126, 21022—-21033


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c05100/suppl_file/jp2c05100_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05100?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05100?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05100?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05100?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c05100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

the interpolated photoionization cross sections of the orbitals
calculated by Scofield.”” This becomes very important at

. . ) 1
higher photon energies due to the j = [ — 5 component
having a smaller radial extension in comparison to that of the
j=1+ % component. In turn, when the photon energy is

increased the overlap between the continuum of the

j=1- % orbital is larger than that of the j = [ + %

orbital, which means the cross section is greater and thus the
area ratio will be different from the conventionally used
statistical ratio of 3:2. This has been shown to be prominent in
some d orbitals’® and is therefore taken into account here. The
values used for the area ratios of the fit can be found in Table
S2 in the Supporting Information (SI). However, the full width
at half-maxima are not constrained as the Coster—Kronig effect
causes additional broadening of the 3d;,, peak with respect to

There are many reports of core-level measurements of the
MoX, series. However, there are many discrepancies when it
comes to peak fitting and analysis. For MoS,, there are no
overlaps between the core levels which makes fitting easier in
comparison to MoSe, where the Mo 3d and Se 3s regions
overlap. Despite this, some previous reports contain erroneous
or incomplete fitting. These take the form of: (1) incorrect
spin—orbit splitting constraints being used; (2) no area
constraints applied; (3) incorrect lineshapes and lack of
backgrounds shown; (4) the envelope of the core-level fit is
not overlaid onto the data so that a clear comparison cannot be
made or no fit is shown at all; (5) no binding energies are
quoted.®' ~*°Figure 4a presents the fitted Mo 3d and S 2s core
levels of MoS,. Here, the cross section effect between the
SXPS and HAXPES is highlighted, whereby between the 1.0
and 5.9 keV spectra, the S 2s cross section decreases relatively
less than that of Mo 3d. The main Mo 3d;/, core-level line is
attributed to Mo bonded to S, and it is found at a binding
energy of 228.66 and 228.74 eV for SXPS and HAXPES,
respectively. These values are consistent with reported values
when binding energy calibration is taken into account.*”*’ For
the fitting of the Mo 3d peaks, it can be seen that a second set
of doublets was required with low intensity to achieve a good
fit. This second peak at 229.61 and 229.63 eV for SXPS and
HAXPES, respectively, is attributed to some surface oxide
remaining after cleaving due to a rough surface. The binding
energy of Mo(IV) oxide varies within the literature between
229.3 and 230.1 eV,** which is in line with our binding energy
values. A measurement of as-entered MoS, can be seen in
Figure S1 in the Supporting Information where a very strong
Mo 3d oxide peak can be seen at 0.7 eV higher than the Mo—S§
peak. This is in line with the energy separation between the
two components seen here for the in situ cleaved sample.
Further discussion of the O 1s core level is presented in Figure
S2 and related text. Two extra peaks are required to fit the data
at ~6.5 eV higher than the S 2s and Mo 3d;, in the HAXPES
core levels which are attributed to energy loss from some of the
Mo 3d photoelectrons to surface plasmon excitations that have
been reported before for XPS of MoS,” (zoomed-in version
can be seen in Figure S3). The S 2p core level was also fitted
and can be seen in Figure 4d. The doublet separation used
here was 1.18 eV with an area ratio that can be found in Table
S2 in the SI between the S 2p;,, and 2p, /,. The binding energy
of the S 2p;,, was found to be 161.45 and 161.58 eV for SXPS
and HAXPES, respectively. A weaker component at ~0.3 eV

above the main lines is also required to achieve a good fit. This
component may be observable here due to the energy
resolution being greater than for many reports. This weak
component is not thought to be due to residual surface
contamination as its relative intensity is stronger in the
HAXPES measurement and the chemical shift is smaller than
typically reported for contaminant peaks. A component at ~0.3
eV higher binding energy than the main S 2p line has been
observed previously for monolayer MoS,, where it was
associated with some of the subsurface sulfur, close to the
Au substrate.”””" Clearly, the same interpretation cannot be
made here as our data is from in situ cleaved bulk MoS,. We
therefore tentatively associate the component with some kind
of structural defect, possibly generated by cleaving.

There are differences of 0.08 and 0.13 eV for the Mo 3d and
S 2p core levels, respectively, when measuring with 1 and 6
keV photons. For Mo 3d and S 2p, this can be attributed to
some surface band bending resulting from the small
contamination left at the surface. However, S 2p exhibits a
slightly higher binding energy difference, which cannot be
explained by surface band bending alone as both core levels
have similar binding energies and so comparable photoelectron
kinetic energies. To explain this difference in the photon
energy dependence, recoil-induced binding energy shift is
investigated.”” This phenomenon is more significant for light
elements and when using higher photon energies as the
photoelectron escapes with very large kinetic energy. As a
result, the atom from which the photoelectron is emitted
recoils to conserve momentum. The value for the recoil energy
(AE) can be estimated using the equation: AE = Ey(m/M)
where Ey is the photoelectron kinetic energy, m is the mass of
the photoelectron and M is the mass of the atom from which
the photoelectron originates.”” For 6 keV photons, the S 2p
recoil shift is estimated to be 0.098 and 0.031 eV for Mo 3d.
The difference between these two recoil shifts is 0.067 eV
which is close to the 0.05 eV difference between the 0.08 and
0.13 eV binding energy differences of the Mo 3d and S 2p
SXPS and HAXPES peaks. This, therefore, shows that the
greater difference of S 2p core-level binding energy with
respect to Mo 3d can be explained by energy-dependent recoil-
induced binding energy shift. The S 2s core-level binding
energy position for SXPS and HAXPES is also consistent with
this interpretation. The recoil shift effect is insignificant for
MoSe, and MoTe,, which do not contain low-mass S atoms.

The Mo 3d of MoSe, region has been misreported the most,
due to the overlapping Se 3s core level. The HAXPES
measurement can be utilized to determine the energy
separation between the Mo 3d;;, and Se 3s, due to the
photoionization cross sections. This can be seen in Figure 4b,
where at 5.9 keV, the Se 3s dominates the spectrum and the
peak position can be clearly determined. From this, the
separation between the Mo 3d and Se 3s was found to be 0.7
eV. This was applied to the 1.0 keV spectrum as the Se 3s peak
is not as well defined. The Se 3s intensity has been overlooked
in many previous reports where the region was fitted by either
adjusting the background to omit the intensity, not including
the background at all, using inappropriate lineshapes or simply
not acknowledging the missing intensity in the fit.”*~"” Despite
these, one study does mention the Se 3s core level,” although
when inspecting the fit of the other core levels, it is evident
that no peak constraints have been used, which raises the
question of whether peak constraints were used in any of the
fitting. Here, the binding energy of the Mo 3d;,, was found to
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be 229.15 and 229.19 eV at 1.0 and 5.9 keV, respectively. The
Se 3d spectrum can be seen in Figure 4e, where a spin—orbit
splitting value of 0.86 eV and the area ratios can be found in
Table S2 in the SI. The Se 3d;,, has a binding energy of 54.74
and 54.76 eV for SXPS and HAXPES, respectively.

Finally, MoTe, has the fewest issues within the existing XPS
literature. Here, the binding energy of the Mo 3d;,, was found
to be 228.52 and 228.54 eV at 1.0 and 5.9 keV, respectively.
When inspecting the HAXPES measurement, extra intensity is
apparent around the Mo 3d;/, core level in comparison to the
SXPS measurement. This is not thought to be due to
contamination as the same spot was measured with 1.0 keV
photons and there were no extra components needed for the
fitting. Furthermore, the 1.0 keV photon energy measurement
is more surface sensitive due to the escape depth of the
electrons being lower and thus, if there were any features due
to contamination they would be stronger in these measure-
ments. Therefore, it is believed that the extra intensity is due to
surface and bulk valence band plasmons of MoTe,. It has been
reported that MoTe, exhibits plasmon excitations with an
energy of ~20 eV.””'% This is seen in the HAXPES survey
where every peak has a strong plasmon peak at ~20 eV high
binding energy than the main core level, corresponding to
kinetic energy loss to the plasmon excitations. It has also been
reported that there are weak and broad electron energy loss
features for energies between 3 and 8 eV'” in MoTe,. This
would correspond to weak features at 3—8 eV above the main
line which are seen in the 5.9 keV Mo 3d spectrum. For Te
3ds/,, the main core-level binding energy is $72.82 €V for both
SXPS and HAXPES, which can be seen in Figure 4f. The Te 3d
spectrum required a very small extra component for both the
1.0 and 5.9 keV data at higher binding energy. The high
binding energy component at 575.87 eV, which is 3.1 eV above
the main line, in the HAXPES measurement is attributed to
oxide. This is corroborated by the as-entered XPS measure-
ment which also exhibits a peak at ~3.1 eV above the main line
due to the presence of oxide. Furthermore, TeO, has been
reported to have a binding energy of ~576 eV.'""'Table 2
shows the binding energies for the SXPS and HAXPES
measurements of the main Mo and chalcogenide peaks.

Table 2. Binding Energies for the Main Core Lines Seen in
Figure 4 at 1.0 keV (SXPS) and 5.9 keV (HAXPES)“

Mf(’e%;;s/z S(i{’ls)/z Se(s\f})s/z Te(gld)s/z
MoS, 228.66 161.45 SXPS
228.74 161.58 HAXPES
MoSe, 229.15 54.74 SXPS
229.19 54.76 HAXPES
MoTe, 228.52 572.80 SXPS
228.54 572.80 HAXPES

“The uncertainties of the values are estimated to be +0.03 eV.

B WORK FUNCTION (WF), IONIZATION POTENTIAL,
AND BAND ALIGNMENTS

As well as the core-level measurements, valence band and
secondary electron cutoff measurements were taken. These
allow for the valence band maximum (VBM), work function
(WF) and ionization potential (IP) values to be extracted. The
VBM value can be determined using two methods, the first
being the linear extrapolation method. This involves fitting the

VB edge with a linear function and doing the same for the
background and where these two lines intercept is the VBM
value. The second is by shifting the theoretical density of states
(DOS) to the leading edge of the valence band data and seeing
how much it has been shifted, as the calculation has the VBM
set at 0 eV. The first method is the most popular but there are
some caveats to this technique to bear in mind: (1) if the
material has a sharp onset of the density of states then the
instrumental broadening dominates the VB edge which in turn
skews the extrapolated value;'%* (2) the constituents of the VB
edge as the relative photoionization cross section can change
the constituent of the valence band edge. An example of this is
in MoSe, and MoTe, as the VB edge is dominated by the Mo
d orbitals when measured by SXPS and by Se/Te p orbitals
when measured by HAXPES, this is presented in Figure 6.
Here, both methods were employed for SXPS and HAXPES to
investigate the VBM value. This allows for the comparison of
the values obtained between the two methods and
furthermore, between SXPS and HAXPES. Table 3 displays

Table 3. Valence Band Maximum Values for the MoX,
Series Using Both the Extrapolation Method and by
Aligning the Hybrid DFT DOS to the Experimental Data for
SXPS and HAXPES“

extrapolation (eV) DOS fit (eV)
MoS, 0.1 0.1 SXPS
0.1 0.2 HAXPES
MoSe, 12 1.0 SXPS
1.1 1.0 HAXPES
MoTe, 0.7 0.8 SXPS
0.8 0.8 HAXPES

“The uncertainties of the values are estimated to be + 0.1 eV.

the valence band maximum values for all three chalcogenides
using the extrapolation and the “DOS fit” method. The fitting
of the extrapolation method can be found in Figure S4, and the
DOS fit method is described in Comparison of Theoretical
Density of States and Experimental Valence Band Spectra
section. For MoS,, MoSe,, and MoTe,, the values of both
methods agree very well with each other.

For MoS,, the determined valence band maximum position
is very sensitive to where the extrapolation is fitted. As well as
the main edge, there is a weak intensity just below this, which
can be explained by comparing the experimental valence band
to the band structure, shown in Figure S5. A low density of
states at the VBM is seen in the band structure corresponding
to the weak intensity at the VB edge. The top of the valence
band consists of highly dispersive bands that have a weak
contribution to the DOS compared with the flatter features at
about —0.4 and just below —1.0 eV. This leads to the weak
initial onset and a second stronger increase in the valence band
DOS and experiment. In contrast, for MoSe, and MoTe,, there
is only one VB onset. In the band structures of MoSe, and
MoTe,, the uppermost valence bands are flatter than for MoS,,
consistent with their steeper initial VB onset. Furthermore,
there is a continuous density of states throughout the VB with
no region of low density of states like that in MoS,. The values
for the VBM, determined by the two different methods, are
presented in Table 3. It can be seen that the values of the
methods are consistent for both SXPS and HAXPES with the
DOS fit method. Between the two methods, there is a slight
disagreement which highlights the caveats discussed above
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with the extrapolation method as the VBM values differ
between SXPS and HAXPES.

Laboratory-based XPS was utilized to measure the work
function and ionization potentials of the materials. This was
done by measuring and fitting the secondary electron cutoff
edges seen in Figure S6. The work function values shown in
Table 4 are obtained from the difference in energy between the

Table 4. Work Function and Ionization Potential Values for
MoS,, MoSe,, and MoTe, Obtained from XPS“

WE (eV) IP (eV)
MoS, 5.3 5.9
MoSe, 42 54
MoTe, 4.3 5.0

“The uncertainty is estimated to be & 0.1 eV.

photon energy and the secondary electron cutoff value. The
WF values were found to be 5.30, 4.23, and 4.33 eV for MoS,,
MoSe,, and MoTe,, respectively.

In the literature, the work function values for the MoX,
series vary considerably; see Table S3 in the SI for summary.
The work function is the energy difference between the Fermi
level and the vacuum level, and the Fermi-level position can
differ for a multitude of reasons including growth method,
surface contamination, and the number of layers. Starting with
MoS,, which has the most reported WF values, the values
range from 4.54 to 5.45 eV."”*~'% MoSe, has been reported to
have a WF of 4.35 eV for MoSe, fabricated by hot injection
onto Bi,Se;,''? and 4.4 €V for an in situ exfoliated MoSe, single
crystal by Shimada et al.'”” For MoTe, a range of values from
3.8 to 4.35 eV has been reported.'””''"""* The WF values
found in this study are in line with the reported values found in
the literature.

A value that should be consistent across the literature is the
ionization potential, which is the energy from the VBM to the
vacuum level. This value, which can be seen in the second
column of Table 4, is found by combining the work function
value with the valence band edge to Fermi-level separation.

The literature values for the ionization potential can also be
found in SI Table S3. For MoS,, the literature values for the IP
are 5.77'% and 5.60 eV'"” for CVD-grown MoS, on SiO, and
a single crystal, respectively. These values are in line with the
value of 5.86 eV found in this work when experimental
uncertainty is taken into account. Looking at MoSe,, the IP
value of 5.40 eV also agrees with literature values of 5.34,'%
5.42,'°7 and 5.5 eV.""” Finally, for MoTe,, the value of 5.00 eV
agrees with literature values of 5.0'"” and 4.95 eV.'"!

Combining the IP values with literature band gap
values,"'"'* the band edges can be plotted with respect to
the vacuum level, depicted in Figure S. Both the ionization
potential and electron affinity decrease from S — Te. This
agrees with previously reported theoretical band align-
ments®*'%%" 1511 for both bulk and monolayer MoX,. These
trends will be discussed in the next section.

B COMPARISON OF THEORETICAL DENSITY OF
STATES AND EXPERIMENTAL VALENCE BAND
SPECTRA

Here, the calculated integrated density of states (DOS) is
compared to the experimental valence band spectra. To do
this, the theoretical DOS is photoionization cross-section-
corrected and also broadened to account for lifetime
broadening and instrumental resolution. One-electron photo-
ionization cross sections interpolated from the calculations of
Scofield”® were used to correct the calculated partial DOS.
Then, Gaussian broadening of full width at half-maximum
values of 0.28 and 0.26 eV was applied to account for
instrumental broadening for the SXPS and HAXPES measure-
ments, respectively. The Gaussian broadening was then fixed
and Lorentzian broadening was applied accordingly until a
reasonable fit was achieved. The Lorentzian broadening was
~0.2 eV for all three dichalcogenides. The uncorrected PDOS
can be seen in Figure S7 in the SL

The cross-section-corrected and broadened density of states
is compared to the SXPS and HAXPES experimental valence
band spectra in Figure 6a,b, respectively, for the three Mo-
chalcogenides. For both SXPS and HAXPES valence bands,

Vacuum Level

Energy (eV)

IP =5.86 eV

MoS,

IP =5.40 eV

MoSe,

1 CBM

IP =5.00 eV ]
VBM

MoTe,

Figure 5. Band alignment between the three bulk dichalcogenides determined from the experimental ionization potentials and literature band gaps.
The VBM and CBM are “pushed” to higher energy due to the energy of the chalcogen p orbitals becoming closer to that of the Mo 4d orbital.
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Figure 6. Broadened and cross-section-corrected theoretical density of states for MoS,, MoSe,, and MoTe, compared with (a) the SXPS and (b)

HAXPES valence band spectra.

there is a reasonable agreement with the theory. For all spectra,
the feature seen at ca. 12—15 eV, consisting of the chalcogen s
orbitals alongside a small intensity from the Mo Ss, 4p and 4d,
is seen to have an overestimated binding energy in the theory.
This phenomenon has previously been attributed to photo-
emission final state effects not being included in the calculated
density of states.''’ Furthermore, semicore levels exhibit
greater lifetime broadening relative to that of the valence
states as they are more deeply bound. Therefore, the
broadening applied to account for lifetime broadening is not
sufficient at this energy and thus the experimental feature is
much broader than the theory."'® Despite this, the feature can
be seen to decrease in binding energy from MoS, to MoTe,
due to the configuration energy of the chalcogen s decreasing
from S to Te.'"

The majority of the valence band is very similar for all three
dichalcogenides with the main constituents being the Mo 4d
and chalcogen p (S 3p, Se 4p, Te Sp) orbitals. As well as the
two main orbital contributions to the valence band, there is
also intensity from the chalcogen s and d (for Se and Te) as
well as Mo 4p across most of the valence band. The significant
contribution from the Mo 4d and chalcogen p is expected due
to the covalent nature of the bonds between the transition
metal and chalcogen that is exhibited by TMDs. What does
change between the valence bands as you traverse down the
series is the contributions at the valence band edge. Starting
with MoS,, the valence band edge is seen to be strictly
composed of the Mo 4d orbital, whereas MoSe, and MoTe,
exhibit a mixture of the Mo 4d and chalcogen p orbitals. This is
highlighted between the SXPS and HAXPES VB, where the
Mo 4d orbital dominates the edge for SXPS, whereas for the
HAXPES measurement the Se 4p/Te Sp orbital dominates.
Furthermore, when the VBM is extracted for the SXPS and
HAXPES measurements, they give the same value despite
having different VB edge contributions for both MoSe, and
MoTe,.

The behavior of the Mo 4d and chalcogen p orbitals can be
explained by the fact that, in the trigonal prismatic
coordination of the transition metal, it is predicted by crystal
field theory that the metal d orbital will split as discussed in the
Introduction section. The nonbonding d: orbital is very
evident when looking at the MoS, data as the “bump” observed

earlier consists of the d;> orbital which is also known as the
“nonbonding orbital”. However, as the anion is changed from S
to Te, this feature is lost due to the increasing presence of the
chalcogen p orbitals. This trend can be explained by looking at
the configuration energies of the orbitals,"'”'*" plotted in
Figure S8. The Te Sp orbital energy is 0.65 eV away from that
of Mo 4d, whereas the S 3p orbital is 2.47 eV from the Mo 4d
orbital, meaning that the overlap of the orbitals will be greater
for MoTe,. The increased hybridization between the p and d
orbitals explains the trends in the ionization potential in Figure
S, whereby the position of the chalcogen p level moving toward
the vacuum level pushes the VBM closer to the vacuum level
and in turn decreases the IP value down the series.

B CONCLUSIONS

A thorough investigation into the electronic structure of the
molybdenum dichalcogenide series is presented. This is done
through the utilization of hard and soft X-ray photoemission
spectroscopy measurements coupled with density functional
theory calculations. From the XPS core-level analysis, it was
highlighted that when using higher photon energies the area
ratio constraints used must be adjusted from the statistical
value. This is due to the overlap of the initial doublet
wavefunctions with the continuum wavefunction differing
when the photon energy is increased. Furthermore, when
increasing the photon energy, the relative photoionization
cross section also changes, resulting in increased relative
intensity of certain orbitals. This was pivotal in the
determination of the Se 3s core-level binding energy with
respect to that of the Mo 3d;, for MoSe, as the Se 3s line is
often overlooked in the literature. The binding energy was
found to be 0.7 eV above the Mo 3d;,, peak; this value should
be used for any future XPS core-level analysis for MoSe,. As
well as the core-level analysis, XPS also enabled the ionization
potential values to be determined are were found to be 5.86,
5.40, and $.00 eV for MoS,, MoSe,, and MoTe,, respectively.
These values allowed for the determination of the band
alignment of the three chalcogenides. The trend in the
experimentally determined band alignment agreed well with
previously calculated band positions. Finally, the experimental
valence band was compared to cross-section-corrected and
broadened theoretical density of states. Here, the orbital
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contributions were investigated and the role of p-d hybrid-
ization was seen to explain the trend in the properties of the
materials. It was deduced that the strength of the p-d
hybridization increased when traversing from the sulfide to
the telluride due to a greater presence of chalcogen p orbitals
at the valence band edge. This was explained by the
configuration energy of the chalcogen p orbitals encroaching
that of the Mo 4d from S to Te resulting in the increased
mixing of these orbitals. Thus, this shifts the valence band
maximum closer to the vacuum level which in turn decreases
the ionization potential value.

In summary, this work provides an experimental account of
the electronic structure which enhances the findings from
previous theoretical studies. The experimentally determined
band positions will be valuable to instruct future hetero-
structure-based devices. Furthermore, the ionization potential
and work function values of the Mo dichalcogenides also give
insight into the interfacial properties, such as the Schottky
barrier height when in contact with metals or the alignment
type when in contact with other semiconductors.
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