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Substitutional doping is one of the principal approaches used to control the electronic properties of lay-
ered transition-metal dichalcogenides. In this work, pristine and Nb-doped MoS, were comparatively
investigated using low-energy electron diffraction, X-ray photoelectron spectroscopy, including valence-
band measurements, and Raman spectroscopy. The LEED patterns show that the Nb-doped sample
retains the characteristic hexagonal surface structure of MoS;, although the enhanced diffuse back-
ground and additional weak diffraction features indicate an increased degree of structural disorder or
the presence of additional surface domains. Core-level XPS spectra confirm that the dominant Mo ** -
52~ chemical environment characteristic of MoS, is preserved, with no evidence of substantial surface
oxidation or secondary sulfur-containing phases. The Nb 3d signal was not directly resolved, consistent
with the low nominal dopant concentration and the sensitivity limits of the XPS configuration employed.
However, correlated shifts of the valence-band, Mo 3d, and S 2p features towards lower binding energy
indicate an Nb-induced modification of the electronic structure, consistent with acceptor-type Nb in-
corporation into the MoS, host lattice. The Raman spectra of both samples exhibit the characteristic
E%g and Aj;g modes, confirming that the vibrational structure of 2H- MoS; is retained after doping.
Overall, low-level Nb doping modifies the electronic structure and increases structural disorder without
causing large-scale disruption or phase transformation of the MoS, matrix.
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Introduction

Two-dimensional (2D) materials have attracted considerable attention since the
discovery of graphene [1, 2]. This interest is driven by both fundamental scientific
questions [3, 4], and the prospects for practical applications [5, 6]. Among 2D
materials, transition-metal dichalcogenides (TMDs) have been particularly widely
investigated. Their general chemical formula is MX,, where M is a transition
metal, such as Mo, W, or Pt, and X is a chalcogen, such as S, Se, or Te. This work
focuses on MoS; [7-9], one of the most extensively studied members of the TMD
family.

MoS; is of particular interest because its electronic properties strongly depend
on its thickness. Several theoretical and experimental studies have shown that
bulk MoS, has a band gap of approximately 1.2 eV, whereas the band gap of
monolayer MoS, increases to approximately 1.9 eV [7, 10, 11]. This tunable
band gap has stimulated research into applications in multilevel data storage [12],
optoelectronic devices [13], electrocatalysis [14], and diodes [15].

The electronic and mechanical properties of 2D materials can be substantially
altered by individual defects, adsorbed species, and substitutional dopants [16—
20]. Defect engineering is therefore an important strategy for tailoring material
properties [21], but it requires a detailed understanding of how defects influ-
ence the local atomic and electronic structure. Defects may originate from the
substrate, environmental exposure, or the synthesis process and may occur as
vacancies, interstitial atoms, substitutional impurities, or more complex defect
configurations. Such defects can create surface states and significantly modify
local electronic properties [22-26], which may be either beneficial or undesirable
depending on the intended application. Although intrinsic point defects in pris-
tine TMDs have been studied extensively [26-31], p- and n-type-doped Mo-based
TMDs remain less well understood at the atomic scale, and many studies in this
area rely primarily on computational modelling.

Controlled p- and n-type doping of MoS; is of considerable interest because
it enables modification of the charge-carrier concentration and the associated
electronic properties of the material. In particular, Nb is regarded as a promising
acceptor-type dopant when it substitutes for Mo atoms. However, dopant incor-
poration may also affect structural order, the chemical state of the surface, and
the vibrational properties of the lattice. A comparative characterisation of pristine
and Nb-doped MoS; is therefore necessary to determine whether the structure
of the host matrix is preserved after doping. However, a direct comparison of the
surface crystallographic order of pristine and low-concentration Nb-doped bulk
MoS, by LEED, combined with XPS and Raman spectroscopy, remains limited.

Materials and methods

Pristine and Nb-doped MoS, single crystals were purchased from HQ Graphene.
Pristine and Nb-doped MoS; samples were investigated using low-energy elec-
tron diffraction (LEED), X-ray photoelectron spectroscopy (XPS), and Raman
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spectroscopy. The combined application of these techniques enabled evaluation
of the surface crystallographic order, the chemical states of the constituent ele-
ments, and the vibrational properties of the lattice. The measurements were used
to assess comparatively the effect of low-level Nb doping on the structural and
chemical properties of MoS;.

The pristine and Nb-doped MoS; samples were cleaved in situ using adhesive
tape in the preparation chamber at a pressure of approximately 5 x 10~/ mbar.
Immediately after cleavage, the samples were transferred without exposure to
the atmosphere into the analytical chamber, which had a base pressure below
5x 101 mbar.

LEED measurements were performed directly after cleavage to examine the
surface symmetry and long-range crystallographic order. Diffraction patterns
from the pristine and Nb-doped MoS, samples were recorded at a primary
electron energy of 93 eV. The measurements were used to compare the degree of
surface order and diffuse scattering in the two samples. A similar UHV-based
approach combining LEED and XPS has previously been used to assess the order
and chemical cleanliness of freshly prepared surfaces.

XPS measurements were performed using monochromated Al Ka radiation
with a photon energy of 1486.7 eV. Survey spectra and high-resolution spectra of
the Mo 3d/S 2s and S 2p regions were acquired to determine the chemical states
of Mo and S, assess the presence of surface oxidation, and examine whether an
Nb-related signal could be detected. Comparable measurements were carried
out using an Omicron MultiProbe XPS system with an instrumental resolution
of approximately 0.6 eV and a base pressure of 5 x 10~!! mbar. The binding-
energy scale was referenced to the analyzer Fermi level, and both samples were
electrically grounded during acquisition.

Raman spectra were collected using a WITec Alpha 300 R system with a
532 nm excitation laser. Measurements were performed using a laser power of
approximately 200 # W, an 1800 lines mm ~! grating, and a 100x objective with
a numerical aperture of 0.95. Each spectrum was obtained by averaging a line
scan comprising 20 points, with an integration time of 3 s per point. The positions
and shapes of the characteristic E%g and A1, modes were analysed to compare
the vibrational response of pristine and Nb-doped MoS, .

After baseline subtraction, the E}_g and A, modes were fitted using pseudo-
Voigt line profiles, with the same fitting range and fitting procedure applied to
both samples. The peak positions, full widths at half maximum, and integrated
areas were extracted from the fitted profiles.

Results and Discussion

The LEED patterns of pristine and Nb-doped MoS, recorded at a primary
electron-beam energy of 93 eV are presented in Figure 1. The pristine sample
exhibits a well-defined hexagonal diffraction pattern characteristic of an ordered
MoS, surface. The Nb-doped sample also displays clearly resolved reflections
arranged with hexagonal symmetry, indicating that long-range surface order is
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retained after doping. However, the doped sample exhibits a more pronounced
diffuse background and additional weak diffraction spots. These features may
be associated with increased structural disorder, surface inhomogeneity, or the
presence of additional surface domains. Their origin cannot be determined
unambiguously from the LEED data alone.

a

MoS,

Nb-doped MoS,

Figure 1. LEED patterns of (a) pristine and (b) Nb-doped MoS; recorded at a primary electron-beam energy of 93 eV.
Both samples retain hexagonal surface order. The Nb-doped sample exhibits a more pronounced diffuse background
and additional weak diffraction spots, indicating increased surface disorder or the presence of additional domains.

X-ray photoelectron spectroscopy was used to examine the surface elemental
composition and electronic states of pristine and nominally 1% Nb-doped MoS, .
Because the samples were synthesized and analyzed in situ under vacuum
conditions, exposure to ambient contaminants and oxygen was minimized.
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Figure 2. XPS characterization of pristine MoS; : (a) survey spectrum dominated by the characteristic Mo and S signals,
with no clearly resolved C 1s or O 1s contributions; (b) high-resolution Mo 3d/S 2s spectrum showing the Mo 3d
spin-orbit doublet and the S 2s contribution; and (c) high-resolution S 2p spectrum dominated by the sulfide S

2p 32 -S2p 1,2 doublet.
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The survey XPS spectrum of pristine MoS, is dominated by the characteristic
Mo and S photoelectron signals, confirming that MoS; is the principal component
of the analyzed surface. No clearly resolved C 1s or O 1s peaks are observed
above the spectral background. This indicates that carbonaceous contamination
and oxygen-containing surface species are negligible within the detection limit
of the measurements, consistent with the in-situ preparation and XPS analysis
under vacuum conditions.

The high-resolution Mo 3d/S 2s spectrum displays the characteristic Mo
3d5,,-Mo 3d 3/, spin-orbit doublet associated with Mo** in the Mo-S coordi-
nation environment. The additional feature at approximately 226 eV is assigned
to the S 2s photoelectron line. The S 2p spectrum is dominated by the S 2p3,,-S
2p 1,2 doublet characteristic of sulfide sulfur in the MoS, lattice. No pronounced
high-binding-energy components are observed in either the Mo 3d or S 2p re-
gions. Therefore, the presented spectra do not provide evidence of substantial
surface oxidation or the formation of secondary sulfur-containing species. These
assignments are consistent with established XPS characteristics of MoS, .
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Figure 3. XPS characterization of nominally 1% Nb-doped MoS; : (a) survey spectrum dominated by Mo and S
contributions; (b) high-resolution Mo 3d/S 2s spectrum showing the characteristic Mo 3d doublet and the S 2s
contribution; and (c) high-resolution S 2p spectrum dominated by the sulfide S 2p 3,, =S 2p 1/, doublet. No statistically
reliable Nb-related signal was resolved under the employed measurement conditions.

The survey spectrum of the nominally 1% Nb-doped sample retains the prin-
cipal Mo and S features observed for pristine MoS,, Figure 3. No additional
intense signals attributable to secondary phases or substantial surface contami-
nation are evident. This indicates that the MoS, matrix remains the dominant
chemical component in the commercially supplied Nb-doped sample.

The high-resolution Mo 3d/S 2s spectrum of the Nb-doped sample contains
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the characteristic Mo 3d 5, -Mo 3d 3/, doublet together with the S 2s contribution.
Similarly, the S 2p region remains dominated by the sulfide S 2p3,,-S 2p4,»
doublet. The preservation of these spectral profiles indicates that the predominant
Mo *t —S2~ chemical environment of MoS, is maintained after nominal Nb
doping. No clearly resolved additional components that could be assigned to
substantial Mo or S oxidation are apparent in the raw spectra.

No statistically reliable Nb 3d doublet is resolved in the survey or high-
resolution spectra. The nominal Nb concentration is only approximately 1%, and
under the employed acquisition conditions the corresponding Nb signal may
be too weak for reliable identification and quantification. The actual concentra-
tion within the surface-sensitive XPS sampling depth may also differ from the
nominal synthesis composition because of incomplete incorporation or spatially
nonuniform dopant distribution.

Therefore, the absence of a detectable Nb signal does not demonstrate that Nb
is absent from the material. However, it means that the present XPS data cannot
directly determine the Nb concentration, oxidation state, or lattice position. The
sample should consequently be described as nominally 1% Nb-doped MoS;,
rather than as XPS-confirmed substitutionally doped MoS; .
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Figure 4. Valence-band and shallow-core-level XPS spectra of pristine and nominally 1 at.% Nb-doped MoS, over the
0-20 eV binding-energy range. The region below approximately 10 eV is predominantly associated with hybridized Mo
4d and S 3p valence states, whereas the feature at approximately 13-15 eV is mainly attributed to S 3s states. The
spectra are presented without intensity normalization.

Figure 4 compares the valence-band XPS spectra of pristine and nominally
1 at.% Nb-doped MoS, . The two samples exhibit similar overall spectral profiles,
indicating that the principal electronic structure of the MoS, host matrix is
preserved after nominal Nb doping. The difference in absolute spectral intensity is
not interpreted quantitatively because the spectra were not intensity-normalized.

For quantitative comparison, the valence-band maximum was determined by
linear extrapolation of the low-binding-energy leading edge to its intersection
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with the fitted spectral background. The same fitting and energy-referencing
procedure was applied to both samples. The Er — Eyp) separation decreased
from approximately 0.9 eV for pristine MoS; to approximately 0.1 eV for nomi-
nally 1 at.% Nb-doped MoS;. This corresponds to a shift of the valence-band
maximum toward the Fermi level by approximately 0.8 eV.

The decrease in Er — Eypp indicates that the Fermi level is located substan-
tially closer to the valence-band maximum in the nominally Nb-doped sample.
This behavior is consistent with an acceptor-type electronic modification associ-
ated with nominal Nb doping of MoS, [32].
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Figure 5. Raman spectra of pristine and nominally 1 at.% Nb-doped MoS; . Both spectra exhibit the characteristic EJ
and Ajg modes of 2H- MoS; , indicating preservation of the principal vibrational and layered structure of the MoS;
host after nominal Nb doping.

The Raman spectra of pristine and nominally 1 at.% Nb-doped MoS, are
presented in Figure 5. After baseline subtraction, the E%g and A;, modes were
fitted using pseudo-Voigt line profiles, with the same fitting procedure applied
to both samples. The fitted peak positions, full widths at half maximum, and
relative integrated intensities are summarized in Table 1.

For pristine MoS;, the E%g and A, modes were centered at 381.43 and
406.64 cm ~1, respectively. In nominally Nb-doped MoS;,, these modes were
observed at 380.70 and 406.05 cm ~!. Thus, the E%g and Aj, modes exhibited
red shifts of approximately 0.73 and 0.59 cm ~!, respectively.

The FWHM of the E%g mode increased from 2.15 cm ~! in pristine MoS;

to 2.35 cm ~! in nominally Nb-doped MoS,. The FWHM of the Ay mode
increased from 2.73 to 2.96 cm ~!. The fitted Arg/ E%g integrated-area ratio
decreased from approximately 2.26 to 2.08. Meanwhile, the separation between
the two modes changed only slightly, from 25.21 to 25.36 cm ~!. The mode
separation therefore remained approximately 25 cm ~!
the characteristic bulk 2H-MoS, vibrational structure.

, confirming retention of
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Table 1.

Quantitative Raman fitting results.
Parameter Pristine MoS, | Nominally Nb-doped MoS; | Change
E;, peak position (cm ™) 381.43 380.70 —0.73
Ajq peak position (cm ) 406.64 406.05 —0.59
FWHM of Egg (cm™T) 2.15 2.35 +0.20
FWHM of Ay (cm ™) 273 2.96 +0.23
A/ E%g integrated-area ratio 2.26 2.08 —0.18
Mode separation (cm 1) 25.21 25.36 +0.15

The small red shifts, modest linewidth broadening, and limited change in
the relative integrated intensity indicate a measurable but relatively weak pertur-
bation of the MoS; lattice in the nominally Nb-doped sample. These changes
are compatible with local strain, structural disorder, and possible charge redis-
tribution. The modest broadening is also consistent with the enhanced diffuse
background observed in the LEED pattern of the nominally Nb-doped sample,
which independently indicates a higher degree of structural disorder or surface
inhomogeneity.

Conclusion

The combined LEED, XPS, and Raman spectroscopy results demonstrate that
Nb-doped MoS; retains the principal structural, chemical, and vibrational char-
acteristics of the parent 2H-MoS; matrix. LEED confirms the preservation of
hexagonal surface order, although the enhanced diffuse background indicates
an increased degree of structural disorder. XPS results show that the nominally
1 at.% Nb-doped sample retains the principal Mo ** -S2~ chemical environment
and the characteristic electronic structure of the MoS, host matrix. No substan-
tial surface contamination, oxidation, or secondary sulfur-containing phase is
evident. Although the Nb 3d signal was not directly resolved because of the low
nominal dopant concentration, the correlated shift of the valence-band, Mo 3d,
and S 2p features toward lower binding energy provides indirect evidence of an
Nb-induced modification of the electronic structure, consistent with acceptor-type
Nb incorporation into MoS; . The Raman spectra retain the characteristic E%g
and A, modes, indicating the absence of any large-scale phase transformation
following doping. Thus, low-level Nb doping modifies the local structural and
chemical environment without disrupting the overall MoS; structure.
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