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ABSTRACT
We present a comparative soft x-ray absorption spectroscopy (XAS) study of the sulfur L2,3 and molybdenum M2,3 absorption
edges in MoS2 prepared by different fabrication routes, including bulk crystallization, mechanical exfoliation, chemical vapor
deposition (CVD), and ionized jet deposition (IJD). The S L2,3 edges reveal pronounced differences in pre-edge andmain-edge fine
structure that sensitively reflect the degree of structural order, dimensionality, and electronic hybridization between S 3p and Mo
4d states. Bulk, exfoliated, and CVD-grown samples exhibit well-resolved multiple features characteristic of layered and ordered
two-dimensional (2D) MoS2, whereas as-deposited IJD-grown films display broadened, weakly structured spectra consistent with
an amorphous phase and poorly defined stoichiometry. Uponmoderate annealing at 250◦C, IJD-grown films develop clear spectral
signatures of layered MoS2, indicating the formation of an ordered crystalline 2H-MoS2 phase. Complementary analysis of the Mo
M2,3 edges shows a concomitant narrowing and energy shift of the M3 feature toward values typical of well-ordered 2D MoS2.
These results demonstrate that S L2,3 and Mo M2,3 XAS provide a sensitive probe of synthesis-dependent electronic structure in
MoS2 and confirm IJD as a viable, low-temperature route to electronically ordered 2D MoS2 phases.
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Introduction

wo-dimensional (2D) transition metal dichalcogenides
TMDCs) have emerged as a versatile class of materials for
pplications spanning electronics, optoelectronics, energy
onversion, and sensing, owing to their layered structure and
unable electronic properties. Among them, molybdenum
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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disulfide (MoS2) is certainly considered the archetypal example
in the class [1–5]. Beyond its favorable band structure, MoS2
combines chemical stability with a rich electronic configuration
arising from the hybridization between Mo 4d and S 3p states.
This makes it a promising material for a wide range of applica-
tions, including 2D (opto)electronic devices, electrocatalysis for
hydrogen evolution and water splitting [6, 7], as well as emerging
se, which permits use, distribution and reproduction in any medium, provided the
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iomedical uses such as photothermal therapy and bone tissue
ngineering [8, 9]. The functional performance ofMoS2, however,
s highly sensitive to stoichiometry, defect density, crystallinity,
nd interlayer coupling, all of which are strongly influenced by
he synthesis method.

o date, both top-down and bottom-up approaches have been
xplored for the fabrication of MoS2 films. Mechanical and
iquid-phase exfoliation techniques can yield high-quality flakes
ith minimal defect density, but they suffer from limited lateral
imensions, poor reproducibility, and intrinsic scalability con-
traints [10, 11]. Bottom-up methods, including chemical vapor
eposition (CVD) [12–14], thermal decomposition of Mo-based
recursors [15, 16], sol–gel-derived processes [17, 18], and physical
apor deposition (PVD) techniques such as pulsed laser deposi-
ion and magnetron sputtering [19–24], offer improved control
ver film thickness and coverage. Nevertheless, many of these
pproaches still face challenges related to large-area uniformity,
rocess complexity, substrate compatibility, and reproducibility of
ey electronic properties.

ecently, ionized jet deposition (IJD) has been proposed as a
ompetitive and industrially scalable technique for the growth of
oS2 thin films [25–27]. IJD is a pulsed electron-based deposition
ethod that enables the transfer of material from a target to the
ubstrate while preserving chemical composition and enabling
rowth at relatively low substrate temperatures [27–33].

n this context, it is intriguing to elucidate how the different
abrication methods can influence the electronic properties.
hotoelectron spectroscopy, either with x-rays or UV photons, is
idely applied, as it probes the evolution of the filled electronic
tates: the valence band and the core levels, providing rich
nformation on chemical bonding, reactivity, stoichiometry, and
lectronic band structure. X-ray absorption spectroscopy (XAS),
n the other hand, provides complementary element-specific
ensitivity to unoccupied electronic states and local coordina-
ion [34]. In particular, the sulfur L2,3 and molybdenum M2,3
bsorption edges directly probe the S 3p–Mo 4d hybridized states
hat govern the electronic and optical properties of MoS2 [35–
8]. Subtle variations in the XAS lineshape can reveal changes
n defect states, oxidation, and interlayer coupling, which are
ften inaccessible by conventional structural probes alone. In
articular, XAS has been demonstrated as a uniquely power-
ul probe of local electronic structure in amorphous systems
nd 2D amorphous/crystalline hybrid materials, where long-
ange order is absent and conventional diffraction probes yield
imited information [39, 40]. The synthesis of 2D amorphous
nd crystalline phase composites from metal-based systems has
ttracted growing interest as a route to combining themechanical
obustness of bulk materials with the functional properties of
D phases [41–43], and IJD-grown MoS2 films after annealing
epresent a compelling example of such a composite architecture.

n this work, we present a comparative XAS study of the S
2,3 and Mo M2,3 absorption edges in a series of MoS2 samples
repared by mechanical exfoliation, CVD, bulk crystallization,
nd IJD. By systematically analyzing differences in edge posi-
ion, spectral weight distribution, and fine structure features,
e aim to elucidate the influence of synthesis conditions on
he local electronic structure of MoS2. Emphasis is placed on
of 8
IJD-grown films, which not only enable detailed investigation
of the structural characteristics of MoS2 and their relation to
dimensionality, bonding, and electronic properties but also rep-
resent an upscalable, cost-effective, and environmentally friendly
deposition technique.

2 Results and Discussion

XAS spectra taken in correspondence with the S L2,3 absorption
edges for the different samples are compared in Figure 1. All
spectra are characterized by a pronounced absorption feature
above a photon energy of 170 eV, associated with the main
absorption edge and arising from optical transitions from spin-
orbit split S 2p3/2 (L3) and 2p1/2 (L2) states into empty S 3d states
hybridized with Mo 5p states [36, 37]. In addition, a well-defined
pre-edge structure is observed below 169 eV, which is related to
less-favored (due to dipole selection rules) optical transitions from
S 2p3/2 – 2p1/2 levels to hybridized S 3p—Mo 4d empty states [37].

The three topmost curves in Figure 1 refer to bulk, ultrathin
exfoliated, and CVD-grown films, respectively. The lineshape is
similar, revealing a complex fine structure, with features that
have been labelled a–e (for the pre-edge) and f–i (for the main
edge), in agreement with the assignment of Ref [37]. In particular,
the pre-edge regions, which are very sensitive to the electronic
configuration [36–38], are shown in greater detail in Figure 2a,
while in Figure 2b a representative fit of the spectrum recorded
on the bulk MoS2 is reported, as obtained by a superposition of
multiple Voigt peaks. The two spectral envelopes in dark and light
gray reflect the spin-orbit split transitions from 2p3/2 (L3) and 2p1/2
(L2) initial states to the same final states: they are replicas shifted
by 1.2 eV, i.e., the spin-orbit splitting between 2p3/2 and 2p1/2 in
sulfur, with a branching intensity ratio of 1/2 between the two.
The peaks corresponding to the L3 pre-edge are labelled following
the convention of Ref [37].

In Figure 2b, the decomposition of the pre-edge region is shown
representatively only for the bulk sample. The CVD-grown and
exfoliated MoS2 samples clearly show the same spectral features.
However, it can be noticed that for these films, the features are
even more resolved with respect to the bulk. The richness of
the edge and pre-edge regions is closely related to the typical
electronic structure of layered and ordered MoS2. Based on
the calculations shown and discussed in Ref [37], it can be
speculated that the higher definition of features a–e in the CVD-
grown and exfoliated samples reflects the 2D nature of these
films. Interestingly, defect-related states at photon energies below
feature a previously associatedwith a high density of corrugations
at the edges of MoS2 sheets [37] are not observed in any of the
investigated samples. A high density of sulfur vacancies is also
excluded, since likewise this would induce absorption features
at lower photon energies with respect to feature a, due to the
development of electronic states in the main gap of MoS2 [44].

Concerning the IJD samples, the spectra of as-deposited thin
and thick films are similar to those of MoS2 films obtained
via sputtering [38]. Both edge and pre-edge features (Figures 1
and 2) do not show a well-resolved fine structure. This is
consistent with films that mostly present an amorphous nature
with a poorly defined stoichiometry. More specifically, the as-
Advanced Materials Interfaces, 2026
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FIGURE 1 S L2,3 edges of the different MoS2 samples, as indicated in the figure.

FIGURE 2 (a) Pre-edge S L2,3 spectra of the differentMoS2 samples,
as indicated in the figure; (b) Representative fit of the spectrum of bulk
MoS2.
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eposited IJD films consist of amorphous, sulfur-enrichedMoxSy
anoclusters with a S/Mo atomic ratio of approximately 2.5 (as
etermined by x-ray photoelectron spectroscopy - XPS - in Ref
33]) and a high concentration of defects, dangling bonds, and
ultiple sulfur chemical environments including Mo–S–S–Mo,
o–Mo–S, and elemental S species. This atomic disorder is
irectly responsible for the absence of the well-resolved XAS fine
tructure observed in the ordered reference samples (bulk, CVD,
xfoliated), which arises from long-range-ordered S 3p–Mo 4d
ybridization in the 2H-MoS2 phase. The behavior is analogous
o that of magnetron-sputtered MoS2 films in the as-deposited
tate [38]. Upon annealing at a moderate temperature of 250◦C,
he lineshape strongly changes for both thin and thick IJD-MoS2
dvanced Materials Interfaces, 2026
films, with an overall shift to lower photon energies and the
development of fine structures that tend toward those typical
of layered MoS2. Annealing induces a partial reorganization of
the amorphous nanoclusters into crystalline 2H-MoS2 nanosheets
(predominantly 1–4 layers) embedded within a residual amor-
phous MoS2 matrix (see Figure 3 and Refs [25, 33]). This
dual-phase composite structure — crystalline nanosheets encap-
sulated in an amorphous matrix — distinguishes the annealed
IJD films from the single-phase reference samples and accounts
for the intermediate XAS lineshape observed after annealing:
well-resolved features characteristic of 2D MoS2 emerge but with
reduced contrast relative to the purely crystalline references. It
is noteworthy that the retention of the amorphous matrix can be
favorable: it provides mechanical encapsulation and passivation
of the crystalline nanosheets, suppressing environmental doping
and preserving their 2D electronic properties over time [33].

We stress that the development of this ‘intermediate’ lineshape
type has been observed also previously upon annealing of sput-
tered films [38], but at much higher annealing temperatures of
about 900◦C. The choice of 250◦C as the post-deposition anneal-
ing temperature ismotivated here by two complementary criteria.
From a technological standpoint, 250◦C is compatible with a
broad range of substrates relevant for flexible and wearable elec-
tronics, including high-performance polymers such as polyimide
(glass transition temperature typically above 300◦C), making
IJD uniquely suited for device integration on flexible supports
where conventional CVD or PLD crystallization temperatures
(700◦C–900◦C) are incompatible. From a materials perspective,
250◦C represents the minimum temperature at which significant
structural reorganization of the amorphous MoxSy nanoclusters
into 2H-MoS2 nanosheets occurs, while deliberately retaining
the amorphous MoS2 encapsulation matrix. The higher kinetic
energy of species in the IJD plasma plume, compared to conven-
tional sputtering, lowers the activation energy for the amorphous-
to-crystalline transition and is responsible for the markedly
lower crystallization temperature of IJD vs. sputtered MoS2
3 of 8
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FIGURE 3 Bright field TEM images of the (a) as-deposited and (b) annealed IJD-MoS2 thick film. TEM lamellae were prepared by FIB lift-out;
bright-field imaging was performed at 200 kV using a field-emission JEOL JEM-2200FS equipped with an in-column Omega energy filter.
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ilms [25, 33]. Furthermore, XRD measurements on comparable
JD-MoS2 films (Ref [33]) confirm the absence of diffraction
eaks in the as-deposited state and the appearance of the
exagonal 2H-MoS2 (002) reflection at 2θ ≈ 14.4◦ (interlayer
pacing 6.19 Å, in excellent agreement with the standard value
f 6.14 Å) after annealing at 250◦C, fully consistent with the
AS results presented here. XPS, utraviolet photomeission (UPS),
nd electron energy loss spectroscopy (EELS) characterization
eported in Ref [33] further confirm the chemical composition,
toichiometric S/Mo ≈ 2, and semiconducting properties of the
nnealed IJD films. Figure 3 displays bright-field transmission
lectron microscopy (TEM) images of the IJD-MoS2 thick film
n the (a) as-deposited and (b) annealed states, confirming the
ransition from amorphous MoS2 in the as-deposited film to
rystalline, layered MoS2 after annealing at 250◦C, as previously
eported [25, 33]. This is intriguing, since it confirms that already
t moderate annealing temperatures, compatible withmost fabri-
ation methods, even involving growth on polymeric substrates,
oS2 films produced by IJD start to present characteristics that
re typical of layered MoS2 [33].

n Figure 4a,b, the M2,3 edges of Mo in the different samples are
ompared. The M2,3 edges are associated with the optical trans-
ission from Mo 3p1/2 (M2) and 3p3/2 (M3) to unoccupied Mo 4d
rbitals, which characterize the bottom of the conduction band.
he differences are less pronounced with respect to the S L2,3
dge spectra. These can be recognized better in Figure 4b, where
nly the M3 edge is shown. As reported in Table 1, the centroid
f the peak tends to shift from 396.7 eV for the as-deposited IJD
ilms toward lower photon energies for the other samples. After
nnealing, the IJD peaks shift by 0.2 eV to lower energies for both
hin and thick films; then it reaches the values of 369.3 eV for
ulk and CVD-grown films and 396.1 eV for the exfoliated film. In
arallel, the full width at half maximum (FWHM) of the structure
educes sizably when comparing IJD films andwell-organized 2D
oS2 samples, i.e., bulk, CVD-grown, and exfoliated ones.

s noted in Ref [36] in the discussion of the Mo L2,3 edges,
ransitions into Mo 4d final states exhibit a slight linear dichro-
sm, i.e., transitions occurring in-plane (with respect to the 2D
oS2 basal plane) appear at slightly lower energies than those

nvolving states oriented parallel to the c axis ofMoS2. In the same
ay, the M3 edge can be considered as a superposition of two
lightly shifted contributions, with the lower-energy component
of 8
corresponding to in-plane transitions and the higher-energy
component to out-of-plane transitions. In our experimental setup
(s-polarization), the electric field of the incoming radiation is
always parallel to the sample plane, which coincides with the
basal plane of 2D MoS2 for bulk, CVD-grown, and exfoliated
samples. This favors in-plane optical transitions, corresponding
to lower absorption photon energies. On the other hand, the
lack of structural order in as-deposited IJD samples makes the
two transitions equally probable. Besides this, the anisotropic
configuration of Mo 4d empty states typical of layered MoS2
[36] is not established for the as-deposited films [33]. This leads
to an overall broadening of the entire structure and a shift of
the centroid toward higher photon energies. Annealed IJD-MoS2
films represent an intermediate step, due to the formation of
ordered layeredMoS2 nanosheets that aremostly oriented parallel
to the film plane. The narrower M3 peak shown by the annealed
IJD-MoS2 thin film with respect to the annealed thick one seems
to indicate a higher degree of order: in the thin film, the density
of layered MoS2 nanosheets lying parallel to the substrate plane
appears to be higher. This is also reflected by the S L2,3 edges
in Figure 2a, where the fine structure typical of the 2D phase of
MoS2 ismore defined in the annealed thin filmwith respect to the
annealed thick film.

3 Conclusions

X-ray absorption spectroscopy in the soft x-rays is a valuable
technique to probe the complexity of the empty states and the
evolution of the conduction band in transition metal dichalco-
genides. This is applied in the present work to MoS2 thin films
produced by different methods. Thin films fabricated by ionized
jet deposition (IJD), a technique applied only recently for the
synthesis of thin films of these materials, but which promises a
high throughput at moderate costs, are compared to prototypical
examples of highly ordered MoS2 systems: a bulk crystal, a
CVD-grown film, and a mechanically exfoliated film. S L2,3 and
Mo M2,3 edges show a rich fine structure that is correlated
to the film quality. While as-deposited IJD-MoS2 films do not
show structures associated to the formation of layered 2D MoS2,
coherently with a generally amorphous layer of poorly defined
stoichiometry, already after a moderate annealing temperature
of 250◦C, the evolution of the spectral lineshape of both edges
reveals the presence of an ordered 2D phase related to the
Advanced Materials Interfaces, 2026
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FIGURE 4 (a) Mo M2,3 edges and (b) detail of the Mo M3 edge spectra of the different MoS2 samples, as indicated in the figure.

TABLE 1 Energy position of M3 peak and FWHM for the different
MoS2 samples.

Sample
Peak position ±

0.1(eV)
FWHM ±
0.1(eV)

IJD thin—as
deposited

396.7 3.3

IJD thick—as
deposited

396.7 3.3

IJD
thin—annealed

396.5 3.1

IJD thick—
annealed

396.5 3.3

Bulk 396.3 3.0
CVD 396.3 2.9
Exfoliated 396.1 3.0

Advanced Materials Interfaces, 2026
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formation of domains of ordered and stacked layers preferentially
aligned parallel to the substrate plane and possessing the full
characteristics of 2H-MoS2 in terms of electronic structure and
empty states configuration. It is noteworthy that other conven-
tional production methods, such as sputtering, do not reveal
analogous features until much higher annealing temperatures of
the films are reached.

4 Experimental Section

MoS2 single-crystal bulk samples synthesized by flux zone growth
from 2D Semiconductors were used as received, after fresh
cleavage by ‘blue’ adhesive tape (Nitto Denko ELP BT-150P-
LC) just before insertion into the UHV vessel for spectroscopy
measurements.

CVD-grown MoS2 monolayers were synthesized on Si/SiO2
substrates with a 300- nm thick thermally grown oxide layer.
5 of 8
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he substrate was cleaned through subsequent sonication in
cetone and isopropanol (Sigma–Aldrich). The fabrication of
oS2 took place in a quartz tube using a horizontal furnace
ith two heating zones, under atmospheric pressure, employing
rgon as the carrier gas. Initially, the tube was connected to an
rgon gas line at one end and to a bubbler filled with a 100 mm
queous solution of KOH. The tube was flushed with argon at
continuous flow of 200 cm3 min−1 at a temperature of ∼25◦C
or 15min. The precursor, MoO2 (30mg) powder (Sigma–Aldrich:
OT: STBH3472, purity 99%),was placed in the crucible at the first
eating zone (high temperature), and the substrate was placed
ace-down on top of the crucible. Simultaneously, 100mg of sulfur
Thermo Scientific LOT: T29G013, purity 99.9995%) was placed in
tube, 20 cm away, at the second heating zone (low temperature).
aintaining a constant argon flow rate of 120 cm3 min−1, the
emperature was subsequently increased in the tube at a constant
ate of 40◦Cmin−1. When the temperature reached∼670◦C in the
irst heating zone, the heating in the second zone was initiated.
he temperatures were held constant at ∼820◦C in the first zone
nd∼180◦C in the second zone for 10min, after which the furnace
as opened, and the system was allowed to cool to ambient
emperature.

xfoliation of MoS2 monolayers was achieved by a gold-mediated
emplate strip approach described in detail elsewhere [45, 46].
old was evaporated (100 nm, 0.5 nm/s) onto a clean 10 cmnative
xide silicon wafer (Siegert Wafer, <100>, 525 µm thickness),
ollowed by a thicker layer of copper (600 nm, 2 nm/s) to facilitate
higher etch rate. After evaporation, cleaned glass slides (1.5
1 cm) were glued onto the surface with the help of a UV-

urable epoxy (Ossila E132 encapsulation epoxy). After the epoxy
ured, the glass slides were stripped off the surface to reveal a
resh, clean, and smooth gold surface. With the help of Kapton
ape, a MoS2 single crystal (2D semiconductors, synthetic bulk
rystal) was cleaved to reveal a fresh crystal face, which then
as swiftly pressed onto the gold. The whole stack was then
laced onto a hotplate. After heating for 2 min at 200◦C, the
ubstrates were removed, and the MoS2-carrying Kapton was
arefully peeled off, revealing MoS2 mono- and multilayers. For
ransfer, a solution of polystyrene in toluene (90 mg/ml) was
pin-coated (3000 rpm, 30 s) onto the gold substrates, which
ere then annealed for 10 min at 90◦C on a hotplate. To release
he transfer membrane, the substrates were floated on a gold
tchant (Gold Etchant Standard, Sigma–Aldrich). After release,
hemembranewas transferred onto pure watermultiple times for
leaning before being transferred onto the target substrate. After a
inal annealing step (80◦C/150◦C for 30min each), themembrane
as washed away with toluene [47].

JD-MoS2 films with nominal thicknesses of 30 and 120 nm,
ereafter referred to as thin and thick films, respectively, were
eposited using a laboratory-grade IJD system onto Pt/Si sub-
trates (∼240 nm Pt deposited by electron-beam evaporation).
rior to deposition, the substrates were solvent-cleaned by soni-
ation in acetone and isopropanol (Sigma–Aldrich). A cylindrical
oS2 target (Ø = 5 cm, thickness = 0.5 cm, purity 99.9%) was
urchased from Testbourne Ltd. (Basingstoke, UK). The base
ressure in the IJD chamber was 5 × 10−6 mbar and increased
o 1 × 10−3 mbar during plasma formation, with argon used
s the working gas. An acceleration voltage of 15 kV and a
ischarge frequency of 60 Hz were applied. Depositions were
of 8
carried out at room temperature, yielding as-deposited samples.
Subsequently, the as-deposited MoS2 films were annealed under
ultra-high vacuum (UHV) conditions (p = 2 × 10−9 mbar) at
250◦C for 120 min. Briefly, in the IJD process an ionized Ar
working gas passes through a convergent-divergent De Laval
nozzle generating an ultrafast supersonic jet that enters a hol-
low cathode, where cascade ionization produces a high-density
electron plasma; pulsed discharges (f≤ 300 Hz, pulse length 100–
300 ns, |V| ≤ 30 kV, IpeaN ≤ 6 kA) direct this electron beam onto
the rotating MoS2 target, ablating molecular-sized MoxSy species
that condense on the rotating substrate. Further details on the IJD
technique and deposition parameters are given in Refs [25, 27, 33].

Transmission electron microscopy (TEM). TEM lamellae of the
IJD-MoS2 thick film (both as-deposited and annealed states) were
prepared by standard focused-ion-beam (FIB) lift-out. Bright-
field TEM imaging was performed at 200 kV using a field-
emission JEOL JEM-2200FS transmission electron microscope
equipped with an in-column Omega energy filter at the IMEM-
CNR institute (Parma, Italy). Samples for TEM were prepared by
gently rubbing the MoS2 thin film onto standard carbon-coated
copper TEM grids. Bright-field images were collected to reveal
contrast between amorphous and crystalline regions. Fast Fourier
transform (FFT) analysis of selected image areas was used to
identify hexagonal lattice periodicities and measure interplanar
spacings, confirming assignment to the (002) and (100) planes of
2H-MoS2.

XAS measurements were carried out at the BEAR beamline
of CNR-IOM at Elettra [48, 49] in s-polarization conditions,
with an impinging angle of 45◦ with respect to the sample
normal. Absorption was collected in total electron yield mode
by measuring the drain current from the sample holder with an
applied repulsive voltage of −100 V. Resolution was 0.1–0.2 eV.
The drain current was normalized to the impinging photon flux,
as measured with a calibrated photodiode (IRD AXUV-100).
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