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Abstract: The lack of scalable synthesis of transition metal dichalcogenides, such as molybdenum
disulfide (MoS,), has proved to be a significant bottleneck in realization of fundamental devices and
has hindered the commercialization of these materials in technologically relevant applications. In this
study, a cost-efficient and versatile thin-film fabrication technique based on ionized jet deposition
(IID), i.e., a technique potentially providing high processing efficiency and scalability, is used to grow
MoS; thin films on silicon substrates. The operating conditions of IJ]D were found to influence mainly
the ablation efficiency of the target and only slightly the quality of the deposited MoS, thin film.
All as-deposited films show chemical properties typical of MoS; with an excess of free, elemental
sulfur that can be removed by post-deposition annealing at 300-400 °C, which also promotes MoS;
crystallization. The formation of an interface comprised of several silicon oxide species was observed
between MoS; and the silicon substrate, which is suggested to originate from etching and oxidizing
processes of dissociated water molecules in the vacuum chamber during growth. The present study
paves the way to further design and improve the IJD approach for TMDC-based devices and other
relevant technological applications.
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1. Introduction

Two-dimensional transition metal dichalcogenides (TMDCs) such as MoS,, WS;, MoSe;, and NbSe;
have recently attracted enormous technological and scientific interest due to their remarkable
mechanical, electronic, and optical properties that greatly differ from their bulk counterparts [1-3].
For instance, owing to their tunable band gap by simply varying the number of layers, laboratory-scale
TMDC-based electronic devices such as transistors [4,5], sensors [6,7], memristors [8,9], etc. have
been demonstrated using few or single-layer materials, and the outcome sparked hopes to obtain
highly efficient electronic devices beyond silicon-based technology. However, the realization of
electronic devices based on TMDCs suffers from yet unsolved challenges, such as controlling
their surface electronic properties, understanding the role of defects and/or scalable synthesis of
tew/single layer TMDCs with large dimensions and good mechanical stability. Various synthesis routes
have been developed to grow MoS, as the most prominent TMDC material, including exfoliation
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methods [10-12], chemical vapor deposition (CVD) [13], wet-chemistry approaches [14,15], pulsed
laser deposition (PLD) [16], and magnetron sputtering [17]. However, most of these techniques still
lack industrial scalability for simple and low-cost production of MoS, with uniform and reproducible
material properties.

In this work, MoS, thin films were grown on native oxide-covered silicon substrates (5i0,/Si) using
a novel up-scalable pulsed electron deposition technique; namely, ionized jet deposition (IJD) [18-20].
The IJD growth is based on an ionized gas jet that acts as source/carrier gas for highly energetic
electrons, and, in a second step, as plasma for the ablated material. To promote MoS, crystallization,
we used a two-step approach consisting of IJD thin film growth and post-deposition annealing in
ultra-high vacuum (UHV). Since the efficiency of material ablation and the quality of the final product
depends on various growth parameters, such as IJD discharge acceleration voltage and deposition
frequency, we systematically varied the IJD operating parameters, and applied different annealing
temperatures of up to 400 °C. The as-deposited and annealed samples were investigated via X-ray
photoelectron spectroscopy (XPS) to identify optimized growth and annealing conditions. Furthermore,
the interaction of the oxide-containing substrate (SiO,/Si) with the IJD plasma was investigated by XPS.
In particular, the formation of a complex silicon oxide interface was observed, whose origin is ascribed
to reactions with residual water due to the relatively high base pressure in the deposition chamber
(5 x 107® mbar).

To obtain a comprehensive understanding of the chemical, vibrational, and structural properties
of the IJD-derived MoS, thin films, a variety of other characterization techniques have been used such
as Raman spectroscopy and XRD to evaluate crystallinity, as well as SEM and AFM for characterization
of the surface morphology.

2. Materials and Methods

Figure la—c schematically illustrates the main components and principles of the IJD source [18-20]
for MoS; thin film growth. An ionized working gas such as Ar* passes through a convergent-divergent
De Laval nozzle [21] that creates an ultrafast supersonic gas flow in its widening part. This ionized gas
jet enters a cylinder-shaped hollow cathode, in which the electrons of the ionized gas multiply and
become electrostatically confined in an equipotential space. The fast oscillation of electrons within
the hollow cathode leads to a cascade ionization of the working gas, ultimately increasing the overall
ionization density by orders of magnitude, which is known as a hollow-cathode effect [22]. Due to the
jet-guided discharge (see Figure 1a), high-density electrons are directed towards the grounded MoS,
target. The highly energetic pulsed electron beam ablates the MoS; target and produces a plasma plume
of ejected molecular-sized Mox—Sy species that propagate with the working gas through the hollow
cathode towards the substrate (see Figure 1b). Finally, the Mox—Sy species from the target condense
as nm-sized clusters on the substrate, forming a MoS; thin film over a large area (see Figure 1c),
i.e., coating 5-inch wafers or larger. The geometry inside the IJD chamber with the formation of the
main discharge and target plasma during MoS, thin film growth is depicted in Figure 1b.

In the present study, the target material was a commercial MoS, cylindrical target
(Testbourne Ltd., @ = 5 cm, thickness = 0.5 cm) of 99.95% purity. A substrate for thin film growth,
Si (001) with its native oxide layer was used. The distance between gun hat (smaller bottom opening of
the hollow cylinder) and the target was set to about 1 cm, while the substrate was positioned about
12-13 cm from the top of the hollow cylinder, resulting in a target-to-substrate distance of ~15 cm.
To improve material consumption and film uniformity, both target and substrate kept rotating in
opposite directions during the deposition process. The base pressure in the lab-grade IJD chamber was
5 x 107 mbar, which increased up to 4 x 10~ mbar using Ar as working gas and plasma formation.
All samples were grown with the substrate at room temperature. As first IJD process parameter,
we optimized the discharge frequency, which is usually f < 300 Hz (pulse length 100-300 ns). It was
found that deposition frequencies above 250 Hz often increased the temperature on the MoS, target
material, as evidenced by a dark red color visible on the target and formation of sparks during
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deposition (see Figure 1le). In a second step, we evaluated the range of electron acceleration voltages
(V =10-30 kV). It was found that acceleration voltages lower than 12 kV were not able to induce a
reliable ablation process (i.e., the plasma was not stable and frequently turned on and off), whereas
V > 18 kV led to an irregular plasma arising during IJD deposition, with the target reaching high
temperatures as again evidenced by a dark red color and formation of craters on the surface of the
target (see Figure le).
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Figure 1. (a—c) Schematic sketch of the three main steps of ionized jet deposition (IJD) for thin film
growth; (d) Photograph of the IJD chamber illustrating main discharge and target plasma during
deposition with optimized operating parameters (discharge frequency f = 150 Hz, acceleration voltage
V =15 kV); (e) Photograph showing target overheating and formation of sparks during deposition
with f > 250 Hz and/or V > 18 kV; the inlet displays a top view of the target’s surface after deposition
with V=18 kV.

Therefore, the IJD discharge parameters were set with a constant frequency of f = 150 Hz using
three different acceleration voltages V = 12, 15 and 18 kV and different deposition times between 20 and
60 min. The as-deposited thin films were annealed in ultra-high vacuum (UHV, p = 2 x 1071? mbar) at
different temperatures T = 190-400 °C for 60 min. A freshly exfoliated MoS, single crystal was used as
reference material during the experiment.

XPS analyses were performed with a non-monochromatized Mg K« X-ray source (emission line
at 1253.6 eV) and a helium discharge lamp (emission line at 21.21 eV). The total resolution was 0.8 eV
for XPS analysis. The binding energy (BE) scale of XPS spectra was calibrated by using the Au 4f peak
at 84.0 eV as reference Core level analyses were performed by Voigt line-shape deconvolution after
background subtraction of a Shirley function.

XRD spectra were collected on films with a Rigaku D/max III diffractometer in glancing
incident configuration, using Cu Ko radiation and a graphite monochromator in the diffracted
beam. Asymmetric scan geometry was adopted to enhance the signal stemming from the IJD-MoS,
thin film. The typical measurements were performed in the 26 range of 10-70° with an incidence angle
of 1°, sampling interval of 0.05°, and counting time of 8 s.

Non-resonant Raman and PL spectra were acquired at room temperature using a LabRAM Aramis
(Horiba Jobin-Yvon, Palaiseau, France), equipped with diode-pumped solid-state laser lines of 532 and
632 nm. The laser line was focused on the sample by a 100x objective lens. The luminescence and the
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Raman spectra were detected with an air-cooled charge-coupled detector (CCD). The collected light
was dispersed by a 1800 grooves/mm spectrometer. In Raman spectra acquisition, the Rayleigh line
below 100 cm™~! was filtered and the silicon Raman band, which is located at 520 cm ™!, was used as
reference. The resolution of the obtained spectra was 1 cm™!.

The morphology of the samples was analyzed via scanning electron microscopy (SEM) in a
field-emission Supra 40/40VP Zeiss SEM using secondary electrons for imaging. The atomic force
microscopy (AFM) images were acquired using a SFC100SEMI Universal SPM scanning Head 1,

acquiring the images on a 1.5 X 1.5 pm? area.
3. Results

3.1. Influence of Annealing Temperature

We performed different post-deposition thermal treatments (T = 190-350 °C) of the sample
deposited at 15 kV acceleration voltage for 60 min. Chemical analysis of the as-deposited sample as well
as after each annealing step was conducted by in-situ XPS to investigate the composition/stoichiometry
of the thin films and the influence of annealing temperature, as shown in Figure 2. The XPS wide range
spectra of as-deposited and annealed thin film are reported in Figure 2a and confirm the presence of
molybdenum (Mo) and sulfur (S), as well as silicon (5i) and SiO, (due to the substrate) with its oxygen
counterpart, and carbon related to contaminations during the growth process and/or after air exposure.
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Figure 2. IJD-MoS; thin film deposited at 15 kV acceleration voltage: (a) XPS survey of as-deposited
and annealed (T = 350 °C) thin film; (b) Mo 3d-S 2s and (c) S 2p core level spectra of as-deposited thin
film and corresponding sample annealed at different temperatures T = 190, 280, 350 °C; deconvolved
(d) Mo 3d-S 2s and (e) S 2p core level spectra of as-deposited and annealed (T = 350 °C) thin film.

The Mo 3ds), peak of the as-deposited thin film (see Figure 2b) is located at a binding energy
(BE) of ~229 eV, and the S 2s core level appears as broad shoulder at around 226 eV. With increasing
annealing temperature, the Mo 3d spectral features are shifted to lower BEs, and the line shape of
the S 2s peak slightly changes, indicating a decrease of the intensity contribution at around 227 eV.
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Figure 2c shows the corresponding S 2p core level region of the as-deposited sample and its evolution
with increasing temperature. In the as-deposited case, the S 2p core level region appears as broad
unresolved feature with a small shoulder at the high BE side. The S 2p3, core level is located at around
162 eV. With increasing annealing temperature, the S 2p features are shifted to lower BEs, in agreement
with the observed shift in Figure 1b. Moreover, the line shape drastically changes and reaches the
typical S 2p line shape of MoS, after annealing at T = 350 °C. Furthermore, the high BE side shoulder
gradually decreases with increasing temperature, suggesting the loss of a minor sulfur component
leading to a more chemical uniformity of the sample.

The deconvolved Mo 3d and S 2p spectra of as-deposited thin film and the one annealed at the
highest temperature (T = 350 °C) are shown in Figure 2d,e. A summary of the BE positions of the
fitted components, as well as their full width at half maximum (FWHM) and estimated stoichiometric
compositions (S/Mo ratio) is given in Table 1. In both samples, the main Mo 3d component in
Figure 2d originates from Mo** species of MoS, (gray-blue component), with a slightly narrower
line shape in the annealed sample. The S 2s core level region of the as-deposited sample exhibits
two components (yellow and red in Figure 2d), which contrasts with the annealed sample, where only
one S 2s component (yellow) is present. Similar to the spectrum in Figure 2d, the S 2p core level of the
as-deposited sample in Figure 2e exhibits an additional S 2p peak (red component), suggesting that
some sulfur atoms exhibit a different chemical environment (other than Mo—-S) in the as-deposited
thin film. This additional component can be attributed to unbound elemental sulfur that is greatly
decreased after annealing at T = 350 °C. Hence, the high BE side shoulder observed in Figure 2c can be
attributed to unbound elemental sulfur that can be gradually removed with increasing temperature,
which is also evidenced by the reduced S/Mo ratio (considering both sulfur components, see Table 1).
With increasing temperature, the S/Mo ratio approaches the expected stoichiometric value of MoS,,
suggesting a loss of elemental sulfur due to annealing. It should be noted that, by excluding the
additional S species, the S/Mo ratio in the as-deposited thin film is already close to 2, i.e., the expected
value of MoS,, indicating the deposition of stoichiometric MoS, even without annealing and despite
the presence of elemental sulfur.

Table 1. Binding energy (BE), FWHM and S/Mo ratio of MoS; single crystal and IJD-MoS; deposited at
15 kV and annealed at different temperatures (TT).

BE
Sample (eV) FWHM S/Mo ! $/Mo
[2.0] [2.0]
Mo 3ds), S 2p3)» Mo 3d S2p
single crystal 229.55 162.36 0.85 0.91 1.92
as-deposited 228.99 161.86 1.41 1.52 3.81 2.11
TT190 228.96 161.81 1.33 1.44 3.62 1.98
TT280 228.72 161.54 1.30 1.35 2.88 1.95
TT350 228.62 161.45 1.02 1.01 2.39 2.14

1 Both sulfur species have been considered. ? Only the sulfur species attributed to MoS, has been considered.

3.2. Influence of Acceleration Voltage

To better identify the role of the energy of the pulsed electrons in the IJD deposition process,
we investigated another two acceleration voltages—18 and 12 kV—and compared the as-deposited
thin films with the one at 15 kV. Figure 3 displays the deconvolved Mo 3d and S 2p spectra of samples
deposited at 12, 15 and 18 kV, whereas Table 2 summarizes the BE positions, FWHM and S/Mo ratio of
as-deposited and corresponding annealed samples.
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Figure 3. Fitted (a) Mo 3d-S 2s and (b) S 2p core level spectra of IJ]D-MoS, as-deposited with different
acceleration voltages (12, 15 and 18 kV).

Table 2. Binding energy (BE), FWHM and S/Mo ratio of IJD-MoS, samples deposited at 12, 15 and 18
kV, and corresponding annealed samples (TT).

688

BE
Acceleration FWHM S/Mo 1
Voltage Sample eV) [2.0]
Mo 3ds), S 2p3p» Mo 3d S2p

12KV as-deposited 229.08 162.07 1.35 1.34 4.63
TT400 228.34 161.92 0.94 0.98 2.14

15KV as-deposited 228.99 161.86 141 1.52 3.81
TT350 228.62 161.45 1.02 1.01 2.39

18 KV as-deposited 229.09 161.94 1.46 1.57 441
TT380 228.62 161.45 1.02 1.01 2.31

1 Both sulfur species have been considered.

The Mo 3d core level spectra in Figure 3a exhibit similar line shapes for all three as-deposited
samples, whereas the S 2s component (yellow) at around 226 eV is slightly smaller in the sample
deposited at 12 kV. In Figure 3b, the S 2p component (red) corresponding to elemental sulfur reaches
a minimum for the sample deposited at 15 kV. This is also supported by the estimated S/Mo ratio
(considering both S species, see Table 2), which is the smallest (highest) for the sample deposited at
15 kV (12 kV). The difference of Mo 3ds/, and S 2p3/; binding energies of all three as-deposited samples
is in the order of the 2H-MoS, value of 67.19 eV, with a slightly reduced energy difference for the
as-deposited thin film at 12 kV (67.01 eV). In case of the as-deposited thin film at 18 kV, the energy
difference between the two core levels is 67.15 eV, thus typical of MoS;, and the S/Mo ratio is again
higher than the one for the as-deposited thin film at 15 kV.

In all cases, the post-deposition annealing shifts the BEs of Mo 3d and S 2p core levels to lower
binding energies. Furthermore, the S/Mo ratio of all annealed samples is close to the expected
stoichiometric value of MoS;, suggesting that (independent of the acceleration voltage) the elemental
sulfur can be greatly removed by annealing.

3.3. Structural and Morphological Analysis of Annealed MoS;

To obtain structural information of the as-deposited and annealed thin films, p-Raman and XRD
analysis were performed for the sample deposited at 18 kV and annealed at 380 °C. The results reported
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in Figure 4 are representative for all deposited samples and those annealed at temperatures around
350-400 °C. The as-deposited film exhibits no XRD diffraction (see Figure 4a), suggesting an amorphous
character. The XRD spectrum of the annealed sample shows a peak at 14°, corresponding to the (002)
direction of the 2H-MoS, lattice and with a FWHM suggesting a certain degree of disorder still present.
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Figure 4. (a) XRD spectrum of IJD-MoS; deposited at 18 kV and annealed at 380 °C; (b) p-Raman
spectra of as-deposited and annealed MoS;; (¢) SEM and (d) AFM images of annealed MoS,.

The Raman spectra of as-deposited and annealed MoS, thin films are given in Figure 4b. In both
samples, the two main characteristic Raman peaks of MoSz—Elzg and Ajg—can be observed at 380
cm~! and 405.2 cm™!, respectively. After annealing, an increase in the relative intensity, as well as a
decrease in the FWHM of both peaks can be observed, which is a clear indication of improved structural
order. In the low frequency region, the peak at ~225 cm™' can be either attributed to defects and
disorder in the MoS; crystal structure [23,24] or to oxidized molybdenum, whose two vibrations at ~820
cm~! and close to 226 cm™! are often visible in Raman spectra of oxidized MoS, [23,25]. Since oxide
species of molybdenum have not been revealed by XPS analysis (see Figures 2d and 3a), the Raman
peak at ~225 cm™! can undoubtedly be assigned to presence of defects.

In the annealed sample, an additional peak can be observed at around 284 cm~!, which is attributed
to the E;g mode of MoS,. Ejg usually does not appear in back-scattering measurement set-up [24,25],
and in single crystal MoS, samples [26], as the basal planes are preferentially situated perpendicular to
the laser irradiation, which prohibits the excitation of such transition. Therefore, the observation of the
E1; peak indicates that a certain amount of MoS; aggregates are misoriented with respect to the axis
perpendicular to the basal plane.

The SEM image of the annealed MoS, thin film is displayed in Figure 4c and shows a homogenous
and continuous surface morphology with bright spots (sizes of 50-100 nm) visible all over the surface.
A similar surface morphology is observed in the AFM image in Figure 4d, where the spots can be
seen more clearly. The surface roughness (root-mean-square, RMS) of the thin film was found to be
RMS = 1.28 nm over an area of 5 X 5 um?2.

3.4. Role of the SiO,/Si Substrate

To investigate possible interactions of the target plasma with the substrate, the interface between
as-deposited MoS; and SiO,/Si substrate was carefully investigated via XPS. For this purpose, samples
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were deposited at 12 kV using two different deposition times (20 and 60 min), and annealed at 400 °C.
The substrate-related Si 2p core level spectra of the two samples were compared to the spectrum of the
pristine SiO,/Si substrate (see Figure 5).

si2p

intensity (arb.units)

si’

Pristine

T T T T
106 104 102 100 98

BE (eV)
Figure 5. Si 2p core level spectra of pristine SiO,/Si substrate and MoS, thin film after 20- and 60-min
deposition and annealing at 400 °C.

The Si 2p core level spectrum of the pristine SiO,/Si substrate shows two typical peaks of 0 and 4+
oxidation states attributed to Si and SiO, species (green and violet component located at 100.00 eV
and 104.10 eV, respectively). The latter species originates from the native oxide film covering the
pristine silicon substrate and having thicknesses of about 7-15 A [27,28]. In the annealed MoS, thin
film deposited for 20 min, an intense SiO, peak (Si**) can be observed at about 104.10 eV and the Si’
peak is still present at 99.65 eV. Moreover, three additional components of 1+, 2+ and 3+ oxidation
states were detected—namely, Si;O (BE = 100.45 eV, grey component), SiO (BE = 102.00 eV, orange
component), and SipO3 (BE = 103.00 eV, light blue component). By increasing the deposition time and
hence obtaining a thicker film, the signal attributed to Si’ originating from the substrate completely
disappeared, whereas the four oxide species are still detected at 100.45, 101.80, 103.10 and 104.10 eV,
which are attributed to Si,O, SiO, 5i,03 and SiO,, respectively, in good agreement with literature
values [29,30].

4. Discussion

XPS analysis of the sample deposited at 15 kV acceleration voltage (see Figure 2) proves that
the detected Mo species corresponds to the 4+ oxidation state, and no oxidized species such as Mo®*
were detected, indicating successful synthesis of stochiometric MoS, already in the as-deposited
sample. Besides MoS;,, S atoms that are not directly bound to Mo atoms such as in Mo—S-S species
and/or an excess of free, elemental sulfur was found, which was gradually removed by increasing
annealing temperatures (190-350 °C). Furthermore, the observed core level shift to lower BEs with
annealing indicates a change of the electronic properties of MoS;, i.e., more p-type behavior in the
annealed sample.

By varying the acceleration voltage in the range between 12-18 kV (see Figure 3), the amount
of sulfur excess in the as-deposited sample only slightly changed, but reaches a minimum at 15 kV.
This implies that 15 kV represents the optimized acceleration voltage in terms of target material use,
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i.e., it assures the most efficient ablation process without any target overheating. It should be noted
that at 12 kV, the BE difference between Mo 3ds; and S 2p3); core levels is slightly different from
typical 2H-MoS,, suggesting an ablation process with reduced efficiency in creating a proper plasma
for material synthesis. Although further analysis is necessary, we assume that 12 kV does not enable a
complete and efficient ablation process, leading to extraction of a plasma which is richer in the lighter
species, i.e., sulfur. At an acceleration voltage of 18 kV instead, a preferential emission of sulfur might
occur due to sublimation from MoS,. This is a further proof of empirical observations during IJD
growth, i.e., the deposited energy does not only induce ablation but also strong target overheating
(i.e., local explosion of large target pieces rather than a uniform plasma plume) leading to sulfur
sublimation that increases the S concentration in the deposited film. However, by annealing in the
range between 300400 °C, the sulfur excess can be always removed, independent of the acceleration
voltage. Therefore, the role of the energy of the pulsed electrons in the IJD deposition process is to
influence the target material use and the discharge stability, but does not affect the properties of the
film after annealing. Furthermore, the annealing step promotes MoS; crystallization, as evidenced by
the XRD pattern in Figure 4a, with a certain degree of disorder (Figure 4b).

The investigation of the interface between MoS; and SiO,/Si substrate (see Figure 5) suggests the
formation of new silicon oxide species on 5iO,/Si during IJD growth. The corresponding processes
and interfacial reactions during IJD are schematically shown in Figure 6. After ablation of the MoS,
target, the plasma plume is directed towards the substrate (Figure 6a) and mainly consists of Ar*
(due to Ar working gas) and ablated MoxSy, species. Since the base pressure in the IJD chamber is in
the order of 107® mbar, a partial pressure of water is present. These water molecules dissociate during
IJD, giving rise to highly reactive oxygen radicals (O* in Figure 6a) in the plasma plume. Together with
Ar" and the ablated material, they are transferred to the substrate, where they react with the native
SiO; layer. As depicted in Figure 6b, the highly reactive O* and Ar* species initially etch away the
native oxide layer and further react with the underlying Si substrate, leading to the formation of new
SiOy species (see Figure 6¢). This means that during MoS, growth, a complex oxide interface between
silicon substrate and the growing MoS; film is synthesized. The formation of silicon oxide interface
has also been reported in MoS, deposition via other PVD techniques, i.e., magnetron sputtering [31].

@ 1 () (c)
+ Target . a
Mo- - Reactive

j \ MoS,

Si,0 'Sio. o Sio, Ar o* S0 §i0, sio, Sio, SO SO,
Si Si Si

Figure 6. Schematic illustration of interfacial reactions in case of IJD-MoS; on SiO,/Si substrate:
(a) before ionized jet deposition; (b) initial etching of the SiO, native oxide; (¢) formation of complex
SiOx surface and MoS, thin film growth.

5. Conclusions

We present an original MoS; synthesis approach based on IJD, a technique that could lead to
TMDC synthesis compatible with large scale production. Among the different working conditions,
we identified 15 kV acceleration voltage and 150 Hz deposition frequency as the best MoS, growth
parameters. The as-deposited films show the presence of stoichiometric MoS, with an excess of free,
elemental sulfur that can be removed by annealing in UHV at about 350-400 °C for 1 hour. Thermal
treatment also improves the structural order, moving from amorphous to crystalline samples with a
certain remaining degree of disorder. The harsh conditions during IJD synthesis lead to the formation
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of a complex silicon oxide interface, probably related to the presence of highly reactive oxygen species
induced by ionization of water molecules. Such an effect can be avoided by using oxide-free substrates,
such as Pt [31] or controlled by using lower base pressure in the deposition chamber, possibly in the
1078/10~% mbar range, where the water content is highly reduced.

The efficiency shown by IJD in MoS, deposition paves the way for applications using different
substrates and TMDCs, such as other sulfides and selenides, solving well-known problems regarding
the selenization process.
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