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Abstract: In the quest for advanced materials suitable for next-generation electronic and optoelec-
tronic applications, tungsten disulfide (WS,) ultrathin films have emerged as promising candidates
due to their unique properties. However, obtaining WS, directly on the desired substrate, eliminating
the need for transfer, which produces additional defects, poses many challenges. This paper aims
to explore the synthesis of WS, ultrathin films via physical vapor deposition (PVD) followed by
sulfurization in a confined space, addressing the challenge of film formation for practical applications.
Precursor layers of tungsten and WS, were deposited by RF magnetron sputtering. Subsequent sulfur-
ization treatments were conducted in a small, closed, graphite box to produce WS; films. The physical
and chemical properties of these precursor and sulfurized layers were thoroughly characterized using
techniques such as X-ray reflectometry (XRR), X-ray diffraction (XRD), Raman spectroscopy, scanning
electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS). The findings reveal notable
distinctions in film thickness, structural orientation, and chemical composition, attributable to the
different precursor used. Particularly, the sulfurized layers from the tungsten precursor exhibited
a preferred orientation of WS, crystallites with their (O0L) planes parallel to the substrate surface,
along with a deviation from parallelism in a small angular range. This study highlights the necessity
of precise control over deposition and sulfurization parameters to tailor the properties of WS, films
for specific technological applications.
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1. Introduction

The exploration of atomically layered crystalline materials has surged in recent years,
driven by their unique physical properties and potential applications in various techno-
logical domains [1-4]. These materials consist of identically ordered monolayers of atoms
arranged in a planar parallel fashion. Strong, predominantly covalent bonds exist within
each monolayer, while the layers themselves are held together by weaker van der Waals
interactions. A single atomic layer represents a two-dimensional crystal (2D) if it is one
atom thick, as in the case of graphene [5] and hexagonal boron nitride (h-BN) [6]. Con-
versely, quasi-two-dimensional crystals (quasi-2D) are formed from at least two atomic
planes, typical of materials such as group IVA monochalcogenides of S and Se [7], transition
metal dichalcogenides (TMDs) [8], trichalcogenides like ZrS3 and TiS3 [9], and graphite-like
carbon nitride (g-C3Ny) [10].

Graphene, with its bandgap of a maximum of 0.4 eV [11], has been a significant
catalyst in this research domain [5]. However, its limited bandgap poses challenges for its
use in electronic devices such as transistors. Therefore, the development of other 2D or
quasi-2D materials with wider bandgaps has become a strategic approach in searching for
materials for next-generation electronic devices. Transition metal dichalcogenides (TMDs),
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a sub-category of layered crystalline materials with semiconductor properties [8], have
emerged as a promising solution. Among these materials, MoS; is the most frequently
reported in the literature, while WS, belongs to the same group, VIB, as MoS,, and research
on WS; is less extensive than other TMD materials. Although graphene boasts excellent
thermal conductivity and electron mobility over a hundred times greater than silicon, its
lack of a bandgap limits its integration into logic electronic devices that require low-power
operation at room temperature. In contrast, WS, semiconductors, produced with their (O0L)
planes parallel to the substrate and in ultrathin layers down to the thickness of a single
monolayer, emerge as a solution to overcome graphene’s mentioned disadvantage.

The atomic-level structure of hexagonal WS, (2H-WS,) is a part of the larger family of
dichalcogenide materials formed from loosely bonded monolayers. Each layer consists of
two hexagonal planes of sulfur atoms with an intercalated hexagonal plane of tungsten
atoms. The tungsten atoms are covalently bonded to six sulfur atoms in a regular triangular
prism structure, with the base side approximately equal to the prism’s height. The primitive
cell of 2H-WS, embodies a segment of two adjacent monolayers, comprising six atoms in
total (two atoms of W and four atoms of S). The lattice parameters for this structure are
a=3.153 A and ¢ = 12.323 A [11]. The bond length of W-S is 2.408 A, while the height of the
prism is 3.142 A [12].

The energy band structure of WS, flakes undergoes significant changes with variation
in the number of layers. This variation is manifested as a transition from a direct bandgap
in a monolayer to an indirect bandgap in thicker layers, demonstrating the presence of
energetic coupling between the layers. Experimental values for the bandgap (Eg) of WS,
show variability: the Eg for a WS, monolayer ranges between 1.98 and 2.05 eV [13], while
for bulk WSy, it is reported to be between 1.3 and 1.4 eV [13,14]. Near the absorption edge,
the optical properties of WS, are largely determined by direct optical transitions involving
electronic states near the K point of the Brillouin zone and indirect transitions from the
I' point of the valence band requiring phonon coupling. For a thin film of textured 2H-
WS,, the absorption coefficient variation with photon energy shows characteristic peaks at
1.95 eV (636 nm) and 2.36 eV (525 nm) [14]. These peaks, identified as excitonic absorption
A and B, are attributed to optical transitions involving spin-orbit split valence band levels
and degenerate conduction band levels at the K point of the Brillouin zone.

To integrate WS, into electronic applications, it is crucial to develop a deposition
technique on large surfaces compatible with current micro- or nano-fabrication processes.
Achieving defect-free ultrathin layers of WS, necessitates precise thickness control on
various substrates. There are two scalable approaches to produce quasi-2D WS,: the top-
down approach, involving mechanical and chemical exfoliation [15,16] and the thinning
of thin layers to a few monolayers through laser, plasma, or thermal annealing, and the
bottom-up approach, using physical vapor deposition (PVD), chemical vapor deposition
(CVD), or sulfurization of tungsten oxides [1,17-21].

Each method has its limitations. Among these, PVD and particularly its variant, radio-
frequency magnetron sputtering, stand out as the most promising. Magnetron sputtering
is a standard industrial manufacturing method that ensures the repeatable, large-scale
deposition of high-quality uniform crystalline layers with controlled thickness. This method
is advantageous as it can utilize all types of substrates—insulating, semiconducting, or
metallic—and is less costly and time-consuming compared to other PVD variants. Since
the sputtered atoms or molecules possess high kinetic energy that aids in rearranging on
the substrate, this method does not require growth promoters like CVD.

Researchers have adopted two pathways to produce ultrathin films of WS;. In a
single-step process, either the tungsten metal target is sputtered in a sulfur atmosphere or
the WS; target is directly sputtered. The latter approach has led to the production of sub-
stoichiometric and poor quality WS; layers, necessitating the sputtering of the WS, target
in a sulfur-rich environment. Sulfur is vaporized from an evaporator into the sputtering
chamber. By sputtering in a sulfur-rich medium and optimizing the sputtering parameters
that influence deposition, defect-free and impurity-free quasi-2D WS, is expected to form.
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The second approach is a two-step process where sputtered films are sulfurized in a
controlled atmosphere furnace through a CVD process [17-21].

This study meticulously investigates the synthesis and properties of WS, ultrathin
films using PVD followed by sulfurization in a confined space utilizing two distinct types
of precursors, namely, W and WS,. The use of a small, closed graphite box for sulfuriza-
tion significantly reduces the quantity of sulfur necessary during the process. Through a
detailed exploration that encompasses deposition, sulfurization, and comprehensive char-
acterization, we elucidate the complexity of fabricating WS, films. The tungsten disulfide
ultrathin films are obtained directly on Si substrates, eliminating the necessity of transfer,
which produces additional defects. Moreover, no toxic gases such as H,S are used during
the fabrication process. This work provides important insights into the production of WS,
ultrathin films.

2. Materials and Methods
2.1. Synthesis of Precursor Thin Layers of W and WS,

For the deposition of tungsten (pr'V) and tungsten disulfide (pr precursor layers,
commercial W and WS, targets (Mateck, Jiilich, Germany, 99.9% purity, 5 cm diameter,
3 mm thickness) were used in a custom-built sputtering setup [22]. The silicon substrates
with a native SiO; layer were cleaned consecutively with acetone (20 min), isopropyl alcohol
(20 min), and DI water. Before deposition, the vacuum inside the chamber was established
at 1.4 x 1072 Torr. A constant argon flow of 30 sccm was introduced, and radio-frequency
powers of 24 W and 15 W were applied to the W and WS, targets, respectively, for 208
and 212 s. The power and deposition time were calibrated using a microbalance from Infi-
con (Bad Ragaz, Switzerland) with a quartz microcrystal, under the control of calibration
software (https:/ /www.inficon.com/en). At 24 W and 15 W applied powers, deposition
rates of 0.0048 nm/s and 0.0047 nm/s were obtained, resulting a film thickness of approx-
imately 1 nm for the allocated deposition time. Upon plasma generation, the pressure
in the deposition chamber increased to 6 x 103 Torr. To ensure thickness uniformity,
the silicon substrates, placed at 12 cm away from the targets, were continuously rotated
during deposition.

WS2 )

2.2. Sulfurization Process for pr'V and pr'Vo? Layers

The two precursors, pr*V and pr'V*2, along with 25 mg of sulfur were placed in a

small graphite box (90 mm x 30 mm x 19 mm) with a lid. The closed graphite box
was introduced in the quartz tube of a tubular furnace, positioned at the center of the
furnace [2]. To begin the sulfurization process, the following steps were undertaken. The
air was removed from the sealed quartz tube by pumping, and a constant argon flow of
50 sccm was introduced. The temperature at the center of the furnace was programmed to
reach 800 °C at a heating rate of 10 °C/min, and the treatment duration was set to 45 min.
The pressure inside the quartz tube was maintained at 30 kPa above atmospheric pressure
to reduce the evaporation rate of sulfur.

2.3. Characterization of the Precursor and Sulfurized Films

The morphological and elemental characteristics of the samples were meticulously
analyzed using a Gemini 500 Field Emission Scanning Electron Microscope (FE-SEM) from
Zeiss, Oberkochen, Germany provided with an energy dispersive X-ray (EDX) spectrometer
from Bruker.

For structural analysis, we employed a LabRam HR Evolution spectrometer from
Horiba Jobin Yvon, Palaiseau, France, equipped with He-Ne and He—Cd lasers emitting
at wavelengths of 633 nm and 325 nm, focused using an Olympus 100 objective (Tokyo,
Japan) on the surface of the samples. Grazing-incidence X-ray diffraction (GIXRD) and
X-ray diffraction (XRD) were conducted to study the crystalline structure of the samples.
We utilized a Rigaku SmartLab diffractometer (Rigaku Corporation, Tokyo, Japan) in a
parallel beam configuration, equipped with Cu Ko radiation (A = 1.54187 A) and a HyPix-
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3000 2D Hybrid Pixel Array Detector (Rigaku Corporation, Tokyo, Japan) operating in 0D
and 1D modes. In GIXRD measurements, the incidence angle was meticulously set to 0.25°
to optimize the diffraction conditions.

Additionally, X-ray reflectometry (XRR) patterns were recorded. To estimate the
thickness and mass density of each sample, we applied the Leptos software version 6.01
from Bruker, which facilitates the fitting of simulated XRR curves to the experimentally
measured data.

Atomic Force Microscopy (AFM) imaging and lateral thickness measurements were con-
ducted using an NT-MDT Aura Ntegra Prima atomic force microscope in non-contact mode.

Surface analysis was carried out using a Kratos spectrometer operating at 144 W
(12 kV x 12 mA) with 40 eV pass energy. Charging effects were compensated for using
a charge neutralizer during the measurements as well as correction to the adventitious
C-C bonds at 284.6 eV. The deconvolution of the spectra was performed using IGOR Pro
9 software. This involved the application of Voigt profiles, comprising a Gaussian main
width with two Lorentzian components for each peak of the doublet, after removing the
Shirley background.

3. Results
3.1. Precursor Thin Films

3.1.1. Thickness Determination of er and erS2 Precursor Thin Films by XRR

The XRR diagrams for these precursor layers are illustrated in Figure 1. The diagrams
show the experimental data (in black) alongside the calculated fits (in red). These fits
were generated using the Leptos fitting program, which modeled the films with specific
parameters including thickness, electronic density, and surface roughness. For the pr'¥
layer, the fitted diagrams estimated a film thickness of 2.9 nm, with a mean mass density
of 12.9 g/cm3. This value is notably lower than the density of a bulk W monocrystal,
which stands at 19.25 g/cm?. The discrepancy in thickness between the estimated value
at deposition and that determined through XRR can be attributed to superficial oxidation
of the W film and to its disordered structure. In the case of the pr'V5? layer, the estimated
thickness was found to be 1.3 nm, with a mean mass density of 7.3 g/cm?. This result
is close to the target thickness and to the density of a bulk WS, monocrystal, which is
75g/ cm?.

106j er,
] Experimental ]
1041 — — Computed ]

erSZ 1

Intensity (g/s)
2

Experimental
— — Computed

1024

10°

26 (°)

WS2 precursor thin films. The experimental XRR patterns

Figure 1. XRR diagrams of the prV and pr
(in black) for both er and erSZ thin films, overlapping with their respective fitted diagrams (in red).
The fitted curves are derived based on a specific model of each thin film, accounting for thickness,

electronic density, and surface roughness.



Surfaces 2024, 7

112

3.1.2. Structural Determination of pr'¥ and pr'V>2 Precursor Thin Films through XRD

The recorded X-ray diffraction (XRD) patterns for both precursors pr'V and pr'V52

show the absence of distinct diffraction peaks that are typically characteristic of these
materials. The absence of the peaks can be primarily attributed to the ultrathin thickness
of the films, but also to their amorphous structure since the substrates were not heated
during deposition.

3.1.3. Micro-Raman Spectroscopy Analysis of er and erSZ Precursor Thin Films

The first-order Raman active modes in WS, can be predicted based on its point-group
symmetry, making Raman spectroscopy a valuable technique not only for probing the
lattice dynamics of but also for highlighting defects within WS, samples. Unique features
in the Raman spectrum, such as double-resonant Raman (DRR) bands associated with
phonons within the Brillouin zone activated by defects, are not observed in defect-free
samples. DRR processes in WS, occur between the laser excitation radiation and the direct
bandgap at the K point of the Brillouin zone, leading to the creation of excitons and a strong
coupling between excitonic states and phononic modes. This coupling amplifies second-
order (or even higher order) Raman scattering. The multi-phononic scattering peaks can
be categorized into different types, such as the overtone (e.g., 2 x), the combination (sum),
or the difference between zero-momentum phonons at the I' point of the Brillouin zone,
and similarly the combination of or difference between non-zero momentum phonons,
resulting in the creation of two phonons with equal and opposite momentum (e.g., at
the M point of the Brillouin zone) [23]. Experimentally, different double-resonant Raman
spectra are recorded by varying the excitation energy across the excitonic A and B levels.
Excitation with a 532 nm wavelength is in resonance with the excitonic B peak, and 633 nm
is in resonance with the excitonic A peak. In a WS; monolayer, the absence of interlayer
coupling and inversion symmetry leads to optical and electronic properties significantly
different from those of bulk material [24].

Micro-Raman (m-Raman) spectroscopy was employed to examine the structure of the
pr¥ and pr¥52 precursor thin films. Utilizing a micron-sized laser spot, the surface of the
W target was irradiated in multiple zones to check its uniformity. The m-Raman spectra
of pr' and pr''*2 did not exhibit any Raman peaks, for similar reasons presented in XRD
analyses. Therefore, the investigations focused on the W and WS, sputtering targets in
their as-delivered state.

As expected, the W target, due to its cubic-centered lattice containing a single atom
per primitive cell, did not exhibit a Raman signal.

In contrast, the Raman spectra for the WS, target displayed narrow Raman peaks
(Figure 2). When using a wavelength of 325 nm, the m-Raman spectrum revealed only
first-order Raman modes in the Brillouin zone center, Elzg (T) at 353.3 cm ™! and Alg M)
at 417.8 cm~! [24,25]. For a 633 nm laser wavelength, the m-Raman spectrum was en-
riched with additional peaks due to the occurrence of DRR processes. In the vicinity of the
E! 2¢ (I') peak, at around 350 cm ™!, a second-order peak of longitudinal acoustic phonons,
2 x LA(M), is prominent [25]. LA(M) is a Raman mode at the Brillouin zone edge—activated
by disorder—and it is a collective in-plane movement of the atoms in the lattice, similar to
sound waves. It consists of periodic compressions and expansions of the lattice occurring in
the direction of propagation. The symbol (M) refers to the specific direction and magnitude
of the phonon’s momentum q. In the phonon dispersion (frequency vs. momentum),
they appear at the M point of the Brillouin zone. Additional Raman peaks correspond to
multi-phononic combinations of these modes.
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Figure 2. Micro-Raman spectra for two excitation radiation wavelengths (325 nm and 633 nm) of the
WS; sputtering target. Different areas of the target were examined to check the uniformity. Some of
the double-resonant Raman bands, the LA(M) peaks, are highlighted in green.

Berkdemir et al. [24] studied Raman scattering on WS, flakes, depending on the
number of layers and the wavelength of excitation in the visible range (488, 514, and
647 nm). For these three excitation wavelengths, the frequency of the phonon mode Al(T)
decreases monotonically with the decrease in the number of layers of a WS, flake.

The determination of the variation in the E! 2¢(I') frequency with the number of layers
into a WS, nanocrystal is difficult to achieve due to its proximity with 2LA(M) peak. This
frequency variation in E! 2¢(I') is of the order of the error bar when determining the E! 2(I)
and 2LA(M) position by fitting. Frequencies of A14(I), E! 2¢(I'), 2LA(M), and the intensity
ratio I(E! 2¢)/1(A1g), as a function of the number of layers in a WS, flake, are presented in
Table 1 from the work of Berkdemir et al. [24].

Table 1. Frequencies and intensity ratios of Raman active modes Aqgg(D), E! 25(1), and 2LA(M) as a
function of the number of layers in WS, thin films [24].

A (nm) Phonons Monolayer (cm~1) Bilayer (cm~1) Trilayer (cm~1) Bulk (cm~1)
Alg(r) 417.2 418.7 419.2 420.5
17 Elye(I) 355.3 354.2 354 354.7
2LAM) 350.4 349.5 349.5 351.1
I(E'2g)/1(A1) 0.5 0.8 0.8 0.4

In the case of our WS, target, both the position of the three peaks (A14(T), E! 2¢(I), and
2LA(M)) and the ratio I(E 2¢)/1(A1g) (Which is 0.39 and 0.4 for the two tested areas) confirm
the bulk state of the WS, crystallites.

3.1.4. Investigation of the er and erSz Precursor Thin Films by SEM

The scanning electron microscopy (SEM) images reveal a compact and smooth surface
for both the pr"¥ and pr"WS? precursor thin films (images not shown). Utilizing EDX
within the microscope setup, the composition of these precursors was approximated as
WO (for pr'V) and WSy gg (for erSZ). These findings align with expectations: the er
film exhibits partial oxidation, while the pr'V>? film is significantly deficient in sulfur
content, and also likely partially oxidized. It is anticipated that these initial discrepancies
in the precursor layers’ composition and structure will be effectively improved through
a subsequent thermal treatment in a sulfur-rich atmosphere (sulfurization process). The
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successful correction of these issues is crucial for achieving the desired characteristics and
functionality of the final WS, thin films.

3.2. Sulfurized Thin Films
3.2.1. XRR Analysis of Sulfurized pr'V and pr"¥5? Thin Films

In exploring the changes after sulfurization, we employed XRR to assess the thickness
of the sulfurized pr'V and pr'*? thin films. The XRR diagrams, depicted in Figure 3,
reveal complex details of the sulfurization process” impact on the films’ thickness. For the
sulfurized pr" film, the XRR data suggested a bilayer structure with distinct thicknesses
of 10 nm and 18 nm. This bilayer formation can be attributed to the differential sulfur
incorporation and possibly the presence of intermediate phases or gradients in sulfur
concentration. The increased thickness, as compared to the initial precursor, points to
significant structural rearrangements and intercalation of sulfur atoms within the tungsten
matrix. Similarly, the sulfurized erSz film exhibited a dual-layer configuration, with
thicknesses measuring 2 nm and 32 nm. This disparity in layer thickness within the same
film could indicate areas of varying sulfur content or the formation of distinct phases.
The relatively thinner section (2 nm) likely represents a region closer to the ideal WS,
stoichiometry, while the thicker portion (32 nm) may signify regions of excess sulfur or
different structural arrangements.

Sulfurized pr'¥ ]
As-deposited ]
— After sulfurization |

T

Sulfurized prs2 ;

As-deposited ]

Intensity (qg/s)
2

1041 —— After sulfurization ]
3
1024
10° , , :
1 2 3 4
20 (°)

Figure 3. XRR diagrams of sulfurized pr"V and pr'¥*2 thin films. The XRR diagrams of the as-
deposited pr"V and pr'V*? films (in black) are added for comparison.

3.2.2. Determining the Structure of Sulfurized er and erSz Thin Films by XRD

The structural analysis of sulfurized pr"V and pr'¥? thin films was conducted using
GIXRD (detector in 0D mode) and XRD (Bragg-Brentano geometry with detector in 1D
mode). The corresponding diagrams for these films are depicted in Figure 4.

In the sulfurized pr'V sample, the formation of the hexagonal WS, phase (h-WS,) is
demonstrated (Figure 4a). Moreover, the XRD diagram shows that this phase displayed
a preferential orientation of its crystallites, with the (00L) planes parallel to the substrate
surface. Furthermore, a deviation from perfect parallelism was inferred from the GIXRD
diagram, showing texturing within a range of [-7.2, +7.2]°. The intense maxima of h-WS,
indicate that the pr'V precursor was not significantly oxidized.

For the sulfurized pr"5? sample, the h-WS, phase is also demonstrated (Figure 4b).
However, due to the extremely thin layer of the sample, it was challenging to ascertain
whether there was a preferential orientation of the WS; crystallites.

In conclusion, the expected result of forming the hexagonal crystalline phase of WS,
with crystallites preferentially oriented with their (OOL) planes parallel to the substrate
surface was achieved at least for the first precursor.
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Figure 4. GXRD (detector in 0D mode) and XRD (detector in 1D mode) diagrams of sulfurized thin
films: (a) er and (b) prwsz. Peaks marked with ‘# represent diffraction maxima of Si substrate.

3.2.3. Determining the Structure of Sulfurized pr*V and pr*V5? Thin Films by Micro-Raman
Spectroscopy

Upon irradiating the surface of the sulfurized pr*V and pr*>2 samples, in various areas
using a micron-sized laser spot, the micro-Raman (m-Raman) spectra were recorded. These
measurements, particularly at the excitation radiation wavelength of 633 nm, revealed
the presence of double-resonant Raman processes (shown in Figure 5). For a second-
order Raman process to meet the requirements for double resonance, the optical excitation
energy must match a vertical electronic transition, and the conduction band must contain
quasi-isoenergetic electronic states at the difference in momentum corresponding to the
phonon’s momentum =q (or similarly for the valence band in the case of hole-phonon
scattering). The momentum dependence of the electronic structure and phonon dispersion
must combine to produce a narrow peak in momentum space to yield a narrow double-
resonant Raman peak [24]. Analyzing the m-Raman spectra for the pr"V sample, several
observations can be made. Firstly, the sulfurization process resulted in the formation of the
hexagonal WS; crystalline phase, as indicated by the spectrum being almost identical to
that of bulk WS,. The intensity variation in the silicon substrate’s peak at 520 cm ! across
different areas of the WS; layer suggests varying thicknesses, with an intensity ratio higher
by 5.3 times in area 1 as compared with area 2. From the frequency value of the A;; peak,
we can conclude that WS, crystallites with more than three layers are formed.
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Figure 5. Micro-Raman spectra at the excitation radiation wavelength of 633 nm for sulfurized
(a) pr¥ and (b) pr*¥$? thin films. Some of the double-resonant Raman bands are highlighted in green.

Analyzing the m-Raman spectra of the sulfurized pr"52 sample, we can infer that

the formation of the hexagonal WS, crystalline phase is evident, with peaks aligning with
those found in bulk WS;. The silicon substrate’s Raman peak intensity indicates that this
sample is thinner than the sulfurized pr"V sample, with intensity ratios higher by 6.0 to
32.2 times for different analyzed areas. In this case, as well, from the frequency value of the
Ajg peak, we can conclude that monolayer WS; was not obtained.

3.2.4. Investigation of Sulfurized pr'V and prW52 Thin Films Using SEM and EDX

Scanning electron microscopy provided important insights into the surface morphol-
ogy and composition of sulfurized pr"V and pr'V5 samples (Figure 6). The SEM images
for the sulfurized pr" thin film reveal a surface composed of nanometric clusters. These
clusters are predominantly planar with an average size of 50 nm, interspersed with fewer
vertical clusters averaging 1 pum in size. In contrast, the sulfurized pr'V>? thin film shows a
smooth uniform surface with few nanometric clusters.

To further elucidate the composition of these sulfurized thin films, energy-dispersive
X-ray was employed. The EDX analysis, within the limits of its precision, provided the
compositions listed in Table 2. Given that the WS, phase was confirmed by XRD, it is
plausible that a nanometric layer of W (or WSx, where x < 1) that could not be sulfurized
remained at the interface with the substrate.

Table 2. The composition of the sulfurized thin films determined by EDX.

Sample Composition

Sulfurized pr*¥ W76524
Sulfurized pr*Vs? Wo3Sy
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(a) (b)

Figure 6. SEM images of the surfaces of (a) pr"¥ and (b) pr'V*2 sulfurized samples.

3.2.5. Investigation of Sulfurized pr" and prV5? Thin Layers Using AFM

AFM images reveal that the sulfurized layers comprise non-uniform agglomerations of
particles, resulting in a significant increase in surface roughness across the examined areas.
The sulfurized pr'V sample is characterized by an average particle size of approximately
50 nm, with the surface roughness varying between 0.9 nm and 12.3 nm, as shown in
Figure 7a. Similarly, the sulfurized pr*V>? sample exhibits the same average particle size,
but with a surface roughness ranging from 2.2 nm to 4.7 nm, as illustrated in Figure 7b.

(b)

Figure 7. AFM images of the surface of sulfurized samples: (a) pr'V and (b) pr'Vs2.

3.2.6. Investigating the Sulfurized pr'V and pr'¥52 Thin Films by X-ray Photoelectron
Spectroscopy (XPS)

The XPS spectrum for the deep levels of interest of W (4f5/, and 4f; ;) in the sulfurized
prV sample is displayed in Figure 8a. The dominant component in the W 4f spectrum
represents WS, at binding energies of 31.5 eV (4f;/,) and 33.5 eV (4f5/;), accounting for
approximately 53% of the integral amplitude. The components at binding energies of
32.8 eV (4f;/7) and 34.8 eV (4f5/;) are associated with W, the undercoordinated WS,, and
surface defects. The last two components associated with W-O bonds represent ~16% of
the W total. A significant Na 2p contribution overlaps with the W 4f spectrum. This could
be due to contamination during sulfurization.

In both the W 4f and S 2p spectra (Figure 8b), the WS; components are represented
with blue lines. The ratio between the integral amplitudes of S/W is 1.9, showing that on
the surface the stoichiometry is close to ideal in the compound, while the overall S/W ratio
is 1.4. Besides W-S, there is also a contribution from sulfur not bound to W, representing
about 20% of the total spectral amplitude. From the S 2p/Si 2s ratio (6.8), after correcting
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intensities to the photoionization cross-section, it is evident that the substrate coverage is
sparse, indicating a non-uniform film.

W 4f /
® Experimental data {
—Wws,

— defects/WS,_,

® Experimental data
— WS,
— SIW

WO,
— WO,
— fitline

— fitline

—— Na 2p

XPS intensity (a.u.)
XPS intensity (a.u.)

T T T T T T T T
45 40 35 30 25 20 170 166 160 155 150
Binding energy (eV) Binding energy (eV)

(a) (b)

Figure 8. XPS spectrum for the deep levels of (a) W (4f5,, and 4f; ;) and (b) sulfur (2p;,; and 2p3,,)
in the er sulfurized thin films.

The XPS spectra for the sulfurized pr"V5? film do not exhibit measurable peaks for the
deep levels of interest for tungsten and sulfur, and the surface of this sample is dominated
by O, Si, and C. In the case of naturally oxidized Si, W-Si interaction is very strong since Si
is a very mobile species, so the W atoms tend to migrate deeper in the substrate.

4. Conclusions

This study successfully produced ultrathin films of WS, from both W and WS, precur-
sors using a new approach for sulfurization, namely a confined space of a small, closed,
graphite box. Better results were obtained through the sulfurization of the W precursor.
These thin films were characterized as textured using X-ray diffraction, and the WS, crys-
tallites grew with their (O0L) planes preferentially oriented parallel to the substrate surface.
Additionally, a deviation from parallelism in the range of [-7.2, +7.2]° was observed.
Micro-Raman spectroscopy provided valuable insights into the crystalline nature of the
sulfurized films. For the W precursor, the resulting WS, phase was identified as being
crystallographically similar to bulk WS,, with variable layer thickness across different
sample areas. SEM and AFM analyses indicated the presence of nanometric clusters on the
surface of the sulfurized films, contributing to increased surface roughness. XPS analysis
for the sulfurized W precursor samples revealed that the dominant components in both
the W 4f and S 2p spectra are represented by WS,. Overall, this research demonstrates the
feasibility of producing ultrathin WS, layers with potential applications in electronics and
optoelectronics. Further investigations into optimizing the sulfurization conditions could
lead to improved control over the properties of WS, layers for specific applications.
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