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Abstract

Two-dimensional transition metal dichalcogenides (TMDCs) require highly controllable
and scalable synthesis methods for successful integration into next-generation optoelec-
tronic technologies. This study presents a modified two-step thermally assisted conversion
approach for synthesizing 2D tungsten diselenide (WSey) by introducing an intermediate
UV-ozone treatment. Magnetron-sputtered tungsten films are exposed to UV-ozone, con-
verting the precursor into a uniform, dense layer of amorphous tungsten trioxide (WO3)
prior to the selenization process via chemical vapor deposition. X-ray photoelectron spec-
troscopy and Raman spectroscopy confirm the complete phase transition from the oxidized
precursor to the 2H-WSe; crystal lattice. Morphological evaluations utilizing transmis-
sion electron microscopy and atomic force microscopy demonstrate that the ozonated
precursors yield highly uniform, triangular flakes exceeding 5 pm in lateral size, effectively
eliminating the unreacted WOj3 phases observed in untreated samples. Furthermore, the
intermediate oxidation step finetunes the electronic band structure; the resulting WSe,
exhibits an enhanced p-type character with a valence band maximum shift to 0.35 eV, a
tuning attributed to residual oxygen doping. Optical characterizations reveal significantly
improved transmittance in the visible spectrum, accompanied by excitonic absorption
shifts indicative of reduced layer dimensionality. This intermediate ozonation strategy
provides a highly effective pathway for producing high-quality WSe; nanosheets with
tailored structural and optoelectronic properties.

Keywords: thermally assisted conversion; UV-ozone treatment; thin films; WSe,; XPS; TEM

1. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have attracted great
attention due to their unique electronic, optical, and mechanical properties [1,2]. Unlike
graphene, which is restricted by its lack of a natural bandgap, TMDCs can be engineered to
have a highly functional bandgap. Most notably, they undergo a transition from an indirect
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bandgap in their bulk form to a direct bandgap when scaled down to a single monolayer [3].
This allows precise tuning of their electrical and optical behavior. TMDCs possess extremely
strong light-matter interactions. They offer excellent photoluminescence and can efficiently
absorb and convert light, making them vastly superior to traditional silicon-based structures
for certain photonic applications [4]. TMDCs feature strong in-plane covalent bonds but
weak out-of-plane van der Waals forces, allowing them to be exfoliated into incredibly
thin, robust sheets. These sheets possess high mechanical strength, tremendous strain
tolerance, and high conformability, meaning they can be bent and stretched without losing
their structural integrity [5]. TMDCs naturally exhibit high charge carrier mobility and a
high current on/off ratio, which are essential for creating fast, low-power electronics [6].

Tungsten diselenide (WSejy), a prominent TMDC, exhibits a layered hexagonal crystal
structure, with each layer consisting of a plane of transition metal atoms (W) sandwiched
between two planes of chalcogenide atoms (Se). Within each layer, atoms are held to-
gether by strong covalent bonds, while the adjacent layers are bound by weak van der
Waals forces [7]. This unique arrangement enables easy exfoliation into two-dimensional
(2D) forms, providing opportunities for tuning its properties and enabling device inte-
gration. WSe, exhibits excellent semiconducting behavior, transitioning from an indi-
rect bandgap of approximately 1.2-1.3 eV in its bulk (3D) form to a direct bandgap of
around 1.6-1.8 eV in its monolayer (2D) form [8,9]. Additionally, it demonstrates high
carrier mobility (>150 cm? V~! s~1) compared to the bulk WSe, [10], alongside strong
spin—orbit coupling and photoluminescence [11]. These properties make it highly suitable
for applications in electronics, valleytronics [12], optoelectronics, energy conversion, and
sensing technologies [13-15].

The integration of two-dimensional transition metal dichalcogenides into next-
generation technologies requires highly controllable and scalable synthesis methods. While
traditional bottom-up synthesis methods like chemical vapor deposition (CVD) [16-19],
metal-organic CVD (MOCVD), and Molecular Beam Epitaxy (MBE) [20,21] can yield high-
quality crystals, they frequently encounter challenges related to slow nucleation rates and
complex mass-transport dynamics. To address these limitations, the two-step conversion
(25C) technique—also widely referred to in the literature as thermally assisted conversion
(TAC) or two-step CVD [22,23]—has emerged as a highly versatile and scalable alternative
for large-area thin film production. However, traditional TAC approaches often suffer from
incomplete phase conversion, leaving unreacted precursor phases in the final material.

To overcome synthesis barriers, our approach introduces an intermediate UV-0zone
treatment that converts the W layer into a dense, uniform amorphous WQOj layer prior
to selenization. This effectively eliminates unreacted WOy phases and enables precise
morphological control. Statistical analysis of flake lateral sizes quantitatively confirms the
impact on WSe, growth kinetics: while untreated samples exhibit lateral sizes predom-
inantly between 1.5 pm and 3.5 pm (terminating near 5.0 um), the UV-ozone treatment
drastically shifts the distribution toward larger dimensions. Treated samples display a
primary peak between 4.0 um and 5.0 pm, with a substantial population of flakes reaching
up to 12.0 um. These findings substantiate that this modified precursor oxidation method-
ology effectively promotes the expansive two-dimensional lateral growth necessary for
advanced optoelectronic integration.

Further, we employed various characterization techniques, including optical spec-
trophotometry, Raman spectroscopy, TEM, X-ray photoelectron spectroscopy (XPS), and
atomic force microscopy (AFM), to analyze the synthesized WSe, flakes. The primary
goal is to evaluate the additional step during the TAC synthesis and to produce WSe,
nanosheets with tailored lateral sizes and thicknesses, which can enable further integration
into advanced electronic and optoelectronic devices.
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Here, we report details of 2D WSe; flake synthesis—from W layer deposition through
intermediate ozone treatment of the W precursor layer to selenization. Next, compar-
ison analysis performed by transmission electron microscopy (TEM) and atomic force
microscopy (AFM) reveals different flake sizes (in times). Analysis of XPS and Raman
modes confirm the synthesized material quality in 2D form. Ultimately, the primary goal
of this study is to evaluate the structural, morphological, and optical improvements im-
parted by this intermediate UV-ozone step, presenting a robust pathway for producing
high-quality WSe, nanosheets tailored for next-generation devices.

Positioning Relative to Existing Synthetic Frameworks

The novelty of our synthesis approach is that the UV-ozone step is applied to the
tungsten precursor before selenization, to set the oxidation state of a uniform amorphous
WOj3 conversion layer, rather than being applied to an already-formed WSe, for surface p-
doping/layer-thinning. To clarify the novelty of the present route, Table 1 contrasts it with
the principal established methods for producing WSe; and with prior uses of UV /ozone
oxidation in WSe; processing.

Table 1. Comparison of WSe, synthesis/oxidation strategies.

Precursor & Typical Lateral . Doping/Band
Approach Oxidation Control Flake Size Phase Purity Control Ref.
Direct CVD (WO3 WO; povyde.r . WOj; residue e
source; no in situ um-scale, variable none intrinsic [16,17]
powder + Se) o common
oxidation control
gas/solid sources; 5 . .
MOCVD/MBE growth-condition szﬁgﬁcarlgiglsm’ high ‘éiﬁjﬁ‘g’i‘ [20,21]
control &
Standard .
metallic W;
TAC/25C uncontrolled Hm (<3 pm mixed WSe; /WO3 none [16]
(sputtered W — native oxide here)
selenization)
fi\i/s-ﬁzgr{/f]gg ozone on formed strong but
(FET p- 2 WSe,; surface post-growth (n/a) surface only surface-confined, [22]
doping/thinning) acceptor self-limiting
UV-ozone of the W sputtered W — . .
precursor uniform . smgle—pha.se (no lattace—O .
before amorphous WO >5 pum triangles WOx in p-doping, VBM [This work]
. J3 SAED/HR-TEM) 0.50 — 0.35 eV
selenization (1-3 nm, self- limiting)

2. Materials and Methods
2.1. Synthesis Method

The synthesis approach (Figure 1) follows the two-step conversion/thermally assisted
conversion (TAC) method [21]: First the tungsten layer has been deposited on quartz/fused
silica substrates by magnetron sputtering. The sputtering process used an applied power
of up to 300 W in a vacuum chamber at a pressure of 6 x 10~! torr providing the sputtering
deposition time of 8 s. The deposited tungsten films were then converted to WO3 by an
intermediate ozonation step for 20 min. The UV-ozone treatment was performed in a
closed chamber with atmospheric pressure and at room temperature. The UV source emits
UV radiation with a wavelength of 184.9 nm, which is absorbed by oxygen (O;) to produce
ozone (O3), and UV radiation with a wavelength of 253.7 nm, which is absorbed by the
O3 product, causing it to decompose into O, and a free oxide ion (O*). Freshly deposited
or air-exposed tungsten is often hydrophobic due to airborne hydrocarbon adsorption.
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UV-ozone breaks these carbon bonds, replacing them with polar hydroxyl (-OH) groups.
Metallic tungsten naturally forms a native oxide layer (WOy) in air. UV-ozone strips
away the loose, non-uniform native oxide and replaces it with a highly dense, uniform,
and amorphous tungsten trioxide WOs3 surface layer. The reaction is diffusion-limited.
At room temperature, the growth of the oxide layer typically saturates at a thickness of
1 to 3 nanometers, even with extended exposure times.

-, W Target

-. ,,.o'_.-.b :‘.a. ..
P ': %3 Sputtered W
oger’ Atoms
S
Sputtering e e - 0,
Gas ve % . .
Fused Silica ™~ Thin W Film W W W W W
Substrate I
WOy
Quartztube  Heating Heating Heating
N\ Zonel Zone 2 Zone 3
Carrier Gas < N 1 e .
- - — e - '
e —_—t e, B - F
// 2 A
Se Source WOy

Figure 1. Synthesis steps of WSe; flakes using intermediate ozonation treatment.

The selenization was performed in a three-heating-zone CVD system with a & 5.5 cm
horizontal quartz tube reactor in order to convert ozonated tungsten (WO) film or W film
to WSe,. Inside the reactor, one gram of selenium (Se) powder with a purity of 99.999%
was placed in the first zone. No more than 5% of it evaporates during the experiment. The
tungsten oxide (WOx)-layered sample was placed in the middle heating zone, whereas
the final zone was left empty. While maintaining one atmosphere of pressure, a mixture
of Ar/Hj; (9:1 ratio) at a flow rate of 150 sccm is set to pass through the tube during
the synthesis process. In the first 30 min, the gas flow is left running to ensure a pure
environment within the chamber. Only then is the heating process initiated with the
following target temperatures for each zone, 280 °C, 660 °C and 680 °C, respectively. The
final zone is also heated even though it remains empty in order to preclude any interference
due to a temperature differential with others. The three zones are aligned so that they
reach the set peak temperatures simultaneously in 15 min. The sample zone and the empty
one are kept at peak temperature for 30 min, after which they are left to cool down to the
temperature of the Se zone, which is maintained at peak temperature throughout synthesis.
The synthesis takes an additional 90 min, so the selenium vaporization runs for 2 h in total.
Finally, all three zones were cooled down to room temperature.

2.2. Characterization Methods

The visualization of the morphology and phase composition of WSe; films were per-
formed using a JEOL JEM 2100 Transmission Electron Microscope (Tokyo, Japan). For
this purpose, the films were transferred onto a standard copper TEM grid by using ther-
mal release tape. Three microscope modes were applied for the analysis—bright-field
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transmission electron microscopy (BF-TEM), selected area electron diffraction (SAED)
and high-resolution transmission electron microscopy (HR TEM). For TEM analysis, an
additional sample preparation step was added—using adhesive tape, the layer was me-
chanically exfoliated and transferred over carbon-coated copper TEM grid substrate. The
X-ray photoelectron spectroscopy (XPS) studies were performed in a VG Escalab MKII
electron spectrometer (East Grinstead, UK) using achromatic AIK« radiation with energy
of 1486.6 eV under base pressure 10~8 Pa and a total instrumental resolution 1 eV. The
binding energies (BEs) were determined utilizing the Cls line as a reference with energy of
285.0 eV. The accuracy of the measured BE was 0.2 eV.

Raman spectra were collected at a HORIBA Jobin Yvon Labram HR visible spectrome-
ter (Kyoto, Japan) in backscattering geometry, using 632.8 nm excitation laser light.

An MFD—3D Asylum Research (Oxford Instruments, High Wycombe, United King-
dom) was used to measure the topography, with a chosen mode—non-contact and environ-
mental conditions. Cantilevers used were standard silicon probes (AC160TS-R3) operating
at frequency 300 kHz with spring constant of 26 N/m. AFM was used to analyze the
thicknesses and the corresponding height profiles of synthesized WSe; flakes.

The optical transmittance spectra were measured at room temperature using an
Ultraviolet—Visible-Near-infrared (UV-VIS-NIR) spectrophotometer Cary 5E (Cary, NC,
USA) in the wavelength range of 200 nm to 1000 nm.

3. Results
3.1. Raman Analysis

A Raman spectrum of WSe, (with and without intermediate precursor treatment)
is shown in Figure 2. The Raman modes of WSe;’s 2H structure feature two peaks Elzg
(in-plane vibration of W and Se atoms) and Aj¢ (out-of-plane vibration of Se atoms). They
both have rather similar frequencies resulting in two almost overlapping peaks [20,24]. Due
to the resonance effect with excitonic origin, WSe, spectrum contains a very-intense second-
order feature: the 2LA(M) at 255-260 cm ™! which has strong layer dependence. The 2LA(M)
band is considered as a signature of 2H-WSe;. In addition, several second-order peaks are
located at ~140 cm~1, ~241 cm~1 and ~375 cm™!. The shoulder at ~251 cm ™1 corresponds
to the Ajg mode, while the Elzg mode is distinguishable as a faint shoulder at ~249 cm L.
Van der Waals forces are expected to result in the activation of an additional peak around
304-310 cm ™! (corresponding to the forbidden Byg mode). The presence of such a Raman
peak has been reported to be related to the interlayer interaction, but none was detected in
this measurement, confirming that the investigated flakes consist of monolayers. The peaks
observed at 141 and 375 cm ™! have been assigned to the combination modes A1z — LA(M)
and E! 2¢ + LA(M), respectively [25]. Comparing the Raman spectra of the two samples
(with and without intermediate treatment), all the characteristic peaks match, confirming
there is no microstructural difference between them.

3.2. XPS Analysis

The high-resolution XPS spectra for the Tungsten (W4f) and Oxygen (Ols) core lev-
els across four distinct material states were deconvoluted, and the results are shown in
Figure 3. This figure provides step-by-step visual confirmation of the chemical transfor-
mations that thin films undergo during synthesis. For the W precursor film (W/FS), the
W4 core spectrum even before intentional oxidation, the dominant doublet (the two large
purple peaks around 35-38 eV) is characteristic of a highly oxidized state (W®"), indicating
that the surface is heavily composed of WO3. The smaller fitted peaks at lower binding
energies (orange and green lines) show that trace amounts of sub-oxides (like WO,) and
metallic tungsten are still present. A strong Ols peak confirms this native surface oxidation.
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The asymmetric shoulder (fitted in green) typically corresponds to surface hydroxyl groups
(-OH) or adsorbed water agglomerates [26]. For the UV—ozone-treated W precursor layer
(WOxy) following the ozone treatment, the W 4f lower-binding-energy shoulders represent-
ing metallic W and sub-oxides have nearly vanished. The spectrum is clearly dominated
by the W doublet. This proves the ozonation process was successful in fully oxidizing
the previously unreacted tungsten into WOj3. The Ols profile remains consistent with the
initial layer, reflecting the established WOj lattice and standard surface adsorbates. Ozone
treatment leads to the oxidation of the previously unoxidized W. There is a dramatic shift of
the primary W4f doublet to lower binding energies (around 32-35 eV) for WSe; synthesized
from W precursor layer (W + Se). This sharp, prominent doublet is the classic signature
of the W** state, confirming the successful formation of the WSe; crystal lattice. A small,
broad background feature (purple line) indicates that only trace amounts of residual WO3
remain. While oxygen is still detected, the Ols peak shape has narrowed significantly. This
suggests that the chemical environment has changed and the dominant surface chemistry
is now governed by W-Se bonds rather than W-O bonds. For WSe; synthesized from the
ozonated W precursor layer (WOx + Se), the W4f spectrum displays the strong, characteris-
tic WSe, doublet. This is an important result—it demonstrates that even a fully oxidized
WOj; precursor layer can be successfully converted into 2D WSe; under our selenization
conditions. The Ols oxygen spectrum here is more complex, requiring multiple fitted peaks
(green, orange, and brown). This points to a diverse residual oxygen environment, which
could include trapped unreacted WO3, surface water, or possibly intermediate transition
states, though the W4f spectra confirm the bulk of the material has successfully converted
to the dichalcogenide.

20000 | 2LA(M)— no O, treat
] 259 " — O, treated
18000 -}
16000 -}
] Arg
S 14000 N\
\(_D; J
> 12000 -
g ]
® 10000~
£ ]
8000
1 1
+
6000 EpgtLAM)
1 397
4000 - 375
2000 -
] T T T T T T T T T T T T T
100 150 200 250 300 350 400 450

Raman (cm™)

Figure 2. Raman spectra comparison of WSe, (with and without intermediate (UV-ozone) treatment
of the precursor W layer).

The figure effectively proves two main points: first, that the ozone treatment success-
fully unifies the precursor into pure WO3, and second, that our selenization process is
highly effective at driving the phase transition to WSe,, regardless of whether the starting
material is natively oxidized W or fully ozonated to WOj.
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XPS is highly sensitive to interface details and is a preferred method for determining
band offsets. Following the Kraut approach [27], where core-level shifts act as a proxy
for the valence band maximum (VBM), we estimated the VBM by linearly extrapolating
the leading edge of the valence band spectra to the zero-level background. As shown in
Figure 4, the initial W and W(O3) samples exhibited a deep VBM of 3.00 eV, confirming the
highly oxidized, wide-bandgap nature of the precursors.

30 35 40

W4f

La)
9000

6000
3000

9000
6000
3000

4000
3000
2000

1000

2000
1500
1000

500

30 35 40 45 530 535 540
Binding Energy, eV

Figure 3. Photoelectron spectra of W4f (left) and Ols (right) for (top to bottom): (a) bare W layer,
(b) ozonated W layer (WO3), (c) W after selenization (WSe;), and (d) ozonated W(WO3) after
selenization (WSe;,) (ordered from top to bottom). Raw data (black lines) were deconvoluted and
plotted (colored lines) in an intensity (a.u.) vs. binding energy (eV) diagram.

Following selenization, the VBM shifted significantly to 0.50 eV for the WSe; sample
and 0.35 eV for the W(O3)Se; sample. This pronounced shift confirms the phase transition
to the transition metal dichalcogenide lattice. Because both values are close to the Fermi
level, both films behave as strong p-type semiconductors. Notably, the W(O3)Se; sample
exhibits a stronger p-type character (0.35 eV), which is likely driven by the higher retention
of residual oxygen acting as a p-type dopant within the lattice.

This precursor-dependent tunability of the electronic band structure is highly advan-
tageous for specialized device integration. The stronger p-type character achieved via the
WOj3; pathway lowers the energy barrier for hole transport, optimizing hole extraction
for photovoltaic and optoelectronic applications. Conversely, the localized defect states
introduced by the residual oxygen serve as active surface adsorption sites, which can
enhance the sensitivity and response times of gas and humidity sensor platforms.
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Figure 4. High-resolution XPS valence band spectra near the Fermi level (0 eV) for the initial
precursors and the synthesized WSe, films. The VBM for each sample was estimated using the linear
extrapolation of the leading edge of the spectrum to the baseline. Both the initial native W (black line)
and UV-ozone-treated W (red line) precursor layers exhibit a deep VBM at approximately 3.0 eV,
typical of heavily oxidized surfaces. Following the selenization process, the VBM shifts significantly
toward the Fermi level, evaluating to 0.50 eV for the WSe, grown from the native W layer and 0.35 eV
for the WSe, grown from the ozonated WOj layer.

Figure 5 shows a comparative visualization of the W4f core level, clearly illustrating the
chemical shifts that occur when converting precursor layers into the final two-dimensional
transition metal dichalcogenide WSe,. The native W and UV-ozone-treated W exhibit
nearly identical spectral profiles. The dominant peaks are located at 36.0 eV and 38.3 eV.
These correspond to the 4f;/, and 4f5 , spin-orbit doublet of the W®* oxidation state. This
confirms that, at the probing depth of the XPS, both the initial native tungsten layer and the
UV-ozone-treated layer are heavily oxidized, functioning essentially as WOj3 precursors
prior to the synthesis step.

9000
36.0 eV
8000 W4f
W

7000 ~ 38.3eV W (UV-ozone)
—~ 6000
5 WSe, (WOj)
& 5000
2
g 4000 4 32.6 eV
] 34\7 eV
[
= 3000

2000

1000

0- T T T T

45 40 35 30 25
Binding Energy, eV
Figure 5. High-resolution XPS spectra of the W4f core level for the initial precursors and the final
synthesized layers.

The WSe; selenized from W and those selenized from WOj3 show a dramatic shift to
lower binding energies. The new primary doublet emerges at 32.6 eV and 34.7 eV. These
values are the characteristic 4f;/, and 4fs,, binding energies for the W** state. This shift
provides definitive proof of the successful phase transition and formation of the WSe;
crystal lattice. The chemical reduction from W to W** is clearly visible.

As shown in Figure 6 both WSe; grown from native W and WSe; grown from ozonated
WOj3 precursor exhibit a prominent, sharp peak centered at 55.2 eV to 55.3 eV. This specific
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binding energy is the definitive signature of the Se?~ oxidation state, confirming that the
selenium atoms are appropriately bonded to tungsten within the WSe; crystal lattice. The
Se 3d core level consists of closely spaced spin-orbit components (3ds/, and 3d3/7), which
often appear as a single broad or partially resolved peak. The symmetrical, narrow, and
clean shape of the peaks here suggests a highly uniform chemical environment for the
incorporated selenium atoms in both synthesis conditions. The baseline remains flat at
higher binding energies (e.g., in the 58-60 eV range). This indicates that the surfaces of
the synthesized films are completely free of oxidized selenium phases (such as SeO;). The
selenium is entirely present in the desired Se?~ state.

55.3 eV

3000 Se3d

WSe, (WO,)

2500
55', 2000
= 55.2 eV
[72)
o
ko)
£ 1500 4

1000

500 T T T T
50 55 60 65

Binding Energy, eV

Figure 6. High-resolution XPS spectra of the W4f core level for the WSe; synthesized with W and
UV-ozone-treated W (WO3) precursors respectively.

The W4f and Se3d photoelectron spectra of both 2D WSe; are in accordance with
previously reported results [28].

The quantitative XPS analysis presented in Table 2 details the surface elemental
composition (W, Se, and O atomic percentages) and structural ratios of the films before and
after the selenization process. The data reveals three primary findings:

(i) Precursor Oxidation State: The initial films—both the native W/FS (Sample 1) and the
UV-ozone-treated W(O3)/FS (Sample 2)—exhibit very-high oxygen concentrations
(~68-72 at.%) and nearly identical W/O ratios (0.27 and 0.30). This confirms that both
precursor surfaces are heavily oxidized prior to the synthesis step.

(if) Successful WSe, Stoichiometry: Following selenization, Samples 3 and 4 show suc-
cessful integration of selenium and a sharp decrease in the W/O ratio. The atomic
W /Se ratios for the resulting WSe; /FS (44.7 & 0.1%) and W(O3)Se; /FS (45.6 £ 0.2%)
films are highly consistent. These values are in agreement with the theoretical 1:2
stoichiometric ratio expected for crystalline WSe;, confirming the robustness of the
synthesis method across different starting materials.

(iii) Precursor-Dependent Residual Oxygen: While the selenization is structurally success-
ful for both pathways, the choice of precursor affects the residual composition. The
sample derived from the ozonated precursor (Sample 4) exhibits a significantly lower
W /O ratio (0.04) compared to the native-W-derived sample (0.10). This indicates
a higher relative retention of residual oxygen in the W(O3)Se, film, which corre-
lates directly with the p-type defect doping and VBM shifts observed in the valence
band spectra.
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Table 2. Elemental composition (at. %) and atomic ratios of the precursor films and synthesized WSe;
layers on fused silica (FS) substrates, determined via XPS analysis.

Sample W, at.% Se, at.% 0O, at.% W/Se, % W/O0

(1) W/FS 19.67 - 72.34 0.27

(2) W(O3)/FS 20.67 - 68.18 0.30
(3) WSe, /FS 5.58 12.46 55.07 44.7 +£ 0.1 0.10
(4) W(O5)Se, /FS 2.93 6.42 64.26 45.6 +0.2 0.04

Oxygen acts as an acceptor in WSe, through two physically distinct channels, and the
present data allow them to be at least partially decoupled. (i) Surface-adsorbed oxygen,
physisorbed O, /H,0 and loosely bound surface oxide withdraws electrons from the WSe;
surface by charge transfer, producing a reversible, self-limiting surface p-doping. This is
the mechanism exploited in UV /ozone and O,-plasma treatments of finished WSe,, where
the oxide forms a self-limiting acceptor overlayer and the doping saturates with the oxide
thickness [3,9,11,20,22]. (ii) Lattice-incorporated oxygen—oxygen substituting for selenium
or occupying interstitial /vacancy sites, i.e., forming W-O bonds within the chalcogenide
framework—introduces deeper, spatially fixed acceptor states and shifts the Fermi level
toward the valence band in a manner that is not removed by desorption. Our XPS data
point to a contribution from the second, lattice channel in the WOj3-derived film. First,
the W(O3)Se; sample retains substantially more oxygen than the native-W-derived film
(W/O ratio 0.04 vs. 0.10; Table 2) while both reach the correct W:Se » 1:2 stoichiometry
and the W** chemical state, so the extra oxygen is accommodated in a WSe,-dominated
matrix rather than as bulk unreacted WOj3; (which the W4f spectra do not support). Sec-
ond, the Ols envelope of W(O3)Se; requires multiple components (Figure 3d), consistent
with a distribution of oxygen environments—trapped oxide, surface adsorbates, and W-O
bonding within the lattice—rather than a single physisorbed species. Third, the valence
band maximum shift is larger for the ozonated route (0.35 eV vs. 0.50 eV; Figure 4), i.e.,
the additional, more strongly bound oxygen correlates with a stronger, more persistent
p-type character than surface adsorption alone would give. This is consistent with reports
that controlled surface/lattice oxidation converts WSe; into a robust p-type semiconductor
with low-resistance hole contacts [9,11,22]. Density-functional-theory calculations of substi-
tutional O for Se and interstitial O in a 2H-WSe; supercell—reporting the defect formation
energy and the position of the induced acceptor level relative to the valence-band edge,
and contrasting them with a physisorbed-O, configuration—would quantitatively separate
the lattice and surface contributions to the observed VBM shift.

Such a calculation is identified in a further work as the direct computational validation
of the proposed mechanism.

In summary, high-resolution XPS analysis confirms that high-quality 2D WSe; can
be successfully synthesized using both native W and UV-ozone-treated WOs3 precursor
layers. While both pathways yield the expected stoichiometry and characteristic W** and
Se?~ chemical states, the initial precursor composition provides a critical mechanism for
tuning the electronic properties of the final 2D layer. Specifically, synthesizing WSe; from
the fully oxidized WOj3 precursor introduces a distinct shift in the valence band maximum
(VBM) from 0.50 eV to 0.35 eV, alongside a higher relative retention of residual oxygen. This
precursor-dependent tunability of the electronic band structure and defect density is highly
advantageous for integrating these transition metal dichalcogenides into specialized device
architectures. The stronger p-type character and modulated band alignment achieved via
the WO3; pathway are directly beneficial for optimizing hole extraction in photovoltaic and
advanced optoelectronic devices. Furthermore, the localized defect states introduced by
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the residual oxygen can serve as active adsorption sites, offering a viable route to enhance
the response and sensitivity of gas and humidity sensor platforms.

3.3. TEM Analysis

To analyze the morphology, microstructure, and the phase composition of the syn-
thesized WSe, samples, transmission electron microscopy (TEM) studies were conducted
using a JEOL JEM 2100 microscope operating at an accelerating voltage of 200 kV. Three
TEM modes were employed: bright-field transmission electron microscopy (BE-TEM),
selected area electron diffraction (SAED), and high-resolution TEM (HRTEM).

Figure 7 illustrates the morphology of untreated WSe, samples at different magni-
fications. At 10 k magnification scale (Figure 7a), the image reveals a vaguely shaped
flake attached to the carbon layer of the grid, attributed to the manual exfoliation of the
selenized W layers and transfer onto the TEM grid. At higher magnification of 40 k the
flake morphology is highlighted in more details in Figure 7b. HR-TEM analysis at 600 k
magnification (Figure 7c) provides interplanar distances value 2.37 A, consistent with (013)
crystal planes of hexagonal WSe; (space group P63/mmc), according to the Crystallography
Open Database (COD) entry #96-900-9147.

by \
N

*(013) WSe; hexagonal, d=2.374

&

A e

(100) WSe, | (g)

-
¢ g

; e
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> (121) WSe, :
[011] zone axis WSe,

Figure 7. BF-TEM images of untreated sample (WSe;) at magnification of (a) 10 k, (b) 40 k and (c) 600 k
(HR-TEM). SAED patterns of the same sample from multilayer region (d) and from single layer (e).

SAED patterns further confirmed the crystalline nature of the flakes. The single
crystalline diffraction pattern (Figure 7e) indexed to the [011] zone axis demonstrates
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the integrity of the hexagonal WSe; structure. However, the diffraction pattern from
multilayer region (Figure 7d) revealed a co-existence of WSe; and WO; phases, with rings
corresponding to WSe, (COD #96-900-9147), as well as to WO3 (COD #96-100-4058). This
indicates the partial presence of tungsten oxides in untreated samples. The HR-TEM data
corroborated this observation, with certain interplanar distances corresponding to WOs3,
underscoring incomplete conversion during the synthesis process.

TEM analysis of ozone-treated samples, shown in Figure 8, highlights signifi-
cant change in flake morphology and single compound predominance. At 10 k and
40 k magnifications (Figure 8a,b), the images depict well-defined, uniform triangular crys-
talline islands. HR-TEM analysis at the 600 k scale (Figure 8c) confirms the presence of
WSe; with interplanar distances precisely matching the data from COD #96-900-9147. Im-
portantly, no WOx-related spacings were observed, indicating the efficacy of the ozone
treatment in reducing tungsten oxides before selenization.

—

(013) WSe, hexagonal, d=2.3

(100)WSe, | (€) i .
(1-20)

(110) WSe, Sk Yo
(1-10) - - (0-10) -
N . @ . .
. . (000)
(210) WSe,

= (300) WSe,
[001] zone axis WSe,

Figure 8. BF TEM images of ozonated sample (WSe; + O3) at magnifications of (a) 10 k, (b) 40 k and
(c) 600 k (HRTEM). SAED patterns of the same sample from multilayer region (d) and from single layer (e).

SAED patterns of the treated samples (Figure 8d,e) reaffirmed the hexagonal structure
of WSe,, with single crystalline diffraction pattern indexed to the [001] zone axis. The
absence of phases other than WSe, associated ones further corroborates the improvement
in structural quality due to ozone treatment.

The TEM characterization underscores the critical role of ozone treatment in improv-
ing the synthesis of WSe; flakes. Ozone-treated samples exhibit larger, more uniform
flakes with single compound predominance in the phase composition, as evidenced by
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the absence of WOX-related phases. These findings suggest that the intermediate ozona-
tion step effectively mitigates incomplete reactions and enhances the interaction between
tungsten and selenium atoms during the selenization stage. This advancement in synthesis
methodology provides a pathway for producing high-quality WSe; crystallites suitable for
applications in optoelectronics and nanoelectronics.

3.4. AFM Analysis

To evaluate the morphological changes induced by the tungsten precursor treatment,
flakes from both WSe, samples synthesized from ozonated W precursor (i.e., WO3) and
nontreated W precursor were analyzed using atomic force microscopy (AFM). Represen-
tative flakes of average size and typical triangular morphology were selected from the
main size distribution for accurate comparison. Figure 9 illustrates the topographical differ-
ences between the samples. The representative WSe, flake from nontreated W precursor
(Figure 9a) exhibits a lateral dimension of less than 400 nm along the cross-sectional slice,
with a corresponding peak height of approximately 20 nm. In contrast, the WSe; flake
synthesized from the ozonated (WQOj3) precursor (Figure 9b) demonstrates significantly
larger dimensions: a lateral span exceeding 5 um and a maximum height of roughly 100 nm
along the measured profile.

u.
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um

Figure 9. Comparison of AFM topography images of WSe, flakes, (a) from nontreated W precursor

— 20

100

\J |

-100

8

pm
pm

&

nm

Height
° w 3 & 3

layer and (b) following an ozonation step (WOj3 precursor layer), displaying characteristic triangular
morphologies. The corresponding height profiles extracted along the indicated red lines are presented
below each respective image.

To quantitatively evaluate the effect of the intermediate UV-ozone treatment on the
growth kinetics of WSe;, a statistical analysis of the flake lateral sizes was conducted
(Figure 10). The resulting size distribution histograms reveal a distinct enhancement in
lateral dimensions for the treated samples. For the standard synthesis route without ozone
treatment, the lateral sizes are predominantly concentrated between 1.5 ym and 3.5 um,
with the maximum observed flake size terminating near 5.0 pm. In stark contrast, in-
corporating the intermediate UV-ozone step significantly shifts and broadens the size
distribution toward larger dimensions. The WSe; flakes with intermediate ozone-treatment
exhibit a primary peak distribution between 4.0 um and 5.0 um, alongside a substantial
population of monocrystalline flakes exceeding 5.0 pm and reaching up to 12.0 um. These
statistical findings substantiate that the modified precursor oxidation methodology effec-

https://doi.org/10.3390/micro6030066


https://doi.org/10.3390/micro6030066

Micro 2026, 6, 66

14 of 18

6.2
100

3.1

tively promotes two-dimensional lateral growth, successfully yielding the larger WSe,
domains required for subsequent optoelectronic integration.
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Figure 10. (a) Statistical histogram illustrating the lateral size distribution of WSe; flakes synthesized
with the intermediate UV-ozone treatment. (b) Statistical histogram illustrating the lateral size
distribution of WSe; flakes synthesized without the intermediate UV-ozone treatment.

3.5. Optical Characterizations

To evaluate the impact of the UV-o0zone treatment on the optical properties and layer
thickness of the synthesized WSe; films, UV-Vis-NIR transmittance and absorbance spectra
(200-1000 nm) were recorded using a Cary 5E spectrophotometer (Figure 11).
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Figure 11. (a) UV-Vis-NIR transmittance spectra and (b) corresponding absorbance spectra of the
fused silica (FS) substrate, the initial W precursor layer, the UV-ozone-treated W layer (W + Os3), and
the WSe; layers synthesized via selenization from both the nontreated (WSe; [W]) and ozone-treated
(WSey [W + O3]) precursors.

As shown in the transmittance spectra (Figure 11a), the bare fused silica substrate
and the initial ultra-thin precursors exhibit high transparency. Notably, the UV-ozone
treatment of the tungsten precursor (W + O3) enhances transmittance in the 200-450 nm
UV range, indicating the partial oxidation of metallic tungsten into a wider-bandgap,
highly transparent tungsten oxide (WOy) phase. Following selenization, the WSe; layer
synthesized from this ozonated precursor (WSe; [W + Os]) demonstrates a distinctly
higher transmittance profile across the visible spectrum compared to the film grown from
the pristine precursor (WSe; [W]). This increased transparency is highly consistent with
the pronounced morphological expansion and structural changes observed during the
AFM analysis.

These structural modifications also profoundly influence the fine absorption charac-
teristics of the WSe; layers. As depicted in the absorbance spectra (Figure 11b), interlayer
coupling effects and layer thickness can be effectively investigated by examining specific
excitonic features. In the nontreated WSe, samples, the primary excitonic absorption peaks
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A and B, which originate from direct bandgap transitions at the K point of the Brillouin
zone, are located at approximately 749 nm and 600 nm, respectively [29]. The energy sepa-
ration between these peaks reflects the magnitude of the spin-orbit interaction within the
lattice [30]. Upon introducing the UV-Oj3 treatment to the precursor, these peaks undergo a
distinct wavelength shift to 773 nm and 613 nm.

Furthermore, the spectra reveal higher-energy absorption peaks A’ and B at 529 nm
and 440 nm (shifting to 552 nm and 444 nm post treatment). These features are excitonic
in nature and arise from the splitting of the ground and excited states of the A and B
transitions. This splitting is driven by both inter- and intralayer perturbations to the
tungsten d-electron band by the extensive overlap with adjacent selenium p-orbitals. The
persistence of the A’ and B’ peaks, characteristic even in monolayer regimes, suggests that
this splitting is predominantly governed by intralayer effects [31,32].

In the WSe, sample synthesized from the pre-ozonated W layer, a distinct tendency
for peaks B and A’ to converge is observed. This convergence, alongside the broader
spectral shifts governed by geometrical confinement and potential localized strain of the
excitons [33,34], serves as a strong indicator of a reduced number of layers. Overall, the
combined optical data confirms that the pre-ozonation of the W precursor facilitates the
fine-tuning of the final WSe, thickness, yielding highly transparent layers with distinctly
shifted excitonic absorption profiles [35].

3.6. Photoluminescence Spectroscopy Analysis

To further evaluate the excitonic properties and optical quality of the synthesized
films, photoluminescence (PL) spectroscopy was conducted on the UV-ozone-treated WSe,
layers using a 532 nm excitation source. The PL spectrum (Figure 12) exhibits a prominent
emission peak centered at 603 nm. This emission corresponds to the B-exciton radiative
recombination, which originates from the direct transition between the conduction band
and the deeper, spin—orbit split valence band at the K point of the Brillouin zone. The
spectral position of this PL peak is in excellent agreement with the excitonic absorption
feature B (~613 nm) previously identified in the UV-Vis-NIR absorbance spectra. The
presence of distinct B-exciton emission corroborates the high crystalline integrity, the strong
spin-orbit coupling, and the robust excitonic nature of the 2D WSe, synthesized via the
intermediate UV-o0zone precursor modification approach.
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1500 L 1 L 1 L 1 L 1 L
1250
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2 1000
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Figure 12. Room-temperature photoluminescence spectrum of the WSe, synthesized via the interme-
diate UV-ozone route, measured under 532 nm excitation. The emission maximum at Aem ~603 nm
(~2.06 eV) coincides with the B/A’ excitonic window resolved in the absorbance spectra (Figure 11b).
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4. Conclusions

We have successfully demonstrated a modified two-step thermally assisted conversion
method for the synthesis of 2D WSe,, highlighting the critical role of an intermediate UV-
ozone treatment of tungsten precursor. The conversion of the initial metallic tungsten film
into a dense WOj precursor layer prior to selenization significantly improves the structural,
morphological, and electronic quality of the final 2D material. Microstructural analyses
confirm that pre-ozonation promotes the growth of large, highly uniform triangular WSe;
flakes with average lateral dimensions exceeding 5 um. This step successfully resolves the
issue of incomplete phase conversion and mixed WO3/WSe, phases that frequently occur in
untreated samples. Spectroscopic measurements definitively show the formation of a pure
WSe; lattice. The intermediate oxidation strategy enables the fine-tuning of the material’s
electronic band structure, which directly benefits specific downstream applications. The
resulting WSe, synthesized via the WO; pathway exhibits an enhanced p-type character
with a valence band maximum shift to 0.35 eV, a tuning attributed to residual oxygen doping.
This stronger p-type character lowers the energy barrier for hole transport, optimizing
hole extraction for advanced photovoltaic and optoelectronic architectures. Conversely, the
localized defect states introduced by the residual oxygen serve as active surface adsorption
sites. This provides a highly viable route to enhance the sensitivity and response times of gas
and humidity sensor platforms. Optical studies corroborate these structural improvements,
displaying enhanced visible transmittance and distinct excitonic peak shifts consistent
with reduced layer thickness. Ultimately, this intermediate oxidation approach provides
a robust, scalable method for fine-tuning the dimensions and electronic properties of
WSe,, facilitating its future integration into advanced optoelectronic, photovoltaic, and
nanoelectronic devices.
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