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Abstract: We report the synthesis of tungsten diselenide (WSe2) flakes and continuous layers us-
ing an atmospheric pressure thermally assisted conversion (TAC) method, where the tungsten (W)
layers were pre-deposited by a magnetron sputtering system onto fused silica substrates. Optical
microscopy (OM) and atomic force microscopy (AFM) mapping predominantly revealed the forma-
tion of isolated flakes with different shapes, mainly concentrated near the substrate’s edges, which
tended to form clusters and to further overlap to continuous layers, moving to the central part of the
fused silica substrates. Raman spectroscopy and photoluminescence measurements confirmed the
existence of atomically thin flakes and 2H-WSe2 continuous layers. The measured current–voltage
characteristics indicated Ohmic behavior under dark conditions and photo illumination. Finally,
the demonstrated resistor-like behavior suggested unlimited prospects for WSe2 integration into a
variety of heterostructures.

Keywords: thermally assisted selenization (TAC) method; WSe2 flakes; triangular shapes; hexagonal-like
shapes; Raman; photoluminescence

1. Introduction

Transition metal dichalcogenides (TMDCs) are a large class of inorganic layered
materials composed of transition metals (such as molybdenum, tungsten, niobium, etc.)
sandwiched between two layers of chalcogen (sulfur, selenium or tellurium) atoms. The
strong in-plane covalent bonds and weak van der Waals bonds joining adjacent layers
determine the extraordinary electron mobility, capability to tune the bandgap via layer
numbers and extremely strong anisotropy, which open great potential for post silicon
industry and optoelectronic engineering, e.g., developing of field effect transistors, energy
storage devices, and highly efficient solar cells [1–5].

There are several well-developed techniques that have proved to be successful for
TMDC s production [6,7]. Among the most frequently used methods are: mechanical exfo-
liation [8] (the simplest top-down method; however, it is time-consuming and has a large
drawback of limited flake size); the chemical vapor deposition (CVD) method [9–12] (the
bottom-up approach, considered as the optimal growth method for crystalline monolayers
and large-area synthesis; however, it requires a high temperature process, which challenges
the thermal stability and limits the choice of substrates); and the molecular beam epitaxy
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(MBE) method [13] (another bottom-up approach that allows high purity and growth con-
trol, but that also has low throughput). The synthesis methods discussed so far suffer from
drawbacks, either in scalability, quality, or control of growth. In order to address some of
these issues and to accomplish the potential of TMDC’s materials, a synthesis route that is
controlled, scalable, and reproducible is required. A further prerequisite is the ability of the
materials to be integrated with semiconductor industry process flows. Thermally assisted
conversion (TAC), a variant of CVD, shows promise for meeting these requirements. The
TAC method [14] uses a pre-deposited metal layer and allows the metal to be converted
into a transition metal dichalcogenide by insertion into a vapor phase chalcogen. Usually,
the TAC method results in poly-crystalline material and has several advantages over other
methods, such as precise thickness control (control over the number of layers) on large areas.
The intrinsic drawbacks of the TAC method include the formation of polycrystalline films
and the difficulty of controlling the introduction of dopants. Furthermore, the monolayer
synthesis is rather complicated.

Among TMDC materials such as MoS2, MoSe2 and WS2 (which are n-type semicon-
ductors), WSe2 is a semiconducting material in both bulk and monolayer form, which
intrinsically features p-type charge carriers’ mobility [6,7]. While the bulk WSe2 possesses
an indirect band gap of 1.2 eV, with the layer’s number decreasing, it gradually turns to
a direct band gap of 1.65 eV in monolayer form [12]. WSe2 showed very high absorption
in the visible to infrared spectral range, resulting in efficient photoluminescence (PL) as
well as high charge-carrier mobilities. As for the synthesis of WSe2, large-size flakes have
been realized, but high-quality WSe2 continuous films remain in great demand for various
applications. The ability to use TAC to synthesize WSe2 continuous films and to incorporate
it into heterostacks is, for instance, a potential route toward atomic scale p-n junctions [15].

Here, we report the synthesis details of WSe2 layers using the TAC method for different
pre-deposition times of the W layer on fused silica, followed by detailed characterizations,
particularly of flakes morphologies. The mapping of WSe2 shapes using optical microscopy
and atomic force microscopy revealed the formation of triangular, dendritic and hexagonal-
like shapes near the edges of the substrate. Next, the presence of monolayer and few-layer
flakes and continuous polycrystalline films was confirmed by Raman and fluorescence
analysis. In the final section, Ohmic behavior and dark/photocurrent characteristics are
presented, proving further opportunity for opto-electrical applications.

2. Materials and Methods

In our experiments, WSe2 films were synthesized by the thermal assisted conversion
method in two steps: first, tungsten (W) layers were pre-deposited on fused silica substrates
using a custom-made magnetron sputtering system, followed by direct selenization in a
chemical vapor deposition CVD reactor (Carbolite Gero Ltd., Sheffield, UK) (consisted of a
tube furnace with three independent thermal zones, see Figure 1a) at atmospheric pressure.
For the magnetron sputtering, the fused silica substrates were rotated during the sputtering
process, where the applied power was set to 300 W and the deposition pressure was fixed
to 6 × 10−1 torr for three different deposition times of W- 3, 5 and 8 s, respectively.
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Next, downstream to the Se vapor source from Se powder in CVD quartz tube reactor,
the pre-deposited W film on fused silica substrates were placed on a quartz holder. The CVD
reactor was under 150 sccm Ar/H2 mixture (90% Ar/10% H2) gas flow during the synthesis
process. The temperature of the first zone (Se powder) was raised to 280 ◦C, whereas the
second zone was set to 660 ◦C and the third one (an empty zone) was set to ~680 ◦C (in
order to keep the temperature of the second zone stable). When the experimental conditions
were achieved, the selenization of tungsten was completed for almost 2 h (photographs of
WSe2 layers are shown at Figure 1b).

The detailed morphology of the synthesized WSe2 layers was analyzed with an Olym-
pus BX53M optical microscope (Olympus Corporation, Tokyo, Japan) equipped with a
DP23 color camera (Olympus Corporation, Tokyo, Japan). The surface and corresponding
height profile of WSe2 flakes were measured by an atomic force microscope (AFM), MFP-3D
Asylum Research, Oxford Instruments, Abingdon, UK).

The Raman spectra were measured in backscattering geometry in the range of 150–500 cm−1

in a HORIBA Jobin Yvon Labram HR visible spectrometer (Horiba Ltd., Kyoto, Japan)
equipped with a Peltier-cooled CCD detector. The 632.8 nm line of an He-Ne laser was used
for the excitation. The laser power was attenuated to 500 µW to avoid sample overheating.

Photoluminescence excitation spectra were recorded with a FluoroLog3-22, Horiba
Jobin Yvon spectrofluorometer (Horiba Ltd., Kyoto, Japan) at room temperature, using the
angle of incoming light of 60 degrees, slit of 3 nm, integration time 5 s and continuous-wave
excitation at 500 nm.

Optical absorbance spectra were measured using a UV-VIS-NIR Spectrophotometer
Varian Cary 5E (Agilent (Varian Inc.), Santa Clara, CA, USA). The spectral bandwidth and
the scan rate were 1 nm and 140 nm min−1, respectively.

The electrical and photoelectrical measurements were done using a dark/photocurrent
electrical diagram set-up. For the light illumination, a diode emitting at 283 nm was
used to measure the photocurrent. All measurements were performed using a Keithley
617 electrometer (Tektronix Inc., Beaverton, OR, USA) and a Keithley 230 voltage source
(Tektronix, Inc., Beaverton, OR, USA).

3. Results and Discussion
3.1. Optical Microscopy (OM) and Atomic Force Microscopy (AFM) Analysis

In general, TDMCs layers exhibit a wide variety of morphologies that take place under
different growth conditions [10]. Moreover, the growth substrates have a large influence on
the growth mechanism as well. Hence, the detailed mapping of the layers’ shapes enabled
us to obtain essential information related to the growth mechanism.

In our study, the synthesized WSe2 layers were first analyzed by optical microscopy
(photographs shown at Figure 2a–c for 3, 5 and 8 s deposition time of W, respectively.
We tentatively separated each substrate, moving from the very edge to the center into
several different regions (labeled as sections A, B, C, D). While investigating each sample,
WSe2 flakes with clear triangular, dendrite and hexagonal-like shapes were detected,
mainly concentrated near the substrate edges (Figure 2a–c, A and B sections). Moving
to the central part, the WSe2 flakes attempted to overlap (Figure 2a–c, C sections) and,
finally, turned into a continuous layer with denser morphology, indicating a polycrystalline
nature, as illustrated in (Figure 2a–c, D sections) and confirmed later by Raman analysis.
Moreover, the tendency for a smooth transition from flake shapes to continuous layer
increased with the deposition time of the W layer (the case of 8 s deposition of W layer,
Figure 2c). Sputtering is a line-of-sight deposition technique; deposited W precursor layer
thickness/density could be different across the substrate surface, particularly in ultrathin
films near or under the percolation threshold, as was the case for samples obtained by 3
and 5 s tungsten sputtering time. Therefore, the density of the synthesized WSe2 resembled
the density pattern of the deposited precursor material.
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Figure 2. Optical microscope images of WSe2 flakes grown by TAC method (pre-deposited W layer
of (a) 3 s; (b) 5 s and (c) 8 s; scale bars 10 µm). Flakes with triangular, dendrite and hexagonal-like
shapes are concentrated near the substrate edges (A and B sections). Moving to the center, flakes
attempt to overlap (C section) and finally turn to continuous layer with dense morphology; however,
for the samples with pre-deposited W layer for 3 and 5 s, still some voids may exist in the places
where precursor W was not deposited. (D section).

Similar formation and distribution of the triangular and hexagonal-like shapes has been
reported previously by [11,12]. Some authors have supposed that the observed morphology
from the edges to the central part is a result of the limit of the W source in Se vapor volume
flow across the surface, which prevents the formation of a continuous WSe2 layer. Although
the melting temperature of W is extremely high (over 3000 ◦C), the inevitable product that is
formed during the processing of WO3−x film (Supplementary Material, Figure S1) possesses
much lower evaporation temperature; the selenium diffusion and Se–O exchange are facili-
tated, which results in the formation of WSe2 flakes with different thickness and size [16,17].
Moreover, it is well known that the structure/morphology of the growth substrate influences
the growth mechanism of the synthesized layers [18,19].

To analyze the shapes and the thickness of the synthesized WSe2 flakes, we used AFM
analysis, as shown in Figure 3a–c for A, B, C and D sections. The corresponding height profiles
are presented as well. The measured flake profiles were from 6 nm to 15 nm, indicating that
the layer number of the flakes was about 9 to 20 [20]. The triangle, dendritic and hexagon-like
WSe2 flakes had relatively small lateral size in a range of a few µm. The sharp-edged triangles
indicate that they were highly crystalline WSe2 flakes, whereas the dendritic and hexagon-like
forms attempted to shape with increasing the W deposition time.
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Figure 3. Cont.
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Figure 3. AFM images of WSe2 flakes and continuous film for different pre-deposition time of W layers: (a) W 3 s, (b) W 5 s and (c) W 8 s (following vertical
direction) at A, B, C and D sectors (A starts from the edge and moving to the center D) (following horizontal rows).
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3.2. Raman Analysis

Representative Raman spectra of WSe2 flakes with different shapes and of polycrys-
talline continuous WSe2 films with different W deposition times are shown in Figure 4a,b,
respectively. They are dominated by three bands (100–150 cm−1, 220–270 cm−1 and
360–410 cm−1) containing the main characteristic WSe2 peaks. In particular, in the main
band around 250 cm−1, several overlapping peaks were well discernible after deconvolu-
tion. The broad features at ≈220 and ≈240 cm−1 correspond to phonons from the K and M
point in the Brillouin zone, respectively [16,21]; the major contribution to this band comes
from 2LA(M)—a second-order mode at ~260 cm−1 due to LA phonons at the M point in
the Brillouin zone [22], which exhibits strong layer-number dependence [23,24]. WSe2 had
the 2H structure; its first-order phonon spectrum contained the Raman active modes E2g
(in-plane vibration of W and Se atoms) and A1g (associated with the out-of-plane vibration
of Se atoms). For WSe2, these modes were at rather similar frequencies but, nevertheless,
they could be resolved by deconvolution. Band fitting yielded 2 peaks with markedly
smaller linewidths characteristic of first-order phonons [24], at ~248 cm−1 and ~252 cm−1

(see Figure 4c) which we assigned to the E2g and the A1g mode, respectively. Different
wavelengths of light produced slightly different Raman spectra for the sample because of
differences in resonant vibrational modes excited by the frequency of the laser used. As a
result, greater peak differentiation of the E2g/A1g modes was possible using a 633 nm laser
rather than a 488 nm laser for excitation.
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A1g (blue) and E2g (red) are plotted with thicker traces.
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For multilayered WSe2, the Van der Waals interactions between adjacent layers resulted
in the activation of an additional peak around 304 cm−1–310 cm−1 (probably corresponding
to a second-order mode or to a B2g mode with vibrational pattern modulating the vertical
bond between W and Se atoms) [25]. There were also two other characteristic combination
bands: the peak observed at 136 cm−1 was assigned to a A1g(M)-LA(M) and the peak
observed at ~375 cm−1 to a E2g(M) + LA(M) combination mode [23]. Due to resonance
effects with excitonic origin the second-order features in the Raman spectra were very
intense [23,25]. For few-layered WSe2 with a single-digit number of layers, the intensity of
the 2LA(M) band increased with the number of layers, which was also the case for the B2g
and E2g + LA(M) modes [26]. The same held for the A1g mode, in which few-layered WSe2
evolved into a manifold of A-symmetry modes [25].

In the aggregate, the Raman results revealed few-layered WSe2 for the flakes, while the
Raman response of the continuous films revealed where the A1g mode was more weakly
pronounced and monolayer WSe2 with the possible presence of very thin few-layered WSe2.

3.3. Photoluminescence and UV-VIS Spectroscopy

Photoluminescence spectroscopy is a direct method used to measure the band gap
in TMDs; it plays an essential role in the analysis. We screened the photoluminescence of
numerous different flakes in all studied samples. Figure 5 shows a strong photolumines-
cence signal detected at ~1.64 eV (754 nm), which is in good agreement with the previously
reported data (the PL spectrum exhibits a strong direct transition emission at 750–760 nm
(752 nm [27–29] and 750 nm [30]), due to the direct band gap [31,32]. The peak location is
indicative of monolayer nature of both the hexagonal-like and the triangular WSe2 flakes
near the substrate edges. Moreover, the PL spectra exhibited a dependance on the time
of W-layers deposition. The intensity of photoluminescence emission increased with the
increase in the W-layer deposition time (thickness).

WSe2 flakes and layers grown via TAC have strong interactions with the substrate [33].
Fused Silica is the amorphous phase of quartz (SiO2), which lacks the long-range crystalline
order. While the optical transmission range and the maximum application temperature
were somewhat lower than with crystalline quartz, the shape stability of fused silica was
significantly better with the temperature fluctuations due to its very low thermal expansion
coefficient. The surface roughness was typically <1 nm. Moreover, fused silica is a good
electrical insulator, retaining high resistivity at elevated temperatures and excellent high-
frequency characteristics. The substrate material significantly influences the growth mode
and properties of WSe2, including the PL signal, for instance, by inducing strain [30]. When
the number of WSe2 layers was increased, indirect transitions emissions also appeared at a
lower energy. It has been reported that bilayer WSe2 emits at 806 nm with side maximum
at 773 nm and, for tri-layer of WSe2, nearly stays at the same position, while the main
emission shifts towards a lower energy of 849 nm [34]. In our case no, such emissions were
observed, confirming the presence of monolayer flakes, particularly near the substrate’s
edges, in all studied samples. In our experiments (using FluoroLog3-22 Spectrofluorometer
with 450 W Xe arc lamp light source), the excitation and, respectively, emission area/spot
were larger than the area when laser sources were used (i.e., Raman spectrometers). Owing
to the sputtering process characteristics and the particular magnetron sputtering system
configuration, there were regions around the surface edges where the W coverage was
not complete and was clustered, with different lateral size, thickness and spatial/surface
distribution. WSe2 was synthesized by the TAC process only at the locations where W
clusters existed. With increasing the sputtering time, the number of W clusters increased
and distribution became denser. The photoluminescence signal was integrated from a
rather larger area than, for example, those using laser sources; therefore, the intensity was
enhanced as the number and spatial density of WSe2 monolayer clusters increased.
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In addition, an ultraviolet–visible spectroscopy was used to characterize the synthe-
sized WSe2 layers. The measured absorption spectra are shown in Figure 5b. General
features of the spectra were in good agreement with previously reported results [16]. Ac-
cording to the literature, the typical excitonic absorption peaks (labeled as A and B at
Figure 5b) are located at the wavelengths of 750–775 nm and 625 nm, respectively [5,35].
The excitonic absorption peaks A and B arise from direct gap transitions at the K point.
The presence of excitonic transition, red-shifted from the monolayer transition [16,27],
demonstrates the few-layer characteristic of the synthesized WSe2 flakes.

As a result of the superpositions of the Se p-orbitals with W d-orbitals, as well as the
adjacent layers, the WSe2 spectrum showed further absorption peaks of A’ and B’ [16,35].
The excitonic nature of these peaks could originate from a splitting of the ground and
excited states of A and B transitions, respectively, due to inter- and intralayer perturbation
to the d electron band by the Se p orbitals [27,36].

The lateral size, and particularly the thickness/layers number, of the flakes were
different. The flakes were observed at random preferential locations near the edges of the
substrates with pre-deposited W films and growth to different thicknesses, including mono-
layer flakes, probably due to the selenium diffusion restrictions and local stress influence.
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3.4. Electrical and Photo-Electrical Characterization

Finally, we measured the current–voltage (Ids−Vds) characteristics of WSe2 layers,
varying source-drain voltage (Vds) from −1 to 1 V at constant gate voltage Vg = 0 V,
using Indium (In)-type contacts and the set-up shown at Figure 6a. The linear plot of
the drain voltage vs. drain current suggests Ohmic behavior, formed at the source and
drain electrodes (see the straight lines at Figure 6b). In addition, the WSe2 layers were
illuminated with a diode source emitting at 278 nm (light Intensity of ~0.5 µW/cm2);
the difference between the dark current (dash lines) and photocurrent (straight lines) are
presented in Figure 6b. The measured dark/photo current values are similar to those
reported for WSe2 based photodetectors illuminated with a 633 nm cw laser [33,37,38].
Moreover, the WSe2 sample synthesized for 8 s W layer deposition was evaluated under
the light illumination when the DC voltage was fixed at 1 V (on/off cycles are presented at
Figure 6c). The measured sample showed a rapid response to the light illumination and a
slow recovery in the dark, which could be attributed to the dipole reorientation under the
electric field (slower process) and the photoinduced charge carriers in the entire volume
(faster process), as well as a possible high number of defects due to WO3. Furthermore,
the measurements were performed using a fused silica substrate, TAC synthesis (not high-
quality exfoliated samples), and without an encapsulation. All of these factors negatively
affected the electrical properties.

Coatings 2022, 12, x FOR PEER REVIEW  11  of  13 
 

 

process), as well as a possible high number of defects due to WO3. Furthermore, the meas‐

urements were performed using a fused silica substrate, TAC synthesis (not high‐quality 

exfoliated samples), and without an encapsulation. All of these factors negatively affected 

the electrical properties. 

 

   

Figure 6. (a) Experimental set‐up; (b) photo and dark current of WSe2 layers and (c) on/off cycles 

WSe2 layer (W layer deposition time of 8 s). 

4. Conclusions 

WSe2  flakes and continuous  layers were successfully synthesized by  thermally as‐

sisted  conversion method  using  controlled  selenization  of  pre‐deposited W  layers  on 

fused silica substrates. Optical microscopy revealed that WSe2 domains were randomly 

distributed within  the scanned area with predominantly  triangular and hexagonal‐like 

shapes, concentrated mainly near the substrate’s edges. The main part of the substrates 

excluding the edges consisted of continuous WSe2 layers. The Raman analysis yielded ev‐

idence for few‐layered WSe2, and spectral deconvolution revealed the first‐order modes 

E2g (in‐plane vibration) and A1g (out‐of‐plane vibration) located at ~248 cm−1 and ~252 cm−1, 

respectively. The ability of TAC method to synthesize WSe2 flakes with controlled size 

and continuous films opens a potential route for Van der Waals heterostructures for op‐

toelectronic and photonic devices. 

Supplementary  Materials:  The  following  supporting  information  can  be  downloaded  at: 

www.mdpi.com/xxx/s1, Figure S1. Peak‐fitted XPS spectra after subtraction of a Shirley background 

of the W 4f and Se 3d core‐levels of WSe2 layer synthesized by TAC method (5 s pre‐deposition time 

of W on Si/SiO2). 

Author Contributions: Conceptualization V.M., K.B.  and D.D.(Dimitre Dimitrov); methodology 

V.M., K.B., I.D., N.M., V.V., V.S., H.D., P.R., I.A. and D.D.(Deyan Dimov); software K.B., I.D., V.V., 

V.S. and P.R.; formal analysis V.M., K.B., V.V., V.S., P.R., I.A.,and D.D (Deyan Dimov).; resources 

V.M. and D.D. (Dimitre Dimitrov); writing—original draft preparation, V.M. and D.D. (Dimitre Di‐

mitrov); writing—review and editing V.M., K.B., P.R. and D.D.(Dimitre Dimitrov), visualization, 

K.B, I.D., V.S., V.S.; supervision, V.M. and D.D. (Dimitre Dimitrov); funding acquisition V.M. and 

Figure 6. (a) Experimental set-up; (b) photo and dark current of WSe2 layers and (c) on/off cycles
WSe2 layer (W layer deposition time of 8 s).

4. Conclusions

WSe2 flakes and continuous layers were successfully synthesized by thermally assisted
conversion method using controlled selenization of pre-deposited W layers on fused silica
substrates. Optical microscopy revealed that WSe2 domains were randomly distributed
within the scanned area with predominantly triangular and hexagonal-like shapes, con-
centrated mainly near the substrate’s edges. The main part of the substrates excluding
the edges consisted of continuous WSe2 layers. The Raman analysis yielded evidence
for few-layered WSe2, and spectral deconvolution revealed the first-order modes E2g (in-
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plane vibration) and A1g (out-of-plane vibration) located at ~248 cm−1 and ~252 cm−1,
respectively. The ability of TAC method to synthesize WSe2 flakes with controlled size and
continuous films opens a potential route for Van der Waals heterostructures for optoelec-
tronic and photonic devices.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/coatings12030353/s1, Figure S1. Peak-fitted XPS spectra after subtraction
of a Shirley background of the W 4f and Se 3d core-levels of WSe2 layer synthesized by TAC method
(5 s pre-deposition time of W on Si/SiO2).
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