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Abstract

Two-dimensional layered transition metal dichalcogenides based on WSe; films demonstrated
promising properties for nano-electronics and photovoltaic applications. In this work, WSe;
films were prepared by selenization of DC-sputtered W precursors. The influence of the
selenization temperature on the structural, morphology, and optical properties of the WSe, films
was investigated. The selenization temperature was varied from 350 °C to 450 °C at the interval
of 50 °C. Structural, morphology and optical properties of the WSe; were investigated using X-
ray diffractometry (XRD), Atomic Force Microscope (AFM), and UV-VIS-NIR
spectrophotometer, respectively. XRD analysis revealed that all WSe, were polycrystalline and
exhibited the co-existence of c-axis perpendicular and parallel substrate texture. Samples
selenized at 400 °C demonstrated strong (001) - types of crystal orientations — perpendicular c-
axis substrate texture — dominated crystal growth. The AFM images further revealed the co-
existence of parallel and perpendicular crystal orientations for samples selenized at 350 °C and
450 °C. Optical measurement showed that all WSe, samples were transparent and consisted of
an excitonic peak at the wavelength of around 620 nm. The estimated bandgap values were in
the range of 1.22 eV to 1.37 eV which is somewhat lower than expected — the presence of W5014
phases is suggested to be the main cause.

Keywords: Transition Metal Chalcogens, Two-dimensional layered WSe; films, crystal
orientations, excitonic peak

Introduction

Transition Metal Dichalcogenides (TMDCs)
materials are potential key semiconductor
materials in the fabrication of the next
optoelectronics devices, photovoltaic and
Field-Effect Transistors (Bin Rafiq et al. 2020,
Kadiwala et al. 2022). These materials are
layered microstructures like graphite but
possess optical bandgap and a substantial
exciton binding energy (Brent et al. 2017,
Villamayor et al. 2021). The layered
microstructure comprised of the hexagonally-
packed layer of transitional metal atoms
sandwiched by two chalcogenides forming a
triple layer of X-M-X (where X is chalcogen
(Se or S) and M is transition metal) by a strong

covalent bond (Bozheyev et al. 2017, Brent et
al. 2017). The M-X layers are stacked over
each other by weak van-der-Waals forces
(Bozheyev et al. 2017, Rahman, 2022). Most
of the TMDCs semiconductors such as MoX;
demonstrated n-type electronic transport
properties (Cheng et al. 2020). However, WX,
was reported to have p-type semiconducting
behaviour (Cheng et al. 2020, Lin et al. 2020).
Surprisingly, these materials are less
investigated compared to their counterpart
MoX; — because it is more difficult to fabricate
than MoX, (Salitra et al. 1994, Cheng et al.
2020). It has been documented that WX; is a
highly textured film and grows in two forms i)
c-axis parallel to the substrate and ii) c-axis
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perpendicular to the substrate (Salitra et al.
1994). WX, with a c-axis parallel to the
substrate texture demonstrated promising
properties for photoelectrochemical hydrogen
production (Genut et al. 1992, Morrish et al.
2014). On the other hand, WX, with a c-axis
perpendicular texture can be used for
photovoltaic applications (Morrish et al. 2014,
Mao et al. 2018).

Considering the bandgap of WX, materials,
it lies between 0 eV to 3 eV (Bin Rafiq et al.
2020, Zhang et al. 2020a) which can be tuned
by thickness, defects, and dopants (Zhang et
al. 2020a). Further, it exhibits a high
absorption coefficient (> 10° cm™) (Bin Rafiqg
et al. 2020), making it an excellent candidate
for thin film solar cell applications. It has been
confirmed that the optical properties of WSe;
films are thickness-dependent (Sierra-Castillo
et al. 2020, Alzaid et al. 2022). For instance,
the WSe, monolayer was demonstrated to
have a higher bandgap which decreases with
the number of layers (Sierra-Castillo et al.
2020, Villamayor et al. 2021). The optical
bandgap of WS; films changes from a direct
bandgap of 2 eV for monolayer films to an
indirect bandgap of 1.3 eV for thicker films
(Villamayor et al. 2021). An indirect bandgap
in the range between 1.7 eV to 2.2 eV for 350
nm WS; films was reported by Bin Rafiqg et al.
(2020). A 75-nm WS, layer prepared by
sulfurization of WOs films is reported to have
an indirect bandgap of up to 1.4 eV (Morrish
et al. 2014). A similar trend is expected for
WSe; films. Several solar cells with p-type
WX absorber layers have been theoretically
evaluated. WSe, with an efficiency of up to
22.24% utilizing Cu20 hole transport layer
could be theoretically demonstrated (Gautam
et al. 2022). WSe,-based solar cells with
CuSCN hole transport with an efficiency of
24.2% could be realized (Haque et al. 2021).
Theoretically, p-WSe, is a promising solar
absorber layer for highly efficient devices.

Recently, the WSe, has been utilized as a
buffer layer at the back electrode on the
kesterite solar cells (Zhang et al. 2020b).
Through this approach, devices with
efficiencies of up to 5.45% were reported.
Following these promising properties, indeed,
WSe; film can be utilized as back contact in

kesterite solar cells. With this regard, a bifacial
thin film with WSe, back contact could be
realized. Traditionally, ITO with a thickness
of 150-200 nm and sheet resistance of up to 44
Q/sq could be used as a transparent back
contact for thin film solar cells (Bett et al.
2019). In this regard, understanding the
structural and optical properties of WSe, with
higher thicknesses is paramount. In line with
this argument, the present work investigated
the structural and optical properties of WSe;
films with a thickness of around 150 nm.
Preparation of WSe; films involves two steps,
where i) W metal precursors were sputtered
into the substrate and ii) followed by high-
temperature selenization. The influence of
selenization temperature on the structural,
morphology, and optical properties of WSe,
films was investigated and discussed.

Materials and Methods
WSe: films preparation

WSe; thin films were prepared by
selenization of DC sputtered W metallic
precursors. The precursors were deposited on
Soda Lime Glass (SLG) substrates of
dimensions 26 mm x 76 mm x 2 mm via DC
magnetron sputtering in a BALZERS BAE
250 coating unit. The W precursors were
sputtered from a 5.08 cm diameter x 0.635 cm
thickness target with a purity of 99.99%
supplied by Plasmaterials Inc. Before
precursors deposition, the SLG substrates
were cleaned as described by Mwakyusa et al.
2022 and then loaded in the sputtering
chamber. The sputtering unit was evacuated to
a base pressure of 10 mbar. The argon as a
sputtering gas and working pressure was fixed
to 50 sccm and 6.0 x 10 mbar, respectively.
Using the sputtering power of 100 W, the W
films were deposited for 8 min with the
motivation of obtaining precursors with
thicknesses of around 75 nm.

To obtain WSe, films, the metallic
precursors were thermally annealed in a Se +
N2 atmosphere utilizing a semi-sealed graphite
box containing 50 mg of Se pellets in a Rapid
Thermal Processing (RTP-1000D4) tube
furnace. Before annealing, the furnace was
evacuated using a mechanical pump
(PFEIFFER BALZERS, DUO 016 B) to a
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base pressure of 10 mbar then flooded with
N at a flow rate of 40 ml/min for 10 min.
Using a ramp rate of 40 °C/min, the furnace
was ramped to the desired temperature held for
10 min, and then cooled naturally to room
temperature. To determine the influence of
selenization temperature on the properties of
WSe; films, the precursors were selenized at
temperatures of 350 °C, 400 °C, and 450 °C.

WSe: Films Characterization

To determine the thicknesses of WSe; films,
an Alpha step 1Q profilometer was used. Using
a stylus force of 16.4 mg and a scan rate of 50
um/s, the value of the thickness of each sample
was determined. Phase identification was
carried out using Bruker AXS D8
diffractometer system with a Cu Kal (A =
1.540629 A) radiation operated at 40 mA and
40 kV with Bragg-Brentano 6-26 scanning
mode. The crystalline phases were analyzed
by comparing the measured Bragg diffraction
peaks with the cards provided by the
International Centre for Diffraction Data
(ICDD) as ascribed by Mwakyusa et al.
(2022). Using Williamson-Hall analysis, the
value of the lattice macrostrain was estimated
as described by Dubey et al. (2022). The
surface morphology of the WSe, films was
analyzed using a Veeco/Bruker Digital
Instrument Illa Multimode Atomic Force
Microscopy (AFM). A model RTSESP7
silicon probe was used for tapping mode AFM
scanning. The obtained images were further
analyzed to determine the surface roughness,
root mean surface, roughness, Maximum
peak-to-valley height, skewness, and kurtosis
of the WSe, films using Gwydion 2.53
software.  Optical  transmittance  and
reflectance were measured by using a UV-
VIS-NIR double beam spectrophotometer
(Perkin  Elmer Lambda 1050*) in the
wavelength range 300 nm < A < 2500 nm
at room temperature. The reflection
measurement was achieved at near normal
(angle 5°) to the sample. The obtained
information was used to estimate the
absorption coefficient, bandgap and Urbach
energy of the WSe; films. Using the Fresnel
equation and optical reflectance data, the
dependence of the optical constants on the

selenization temperature for WSe; films was
examined.

Results and discussion

The XRD measurement was first performed
with the motivation of understanding the
microstructure of the WSe; films. XRD
patterns of WSe;, films selenized at different
temperatures are shown in Figure 1. A large
number of sharp XRD peaks reveals the
polycrystalline nature of the WSe; films. No
peaks related to W were detected — indicating
that all W metal phases reacted with Se to form
WSe,. However, XRD peaks related to W5014
were detected. This could be associated with
the reaction of the films with ambient oxygen
after selenization — as samples were shipped to
Germany for the XRD analysis. As can be seen
in Figure 1 (a), all the films are characterized
by XRD peaks at 26 = 14.4° and 26 =
28.9°, respectively corresponding to (002) and
(004) of hexagonal WSe; (ICDD No.: 98-008-
4181). The presence of these XRD peaks
suggests that the c-axis of the WSe; films is
normal to the substrate (c-axis substrate
texture). This agrees with the findings reported
by Genut et al. (1992). At temperatures of 350
°C and 450 °C, the XRD peaks of (102) were
more prominent, along with weak peaks of
(103) and (106) (as shown in Figure 1 with
black and blue lines). This indicates a more
random orientation of WSe, crystals at these
temperatures. These observations are in good
agreement with previous reports (Salitra et al
1994 and Hankare et al 2009). Interestingly,
samples selenized at 400 °C showed strong
(004) XRD peaks compared to (002)
reflection, and very weak (103) and (106)
peaks (see Figure 1 red line) revealing
predominantly c-axis growth normal to the
substrate. It has been documented that the
presence of active oxygen-containing species
strongly impacts the crystal orientations
(Bertrand 1988). Looking at the XRD pattern
of this sample, the peak related to W54 is
very weak, indicating the dominance of the
WSe; phase.

As depicted in Figure 1, the XRD peaks
associated with (00l) — types of crystal
orientations decrease with an increase in the
selenization temperature. This suggests that
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selenization temperature induces lattice strain
in the WSe; films. Using Gauss fit, the Full
Width at Half Maximum (FWHM) values of
(000) — types of crystal orientations were
evaluated (see Table 1). No peak shift for
(001) —types XRD peaks have been observed.
Interestingly, no significant difference for
estimated and calculated FWHM and lattice
strain for the XRD peak (002), respectively
noticed. On the other hand, the XRD peak
related to (004) demonstrated a remarkable
difference in the FWHM and the lattice strain.
The FWHM increased from 0.28° for the
samples selenized at a temperature of 350 °C

to 0.34° for samples selenized at 400 °C —
further increase in temperature led to a
decrease in the FWHM. The lattice strain of
the samples selenized at a temperature of 350
°C was 0.28 and increased to 0.31 and
remained constant at higher temperatures of
400 °C and 450 °C. It is worth noting that
lattice strain can influence XRD peak
broadening and lead to a decrease in the peak
intensities. Based on this finding, it can be
concluded that the selenization temperature
strongly influences the lattice strain and (001)
— types of crystal orientations.
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Figure 1: (a) XRD pattern of the WSe; films selenized at different temperatures

Table 1: The XRD parameters for (000) — types of crystal orientations of the WSe; films
selenization at different temperatures obtained using

Selenization XRD peak (002) XRD peak (004)
temperature

°C) XRD FWHM  Lattice  XRD FWHM Lattice

peak ®) strain peak ®) Strain
position position
) )

350 °C 14.85 0.39 0.74 28.96 0.28 0.26

400 °C 14.82 0.38 0.74 28.87 0.34 0.31

450 °C 14.85 0.38 0.73 28.96 0.28 0.31
To have more conclusive information surface morphology of WSe; films selenized

regarding the WSe, crystal orientation, the

at different temperatures was studied. The
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two-dimensional (2D) and the three-
dimensional (3D), AFM micrographs of WSe;
films selenized at different temperatures are
displayed in Figure 2. As depicted in Figures
2 (a-1) and (a-2), samples selenized at 350 °C
showed to have some grains that are
completely parallel to the substrate (see Figure
2 (a-1) and (a-2) marked with a red circle). On
the contrary, when selenization temperature
increases to 400 °C most of the grains are
perpendicular to the substrate (see Figure 2 (b-
1) and (b-2)) — while higher selenization
temperatures  deteriorate  the  crystal
orientation. This observation is in good
agreement with the XRD data. A similar
crystal orientation has been reported in the
literature (Sierra-Castillo et al. 2020).
Looking at the XRD pattern and AFM images
(see Figures 1 and 2), it is possible to conclude
that the crystal orientation depends on the
amount of Se vapour in the reaction chamber
(Han et al. 2019). For a selenization
temperature of 350 °C the Se partial pressure
in the reaction chamber is not higher enough
to promote layer-by-layer growth. As the
selenization temperature increases to 400 °C,
the Se partial pressure is raised, provoking the
layer-by-layer — thus, crystal orientation
perpendicular to the c-axis is more visible.
Considering the selenization temperature of
450 °C, most of the Se vapour escaped from
the reaction chamber. As a result of this, Se
partial pressure in the chamber decreases,
hampering layer-by-layer growth.

Using statistical parameters such as average
surface roughness, root mean square
roughness, maximum peak-to-valley height,
skewness, and kurtosis, the quantitative
information on the influence of selenization
temperature on the surface topography of
WSe; films could be evaluated. The root mean
square roughness measures the overall mean
magnitude of surface variation, while the
maximum peak-to-valley height gives the
highest peak and lowest valley in the films —
no significant variation between these two
parameters was observed (see Table 1). As
depicted in Table 1, a clear distinction in
skewness and kurtosis was observed. All films
exhibited positive skewness. This suggests
that the samples are characterized by
protruding narrow peaks with less deep
valleys. However, samples selenized at 400 °C
demonstrated relatively lower skewness
values. A similar trend is visible for kurtosis
data. Based on these findings, it can be
concluded that height distribution for samples
selenized at 400 °C is more symmetric. It can
be concluded that the crystal orientation and
peak-to-valley height distribution depend on
the Se partial pressure during the selenization
process. Following these observations, it can
be concluded that the co-existence of different
crystal orientations impacts the topographic
properties of WSe; films. Further optimization
of the film’s growth this holds particularly to
the Se partial pressure is expected to improve
the film quality.
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Figure 2: Tapping mode AFM topography of WSe; films selenized at 350 °C (2D (a-1) and
3D (a-2)), 400 °C (2D (b-1 and 3D (b-2)) and 450 °C (2D (c-1) and 3D (c-2))

Table 1: AFM parameters of the WSe; films selenized at different temperature

Selenization Average Root Mean Maximum Skewness Kurtosis
temperature Roughness Square Peak to
(°C) (nm) Roughness  Valley Height
(hm) (hm)
350 °C 16.34 12.72 41.66 0.75 3.50
400 °C 10.40 12.74 40.80 0.20 2.80
450 °C 16.50 12.62 41.36 0.97 4.32
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(a) the transmittance and reflectance spectra, (b) the dependence of absorption

coefficient, (c) the Tauc plot, and (d) the Ina versus photon energy curves for WSe;
films selenized at different temperatures.

To observe whether the selenization
temperature affects the dielectric properties of
WSe; films, the optical properties of the films
were investigated. It is well known that the
transmission and reflection behaviour of the
materials gives good information about the
electronic states and atomic vibration of those
materials. Thus, the optical properties of WSe;
films were investigated by looking at the UV-
VIS-NIR transmission and reflectance
properties of the films. The dependence of the
optical transmittance of the WSe, films on
selenization temperature is depicted in Figure
3 (@). It can be noted that all WSe; films
demonstrated high optical transparency
(above 85%) in the visible region. However,
the sample selenized at 400 °C demonstrated
the highest transparency. Based on these
findings, it can be concluded that crystal
orientations have an impact on the optical
transparency of the films. Films with strong
(001) - types of XRD peaks demonstrated

higher optical transparency. Looking at
reflectance spectra, all samples showed a
reflectivity of below 20% in the visible
spectrum which decreases after a wavelength
of 1000 nm and then increases beyond a
wavelength of 1500 nm (see Figure 3 (2)). This
is in good agreement with transmittance
spectra. These results demonstrate the
potential of WSe, as a transparent window
layer solar cell or a back contact in bifacial
solar cells.

As shown in Figure 3 (b), the optical
absorption patterns display strong optical
absorption (labelled A) at the wavelength of
620 nm. This could be associated with
excitonic absorption. An excitonic absorption
in the range of 1.5 eV to 2.0 eV is attributed to
the optical transition between a maximum
valence band and a minimum conduction band
at the K-point of the Brillouin zone (Han et al.
2019). This observation is in good agreement
with previous reports (Salitra et al. 1994, Han

1133



Mwakyusa - Preparation of 2D Tungsten Diselenide (WSe,) thin films by selenization ...

et al. 2019). As can be seen in Figure 3(b), as
the selenization temperature increased from
350 °C to 400 °C, the absorption edge of the
WSe, films shifted to the lower wavelengths,
however, beyond 400 °C it reverted to the
higher wavelengths (see an insert in Figure
3(b)). This could be associated with an
increase or decrease in the bandgap of WSe;
films. To further address this matter, the
optical bandgap of WSe; films was estimated
using Tauc’s relation. It could be noted that the
bandgap increases from 1.22 eV for samples
selenized at 350 °C to 1.37 eV for samples
selenized at 400 °C, then decreases beyond
this temperature (see Figure 3 (c)). Our
estimated values of bandgap are somewhat
smaller compared to those reported in the
literature (Han et al. 2019, Alzaid et al. 2022).
A possible explanation for this observation is
the presence of a few phases related to the

W5014. The existence of undesirable phases in
materials has been proven as a potential factor
in generating trap states with the bandgap that
are expected to significantly reduce it. These
observations and arguments are in good
agreement with the observed XRD data (see
Figure 1). The influence of defects on the
quality of band edges of WSe; films was
explored by analyses of the Urbach tail effect
as ascribed by (Mwakyusa 2022). A linear fit
of the plot of Ina versus photon energy yields
a slope that could be used to evaluate Urbach
energy, E,.As can be seen in Figure 3(d), E,,
slightly decreases with an increase in
selenization temperature. It could be
concluded that selenization has less effect on
the Urbach energy of the WSe; films.
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Figure 4: (a) Refractive index, n, and (b) extinction coefficient k as a function of wavelength
for WSe; films selenized at different temperatures.
The refractive index and extinction increases as the annealing temperature

coefficient of semiconductors are paramount
important when designing optoelectronic
devices. The dependence of the refractive
index and extinction coefficient of WSe; films
on the selenization temperature required a
detailed understanding. In line with this
argument, the optical refraction data was used
to estimate the values of the refractive index
as described by Sharma et al. (2015). On the
other hand, the obtained values of the
absorption  coefficient were utilized to
determine the extinction coefficient of the
films. It can be seen from the graph (see Figure
4(a)) that the refractive index somewhat

increases. It is well acknowledged that high
selenization temperatures tend to promote the
formation of larger grains and improved
crystallinity. This is expected to increase the
refractive index of the films. Looking at the
extinction  coefficient, no  significant
difference was noticed (see Figure 4 (b)).
Conclusion

WSe; films were prepared by selenization of
DC-sputtered W metal precursors. The
influence of selenization temperature on the
structural, morphology, and optical properties
of WSe, films has been investigated. The
crystallographic analysis showed the co-
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existence of perpendicular and parallel
substrate texture. The AFM studies revealed
the nanocrystalline nature of WSe, films
which are characterized by protruding narrow
peaks with less deep valleys. However, more
superior crystal orientation (perpendicular
substrate texture) and morphology were
obtained for a selenization temperature of 400
°C. The optical transmission spectra showed
higher transparency of above 85% in the
visible region — favouring the applicability of
the materials as a back contact for bifacial
solar cells. Further, the optical studies showed
a strong absorption peak A at 620 nm — due to
excitonic absorption features. The estimated
bandgap increases from 1.22 eV to 1.37 eV
when the selenization temperature increases
from 350 °C to 400 °C - while higher
selenization temperatures reduce the bandgap,
mainly due to the presence of Ws014 phases. It
was further found that the Urbach energy does
not strongly depend on the selenization
temperature. The refractive index somewhat
increases with an increase in selenization
temperature.
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