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ABSTRACT 
 

TMDs are semiconductors, unlike graphene, and have a direct bandgap when converted from bulk to thin film. This property 

makes TMDs an ideal material for optoelectronic and photovoltaic applications due to their strong optical absorption and 

photoluminescence effect. The WS2, a popular TMD, has unique properties such as low friction coefficient, high thermal 

stability, and good electrical conductivity, and a bandgap energy of approximately 1.2 eV and 2.2 eV for indirect and direct 

behaviors. The article also discusses various methods for synthesizing WS2, including chemical vapor deposition (CVD), 

physical vapor deposition (PVD), hydrothermal synthesis, and solvothermal synthesis. PVD is a scalable method for producing 

large-area films and coatings with high quality, but the difficulty of controlling the sulfur or selenium sources in this method 

leads to the need for optimizing growth parameters for large-scale and high-quality WS2 film synthesis. The study reports the 

successful growth of large-scale and homogeneous WS2 films on a glass substrate using PVD and optimized substrate 

temperature. The results of this study provide valuable information for the advancement of WS2 film growth techniques and the 

development of WS2-based semiconductor technologies, such as transistors, diodes, photodetectors, and solar cells.  
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1. INTRODUCTION 

 
Since the isolation of graphene, the first 2D material with superior electrical, chemical and mechanical properties, interest in 

the synthesis, characterization and application of graphene and other 2D materials has rapidly increased [1, 2]. The outstanding 

optical properties like light transmittance and energy band gap of graphene and 2Ds, and in particular those of TMDs, have been 

promising for the use of these materials in energy and photovoltaic applications, and studies in this field have intensified [3]. 

The TMDs known to have MX2 (M: Mo, W; X: S, Se, Te) structure are semiconductors in contrast to the semi-metal nature of 

graphene and when they are converted from bulk form to thin film, the indirect band gap becomes direct band gap [4]. This 

transition leads to a strong optical absorption by creating a large photoluminescence effect in the material which is one of the 

main reasons why TMDs are preferred for optoelectronic and photovoltaic applications. The estimated about 10% absorbance 

value of monolayer TMDs in the visible region corresponds to 50 nm thick silicon commonly used in solar cell applications. 

However, while it can produce 2.0−4.5 mA/cm2 photocurrent, this value is limited to about 0.1 mA/cm2 for the silicon of 

approximately similar thickness [5]. In addition, TMDs have been prominent and popular thanks to their band gap energy, which 

can be modified by doping and adjusted to a desired level. This has paved the way for TMDs to be used in many semiconductor 

technologies such as transistors, diodes, photodetectors, and solar cells [6].  

The WS2 is one of the most popular 2D materials in among TMDS because of it has attractive properties. The WS2 has a 

layered structure, with each layer consisting of a sheet of tungsten atoms sandwiched between two layers of sulfur atoms. The 

layers are held together by weak Van der Waals forces. This layered structure gives WS2 its unique properties such as its low 

friction coefficient, high thermal stability, and good electrical conductivity. The WS2 material has an approximately 1.2 eV and 

2.2 eV band gap for indirect and direct behaviors, and a mobility value of about 150 cm2 V-1 s-1 has an n-type property [7]. The 

WX2 group, has the lowest bandwidth among TMDs with a 1.1 eV bandwidth [8]. Moreover, its having p-type features allows 

homo and hetero PN junction structures to be obtained. More specifically, the mentioned TMDs’ property regarding having 

different band gap values enables the development of open circuit voltage (Voc), which is an important parameter in solar cell 

applications. WS2 can be synthesized using several methods, including chemical vapor deposition (CVD), physical vapor 

deposition (PVD) hydrothermal synthesis, mechanical exfoliation, solvothermal synthesis, and sulfurization of tungsten [2]. PVD 

is a versatile and scalable method that can produce large-area films and coatings with high quality [9]. Hydrothermal synthesis 

and solvothermal synthesis are relatively simple and low-cost methods but typically result in lower-quality WS2 compared to 

PVD. Although PVD method provide large area film growth difficulty of controlling S or Se sources in this method [10]. 

Therefore, growth parameters should be optimized to homogeny and high quality WS2 films growth.  
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In this study, large scale and homogeneous WS2 films were growth. The WS2 films were growth on the glass substrate with 

the PVD system and by optimizing the substrate temperature of RT, 300 °C, 400 °C, and 500 °C. Optimum substrate temperature 

was determined to obtain large scale and high quality WS2 film synthesis. The results of the study provide valuable information 

for the development and improvement of WS2 film growth techniques, which can ultimately lead to the advancement of the 

technology. 

 

2. MATERIAL AND METHOD 

 
In this study, we investigated substrate temperature effect on the WS2 growth by PVD (RF sputtering) methods. All growth 

processes were given in Table 1. For this aim, glass used as a substrate and cleaning processes applied to substrate before growth 

process. First of all, all substrates were cleaned with Acetone, IPA, and DW with 10 min, 10 min, and 20 min in the ultrasonic 

bath, respectively. After this, all substrates were dried with N2 gas flow. The ultrasonic plasma cleaner was used at last step of 

the cleaning process for removed remaining contaminants. The magnetron sputtering was carried out at 15 nm film thickness 

with RF power of 50 Watt at a sputtering base pressure of 1.6x10-6 Torr and growth pressure of 3x10-3 Torr in a pure Ar gas 

atmosphere. The 15 nm thick WS2 films coated by RF sputtering method at room temperature (RT), 300 °C, 400 °C and 500 °C 

substrate temperature with deposition rate of 0.2 Å/s. 

 

Table 1. Cleaning and growth process of WS2 

 

Cleaning Process Growth Process 

Acetone 10 min. Base Pressure 1.6x10-6 Torr 

IPA 10 min. Growth Pressure 3x10-3 Torr 

DW 20 min. RF Power 50 Watt 

Dried Ar gas Deposition Rate 0.2 Å/s 

Ultrasonic Plasma Cleaner 20 min. Temperature RT, 300 °C, 400 °C, 500 °C 

 

The structural properties of WS2 films were characterized by Raman spectra and scanning electron microscope (SEM) 

measurements. In addition, the optical properties were determined with ellipsometer and photoluminescence spectroscopy (PL). 

 

 

3. RESULTS AND DISCUSSION 

 
The Raman spectra of 2D WS2 films grown at RT, 300, 400 and 500 °C substrate temperature and exposed to a 532 nm laser 

are shown in Figure 1. The first-order Raman modes of WS2 films at the Brillouin zone center were attributed to E2g
1 and A1g 

modes. The E2g
1 mode corresponds to the transversal movement of W and S atoms in the lattice, while the A1g mode corresponds 

to the longitudinal movement of these atoms. In addition, the longitudinal acoustic phonons 2LA(M), which denote in-plane 

collective movements of atoms in the WS2 lattice, and other WS2 modes were labeled in the graph.  The E2g
1 and A1g modes 

were observed at approximately 354 cm-1 and 418 cm-1 for RT, 300 °C and 400 °C substrate temperatures. However, the E2g
1 

mode was not observed for 500 °C. This indicates that the 2LA(M) and E2g
1 modes overlapped at approximately 352 cm-1, and 

the A1g mode was detected at around 418 cm-1. Furthermore, at a 400 °C substrate temperature, the 2LA(M) and E2g
1 mode 

overlapped at approximately 354 cm-1. The intensity of the LA(M) increased while that of the A1g decreased with a reduction in 

the number of layers of 2D-WS2 films. The Raman spectra showed that the 400 °C sample tended to grow as a few layers, while 

the other samples exhibited multi-layer or bulk behavior. 
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Figure 1. Raman spectra of 2D-WS2 films growth with RT, 300, 400, and 500 °C substrate temperature 

 

The PL measurements of 2D-WS2 grown at RT, 300°C, 400°C and 500°C substrate temperature are shown in Figure 2. The 

bulk WS2 exhibits PL emission at around 1.2 eV as an indirect band transition in the literature [11]. In Figure 2, the sample of 

RT, 300 °C, and 500 °C substrate temperature showed approximately 1.25 eV PL emission that situation attributed to the indirect 

band transition. The statement indicates that the photoluminescence (PL) intensity of bulk samples is very weak. This finding is 

in line with the behavior of an indirect bandgap semiconductor in its bulk form. An indirect bandgap material has a lower 

efficiency in emitting light compared to a direct bandgap material. Therefore, the weak PL intensity observed in bulk samples 

suggests that the emission of light is less efficient due to the indirect bandgap nature of the semiconductor material [12]. The 

WS2 films grown from 400 °C substrate temperature was observed three PL emissions at 1.25 eV, 1.78 eV and 1.93 eV. The PL 

emissions at 1.78 eV and 1.93 eV which are associated with the B and A excitons were attributed to the direct band transitions 

[13].  

 
 

Figure 2. PL spectra of 2D-WS2 
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Optical transmission data of 2D-WS2 films are shown in Figure 3. In Figure 3, the average optical transmission of 2D-WS2 

films in the visible range (400-800 nm) is determined to be 64%, 65%, 78% and 64% for the substrate temperature of RT, 300, 

400 and 500 °C respectively. For WS2 films grown at a substrate temperature of 400°C, the optical transmission indicated a few 

layers of WS2 film [14].  

 

 
 

Figure 3. Optical transmission of 2D-WS2 films 

 

The band gap is an important characteristic of semiconductors, and it determines their electrical and optical properties. The 

optical properties of the 2D-WS2 films growth on glass substrate were determined by using the bandgap values calculated from 

the absorption coefficient obtained by the transmittance spectra of the samples. The bandgap energy values of the samples were 

calculated by measuring the transmittance spectra with an ellipsometer (J.A. Woollam-VASE) system in our research center. 

The absorption coefficients of the samples were calculated using the Lambert-Beer law  [15] with the measured transmittance 

values at room temperature in the range of 200-1200 nm and the thicknesses of the WS2 films. 

 

α = 
1

𝑑
ln
1

𝑇
             (1) 

 

The absorption coefficient (α) in Equation (1) represents the absorption coefficient, d represents the thickness of the sample, 

and T represents the optical transmittance. Using the calculated absorption coefficients with Equation (1), the bandgap energy 

values of the 2D-WS2 films were calculated using Equation (2), where Eg is the bandgap energy, A is the constant, ℎ𝑣 is the 

photon energy, and n is the nature of the transition, which takes the value of 1/2 for direct bandgap semiconductors [16]. 

 

(αℎ𝑣)2=A(ℎ𝑣 - Eg)            (2)  

 

The (αℎ𝑣)2 - (ℎ𝑣) graph of the samples was plotted (Figure 4) using Equation (2), and the bandgap of the 2D-WS2 films was 

determined by identifying the point where the linear part of the curve intersects the ℎ𝑣 axis. In the Figure 4, the band gap of the 

2D-WS2 films were determined as 1.85 eV, 2.00 eV, 2.20 eV, and 2.07 eV for RT, 300 °C, 400 °C, and 500 °C substrate 

temperatures, respectively. In the case of 2D-WS2 films, the band gap has been reported to be around 2.25 eV for direct band 

behavior in the literature [12]. It is important to note that the band gap can be affected by various parameters, such as the substrate 

temperature during growth. In this context, it has been observed that the sample grown at a substrate temperature of 400 °C tends 

to direct band behavior, whereas the other samples exhibit indirect behaviors.  
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Figure 4. Optical band gap of 2D-WS2 films. 

 

 

4. CONCLUSION 
 
In the present study, WS2 films were grown by PVD method.  The different substrate temperatures were considered and 400 

°C substrate temperature was determined as the optimum WS2 growth temperature.  According to the Raman and PL 

spectroscopy measurements of WS2 films, RT was found to be insufficient for the formation of single phase WS2 as the obtained 

film showed bulk structure. With the increase of the substrate temperature, the bulk structure changed into the multilayer structure 

and the indirect band transition evolved into a direct band transition. Therefore, we conclude that the substrate temperature is 

highly effective to synthesize high quality WS2 films by 15 nm WS2 film at 400 °C. These results enable the use of WS2 films in 

optoelectronic applications. 
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