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ABSTRACT 
 

To be able to predict the forming behavior of sheet metal parts by simulation, it is necessary to determine the FLD1 (Forming 

Limit Diagram) curves of the sheet material that is subjected to bending, hemming, deep drawing, progressive forming, 

embossing, hydro-forming processes. To determine such curves, the usual practice is to carry out a series of experiments that 

need to be repeated many times, and therefore it takes a long time to finalize them [1], [2], [3], [4], [5], [6]. Not to mention 

undertaken experiments are very detailed and need tedious and careful work has to be done such as screen printing on the material 

and doing simultaneous optical measurements during the experiments. Indeed, a fully equipped laboratory and qualified lab 

personnel are required for such experiments which may not be easily found. When it's found, there is usually six months to a 

year, queue to conduct such experiments. 

Because of these difficulties, many academic institutions and manufacturing sites develop their in-house test equipment if 

funding is available. If not, it is dependent on research whether it comes to an end or whether it can continue without it. 

An alternative method developed for extracting FLD/FLC curves is using today’s state-of-the-art simulation technology. This 

method requires two main inputs; 

a) Tensile test of the material 

b) An explicit solver 

The scope of this paper is to detail this method such that the findings in this document can be reproduced when the mentioned 

requirements are satisfied. Therefore, all data used in charts, a high-resolution image, and a sample Abaqus input file are provided 

as supplemental data [7]. 

The results from the simulations of FLD/FLC were compared to published literature [13] [14] to confirm their compliance with 

experiments. The comparison showed good results and demonstrates that expensive and time-consuming FLD/FLC experiments 

are not necessary when the mentioned requirements are met. 

 

Keywords: FLD, FLC, Sheet Metal, Forming, Bending, Hemming, Forming Limit Diagram, Forming Limit Curve 

 

 

1. INTRODUCTION 
 

FLD/FLC curves of the sheet metal that will be subjected to any forming process should be determined for the necking and/or 

cracks that may occur during the forming process in numerical analysis/simulations. To do that, it is necessary to carry out a 

series of experiments those need to be repeated many times and take a long time. Detailed and very careful work should be 

carried out, which includes screen printing on the material and using optical measuring devices during the experiment [1]. It may 

be because this should have been done in the Covid-19 pandemic timeline; there was no single laboratory that can perform this 

experiment in Turkey. To find the FLD curves of the materials, there were three options; 

a) Developing the necessary experimental equipment in-house. 

b) Because of the force major (Pandemic), this requirement will be ignored and surpassed.  

c) Some other practical and versatile alternatives should be developed. 

Fortunately, as a result of a long investigation, research, [8]-[11] and trial and error, it is discovered that extracting the FLD 

curve of materials is possible with a quasi-static explicit solver and tensile test results of the material. 

This paper details how these curves were obtained in such a way that the reader should need no other than the requirements, 

references, and method stated in this paper. Also, since it took one and a half months man-hour time to find the right method for 

a similar need, using the information and data provided in this article can at least save that much research time for the reader. 
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2. STRESS-STRAIN CURVE 
 

The stress-strain curve obtained as a result of the tensile tests performed on the material (according to [8]) in determining the 

basic mechanical elastic-plastic material model properties gives us the most basic information at room temperature. All the 

tensile test specimens are prepared 90⁰ in Rolling Direction, which is known to be the weakest material direction for tensile tests. 

 

Ramberg-Osgood Equation 

The stress-strain curve of the material can be obtained as a result of multiple tensile tests. As an alternative method, if the 

elasticity (Young) modulus, stress, and strain values at the yield and ultimate points of the material are known, the stress-strain 

curve of the material can be established with the “Ramberg-Osgood” relation [9]. The “Ramberg-Osgood” relation tries to 

simulate the behavior of the material in both the elastic and plastic regions. The total strain relation on both regions as a function 

of stress can be expressed as; 

 

ε =
σ

E
+ 0.002 (

σ

σy
)

1
n⁄

  (1) 

Where, ε strain, σ stress, E elasticity modulus, σy tensile yield stress and n known as strain hardening exponent of material 

which can be obtained from; 

 

n =
log(

σu
σy⁄ )

log(
εf

0.002⁄ )
  (2) 

 

Where, σuis the ultimate stress value of the material and εf is known as plastic strain and can be calculated from; 

 

εf = εu −
σu

E
  (3) 

Where, εu is the ultimate strain value of the material. 

All the above-mentioned values (σu, σy, E and εu) can be either obtained from material tables or derived from material tensile 

test results. As an example for Aluminum 6061-T6 material, the convergence of “Ramberg-Osgood” & tensile test results can 

be compared as follows; 

 

 
 

Figure 1. Comparison of Ramberg-Osgood Equation and tensile test results 

As can be seen from  
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Figure 1, although the Ramberg-Osgood relation converges quite well to the tensile test in the elastic and near-tensile plastic 

region, it can produce results that diverge significantly, at least for aluminum material, right after the elastic region. Therefore, 

directly using tensile test results for the simulation will produce more reliable and realistic results. 

 

 

3. TRUE STRESS – STRAIN CURVE 
 

The stress-strain curve obtained as a result of the tensile tests is called the engineering stress-strain curve. However, 

simulation software such as Finite Elements uses the “True” stress-strain curve, which takes into account the change in the cross-

sectional area of the specimen during the tensile test. 

The relationship between the Engineering and True Stress-Strain curve is defined [10] by the following formulas; 

 

σt = σe(1 + ε)  (4) 

ϵ = ln(1 + ε)  (5) 

 

Where, σt and ϵ are true stress and strain, and σe and ε are engineering stress and strain values. 

Accordingly, the engineering and true stress-strain curves of an experiment performed on Aluminum 6061-T6 material are 

as follows; 

 
 

Figure 2. Comparison of engineering and true stress-strain curves of AL6061-T6 

 

Engineering curves obtained as a result of tensile tests were converted into true curves which are used in all simulation 

studies. 

 

 

4. OBTAINING FLD/FLC CURVE OF A MATERIAL 
 

There are many sources, such as reference [1], describing how the Forming Limit Diagram (FLD) is experimentally derived. 

There are [2], [3], [4], [5] and [6] standards related to the derivation of this curve, and among these standards, the “Nakajima” 

test defined in the standard [3] was used as the base reference in finding the FLD curves in this document. The mold geometry 

definition for the Nakajima test is as shown in the following Figure 3; 
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Figure 3. Die cross-section used in Nakajima Test 

 

In standard [3], PTFE material is used as the sliding surface, and therefore, the dynamic friction coefficient is assumed to be 

0.15 for both aluminum and steel parts. It is also one of the conclusions of reference [11] that such an assumption will produce 

correct results. 

According to the standard, the speed of the punch should be 1.5 mm/s. The friction coefficients were accepted as shown in 

the following Table 1; 

 

Table 1. Friction coefficients 

 

 Steel-Steel Steel-Aluminum Aluminum-Aluminum 

Static 0.8 0.45 1.35 

Dynamic 0.42 0.47 1.4 
 

To achieve different stress-strain states, separate geometries are used to find each point on the FLD curve. The sample sheet 

metal part geometries that can be selected by the Nakajima test are as Shown in the following Figure 4; 

 

 
 

Figure 4. Part geometries 

 

The properties of the following materials were used in the simulation studies to create FLD curves for three different materials 

are shown in the following Table 2; 
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Table 2. Main material properties 

 

 AL 6061-T6 AL 6016-T4 CR180BH 

Density (g/cm3) 2.70 2.70 7.00 

Elasticity Modulus (GPa) 62.50 66.00 209.70 

Poisson’s Ratio 0.33 0.33 0.30 

 

Above in  

Figure 2, the true stress-strain curve of AL6061-T6 material is given. Likewise, the true stress-strain curve for both AL6016-

T4 and CR180BH materials is given below in the following Figure 5 and Figure 6. In simulation studies, the true stress-strain 

values used in the plastic region with a negative offset in strain such that strain at the yield point is accepted as its 0 (zero) value. 

 

 
 

Figure 5. Comparison of engineering and true stress-strain curves of AL6016-T4 

 

 
Figure 6. Comparison of engineering and true stress-strain curves of CR180BH 
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5. DETERMINATION OF MINOR AND MAJOR STRAINS 
 

In physical tests, major and minor strains occurring immediately at the crack initiation are taken into account. Only a single 

major and a single minor strain point can be extracted from each test done on different geometry. It is known that the minor and 

major strains at the crack initiation are the ones that we are seeking after. 

To detect the crack initiation, the reaction force graph in real experiments was examined in finding the FLD curve. The point 

where the counter force applied to the system by the geometry (reaction force) peaks and starts to decrease is accepted as the 

beginning of crack initiation and the plastic major and minor strains at this point are determined [11]. By using this method, it 

was observed that the obtained minor-major strain curve did not produce realistic results, especially for the positive minor strain 

values which are near 0 (zero). 

Instead, it has been discovered that realistic results could be achieved in the FLD inference made by considering the starting 

points of the sudden change in the major-minor strain values on the FEM element that has the utmost deformation ( 

Figure 7). 

 

 
 

Figure 7. FEM element shown as red is subject to the utmost deformation on the Nakajima FEM test simulation 

 

On above mentioned the most deformed FEM element of the test specimen, major & minor strain values are obtained, and 

their change is plotted as shown in Figure 8. Below, it has been tried to show where these crucial sudden changes or also known 

as fracture points are in the graph; 

 

 
Figure 8. Major-minor plastic strain change graph at the integration point of the finite element exposed to the maximum 

deformation and the points where the values taken for the FLD curve are shown in this graph. 
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The points found in the above approach can also be perceived as values that occur at the beginning of the maximum tangent 

on the major strain curve and the beginning of the minimum tangent on the minor strain curve. 

It is later found that the method introduced in this paper is almost identical to [12] which proposes the maximum strain 

acceleration at the most strained locations as the fracture indicator. 

 

 

6. FLD/FLC CURVES 
 

In a nutshell, the forming limit curves are determined through applying strains to metal samples in tests until a crack appears. 

Samples are marked with a grid pattern and the strains are calculated based on the measurement of the grid before and after 

deformation. The FLD is generated from the calculated major and minor strains for different strain states. 

Tensile test and FLD/FLC simulation studies are conveyed on three different sheet metal materials in the scope of this report. 

These are; 

 

- Aluminum 6061-T6 

- Aluminum 6016-T4 

- CR180BH 

 

Their corresponding simulation results shown in the following Figure 9, Figure 10, and Figure 11 respectively; 

 
 

Figure 9. FLD Curve of AL6016-T4 sheet-metal material as a result of numerical simulations 
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Figure 10. FLD Curve of AL6061-T6 sheet-metal material as a result of numerical simulations 

 

 
 

Figure 11. FLD Curve of CR180BH sheet-metal material as a result of numerical simulations 
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7. CONCLUSION 
 

The FLD curve results obtained are quite satisfactory as they are similar to the results found in internet resources for the 

materials CR180BH [13] and AL6061-T6 [14]. 

The curves found for the detection and comparison of crack regions during sheet-metal forming processes can be used in 

physical testing, in comparison of simulation studies, and, if necessary, in simulation convergence studies with the test results. 

The outcome of this study should not be considered as the total replacement of the very tedious and expensive physical test 

method of finding FLD/FLC curves but can be considered as the economical alternative method instead. This outcome is an 

important achievement by itself, not to mention alternative physical methods may be out of the scope of most SMEs world-wide 

if such input curves are required for the extended studies. 

 

 

SIMILARTY RATE: 2 % 
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ABSTRACT 
 

The effect of heating rate on the structural and optical properties of Ag+Ge co-doped CZTS thin film were investigated and 

compared with the undoped CZTS sample. The undoped and Ag+Ge co-doped CZTS samples obtained by two-stage technique 

consisting of the sequential deposition of the precursor stacks by sputtering systemand sulfurization of these layers at elevated 

temperature in the RTP system by employing heating rate of 1°C/s, 2°C/s and 3°C/s. Ag and Ge co-doped precursor stack as 

well as undoped stack demonstrated Cu-poor, Zn-rich composition. In addition, the dopant ratio of the Ag+Ge co-doped stack 

was close to the targeted content considering to EDS measurement. Regardless of the employed heating rate or the doping 

process, all of the samples crystallized in a kesterite structure. However, it was confirmed by XRD measurements that high 

heating rates caused phase separation in kesterite phase formation. On the other hand, The Raman peaks assigned to Cu-vacancy 

and CuZn antisite defects formation inhibited with incorporating Ag and Ge into the CZTS structure. Ag and Ge co-doped CZTS 

sample produced with a heating ramp rate of 1°C/s showed better structural and optical results among them. 
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1. INTRODUCTION 
 

The Cu-based kesterite compounds such as Cu2ZnSnS4, (CZTS), Cu2ZnSnSe4 (CZTSe) Cu2ZnSn(S,Se)4 (CZTSSe) are shown 

as alternatives to the absorber layers used in the mature thin-film-based solar cell technologies (CuIn1-xGax(S,Se)2 (CIGS) and 

CdTe), since kesterite materials contain earth abundant and  non-toxic elements. Moreover, kesterite thin films also demonstrate 

similar characteristics to those they are compared to. i.e. having high absorption coefficient (104-105 cm-1), closer ideal direct 

band gap (1.5 eV) and p-type conductivity which make them an appropriate candidate for photovoltaic applications[1, 2]. 

However, it is known that the experimental photo conversion efficiency obtained from CZTSSe-based solar cells ( ̴ 13%) is lower 

than the theoretical value ( ̴ 33%), as well as CIGS ( 23.1%) and CdTe (22.9%) solar cells [3, 4]. This difference is mostly 

attributed to the low Voc [5]. The formation of high acceptor defects concentration such as VCu and CuZn due to Cu-Zn disorder 

that occur during the formation of the kesterite structure is referred to the Voc deficiency [6].  On the other hand, deep defect 

levels originating from the formation of unstable Sn+2 ions have been widely reported as a reason of low efficiency of the CZTSSe 

devices [7].  

To overcome these defects related to issues mentioned above, alloying of kesterite material is one of the main approach that 

used. In this context, the cation replacement of copper (Cu) with silver (Ag) or tin (Sn) with germanium (Ge) in CZTSSe have 

been mostly reported in the literature. For example, it has been reported that partial replacement of Ag with Cu decreases the Vcu 

and CuZn defects, induces better surface morphology with a larger grains and controls the thickness of the MoS2 [8] . Such 

improvements in the structure of the films contributes to enhance the cell efficiency. Besides, it has also been revealed by some 

reported studies that, the concentration of defects in the structure decreased, the crystalline quality improved and grain boundary 

recombination decreased by Ge doping in CZTSSe thin film [7].  Apart from these, there have been limited amount of work 

focused on double cation substitution in CZTSSe structures to simultaneously cope with the Cu-Zn disorder and Sn-related 

problems [9, 10]. In addition, it has been revealed that Ag and Li co-doping strategy improves performance of CZTSe based thin 

film solar cell by reducing poor electrical conductivity [11]. 

In this study, we reported Ag and Ge co-doped CZTS thin films prepared by Rapid Thermal Processing (RTP) method for 

the first time. In order to find the optimum growth process, the effect of heating rate on the structural and optical properties of 

Ag and Ge co-doped CZTS thin films investigated. For comparison, undoped CZTS thin films were also produced.  
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2. MATERIAL AND METHOD 

 
Undoped (CZTS) and Ag-Ge co-doped CZTS (ACZGTS) thin films were grown by the two-stage method. First of all, 

precursor films were constructed on Soda-Lime Glass (SLG) substrates by DC and RF magnetron sputtering system employing 

high purity ZnS (5N), Cu (5N), Sn (5N), Ag (4N) and Ge (5N) sputter targets.   Then, the precursor stacks were annealed under 

sulfur atmosphere using the RTP method with different heating rates to form Ag and Ge co-doped CZTS kesterite structure.  For 

deposition of precursor stacks of undoped and Ag+Ge co-doped samples, SLG substrates were cleaned through standard 

procedure, were placed into the sputtering chamber, and then SLG/Mo/ZnS/Cu/Sn/Cu and SLG/Mo/ZnS/CuSn/Cu/Ag/Ge stacks 

were obtained with using high purity sputtering targets, respectively. The SLG/Mo/ZnS/CuSn/Cu stack was used in the present 

study due to promising results were obtained using this structure in our previous study [12]. Finally, the stacks were sulfurized 

at 550°C for 1 min by using different heating rates of 1°C/s, 2°C/s and 3°C/s. It is well-known that the RTP is more attractive 

method for large scale production due to higher throughput and low energy consumption compared to Conventional Thermal 

Processing (CTP) method and it is also more favorable due to the fact that the shorter annealing time prevent the decomposition 

reactions and elemental loss in CZTS compounds [13]. The detailed information about the deposition process can be found 

elsewhere [9, 14].  

The chemical composition of the precursor stacks were investigated by Energy Dispersive X-ray Spectroscopy measurements 

(EDS). The polycrystalline properties of the thin films were determined by X-ray diffraction (XRD) and Raman spectroscopy 

(excitation wavelength of 633 nm) methods. The optical properties of the samples were studied by optical transmission 

measurement.   

 

 

3. RESULTS AND DISCUSSION 
 

The chemical composition of the undoped and Ag+Ge co-doped precursor layers was given in Table 1. Two stacks were 

found to be Cu-poor (Cu+Ag/Zn+Ge+Sn) and Zn-rich (Zn/Ge+Sn) composition with the ratio of about 0.9 and over 1.30, 

respectively. The Cu-poor and Zn-rich chemical composition is desired property in CZTS-based thin film solar cell applications 

since such composition contributes to form Cu vacancies (VCu) and CuZn anti-site defects, which strengths the p-type 

conductivity, improves the Cu and Zn cation ordering in the lattice, and enhances the separation of photo-generated electron-

hole pairs [15]. 

According to the doping concentration of the Ag and Ge co-doped stack, it was seen that Ag and Ge ratio was about 6% and 

11%, respectively that was close to the targeted dopants ratio (10%). Regardless of the deposition process, the chemical 

compositions of the samples demonstrate that the doped stack has been successfully formed even if it contained six different 
elements. 
 

Table 1. EDS results of undoped and Ag+Ge co-doped precursor stacks 

 

 

XRD patterns of CZTS and ACZGTS thin films produced by sulfurization of undoped SLG/ZnS/CuSn/Cu and co-doped 

SLG/ZnS/CuSn/Cu/Ag/Ge and structures for 1 min at 550°C are given in Figure 1(a-b), respectively. It was observed in XRD 

patterns of the samples that irrespective of dopants and heating rate crystallized in the kesterite structure. Dominant diffraction 

peaks of the samples in the XRD patterns are at angles of around 2θ= 28.45°, 47.50°, and 56.30° which belong to the (112), 

(220/204) and (312/116) crystal planes of the kesterite CZTS phase, respectively (JCPDS 00-26-0575). Apart from these peaks, 

the trace of low-intensity characteristic peaks that occur in the crystal planes of (002), (200), (008) and (332) that are also 

attributed to the kesterite phase. Extended patterns in the range of 2= 28-29° correspond to the (112)-peaks of the XRD patterns 

demonstrated in Figure 1(a-b) are given in Figure 2(a-b). It was determined that the (112) peak positions of the CZTS samples 

did not change with the increasing heating rate as well as the Ag+Ge co-doped CZTS samples ones. Vegard's law states that 

Precursor 

Atomic Compositions (%) Atomic Ratios 

Cu 

 

Ag 

 

Zn Sn 

 

Ge 

 

S 

(Cu+Ag)

(Zn+Ge+Sn)
 

 

Zn

(Ge+Sn)
 

 

Ag

(Ag+Cu)
 

 

Ge

(Ge+Sn)
 

 

 

Undoped 36.0 - 24.2 14.9 - 24.9 0.92 1.60 - -  

Ag and Ge co-

doped 
31.4 1.7 22.4 14.5 1.9 28.1 0.85 1.36 0.06 0.11 
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there is a linear relationship between the crystal lattice constant and the concentrations of the elements involved in the structure 

[16]. This shifts in the XRD peak position inversely proportional to the ionic radius of the dopant atom that replaces the host 

atom in the lattice. In our case, it is expected that the Bragg angle, 2θ, shifts to lower angle by the replacement of Cu with Ag 

(larger radius) into the CZTS structure, while it shifts to a higher angle by the replacement of Sn with Ge (smaller radius) [17, 

18].  Considering the differences between the ionic radii of the Ag and Ge contributions in the lattice and the atomic ratios in the 

stack of the samples produced at 550°C, it was determined that the shifts in the peak position compensated each other and 

presented the same diffraction pattern. 

When the effects of the heating rate on the XRD pattern of undoped CZTS thin films were examined closely, it was concluded 

that the value of the full width at the half-maximum as known an indicator of crystallization degree decreased (0.170°   0.155° 

 0.150°)  with the increasing heating rate (1°C/s  2°C/s  3°C/s). Although the increase in the heating rate improved the 

crystal quality, it was determined that there was a relative decrease in the (112) peak intensity of these samples and a shoulder 

peak was formed at around 2= 29.55°, which corresponds to the ZnS phase ( JCPDS 00-002-0564). In contrast, the Ag and Ge 

co-doped CZTS thin film produced at 1°C/s with a half-maximum width of 0.17° shown the best crystal quality among them. As 

a result of XRD measurements, the optimum heating rate for the growth of undoped and Ag+Ge co-doped CZTS thin films is 

1°C/s. 

 

 
 

Figure 1. XRD spectra of a) undoped, b) Ag+Ge co-doped CZTS thin films formed with various heating rates. 

 

 
 

Figure 2. Extended XRD patterns of a) undoped, b) Ag+Ge co-doped CZTS thin films formed with various heating rates. 
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Raman spectra of undoped and Ag+Ge co-doped CZTS samples produced by employing various heating rates are shown in 

Figure 3 (a-b). In Raman spectra taken in the range of 200-500 cm-1, a dominant peak at about 336 cm-1 (corresponds to the A1 

mode of the kesterite structure) occurred regardless of the heating rate for all of the samples [19]. For undoped CZTS samples, 

the peaks formed at 264, 286 and 366 cm-1 of the kesterite phase are marked in the figure and are in accordance with the previous 

studies [20, 21]. In addition to these, along with a peak formed at 304 cm-1 which is attributed to the CTS phase, the Raman 

peaks at 287 and 367 cm-1 associated with Vcu and CuZn defects appeared, respectively [22, 23]. Besides, although ZnS phase 

was observed in the XRD pattern of the samples, it was not detected with Raman spectroscopy measurement due to the 

insufficient energy of the excitation wavelength of the laser. When the Raman spectra of Ag and Ge co-doped CZTS film were 

examined, it was determined that the Raman modes of the kesterite phase varied with the heating rate, except for the main peak 

around 336 cm-1. Apart from this, Ag-S or Ge-S related secondary phases did not emerged, depending on the dopants. The Raman 

peaks associated to Vcu and CuZn defects concentration decreased by introducing Ag and Ge into the structure.  Also, there was 

no change in the main peak position. However, similar to the XRD results, it is expected that there will be shifts in the main peak 

position (336 cm-1) with introducing Ag and Ge into the structure separately. It is thought that the Raman peak position of the 

A1 mode remains constant since the lattice volume did not shrink or expand due to the fact that amount of the Ag and Ge content 

in the lattice structure are low and close to each other. The Raman peak intensities of the sample produced with 1°C /s are 

relatively higher by twofold indicates the improved crystal quality. Overall, according to the Raman measurements, the optimum 

heating rate for the growth of Ag and Ge co-doped CZTS thin film was determined as 1°C/s. 

 

 
 

Figure 3. Raman spectra of a ) undoped, b) Ag+Ge co-doped CZTS thin films formed employing various heating rates. 

 

 
 

Figure 4. Determination band gap of a) undoped, b) Ag+Ge co-doped CZTS thin films from (αh𝑣)2 - (h𝑣) curves. 
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The transmission data were taken in the wavelength range of 400-1200 nm of the CZTS samples grown by employing various 

heating rates. The optical direct bandgap of the samples was determined using Tauc plot equation of (ℎ𝑣A(ℎ𝑣 Eg)1/2  with 

known absorption coefficients calculated from transmission data [24]. Then, the direct bandgap values of the undoped and 

Ag+Ge co-doped samples were obtained from the points where the linear region of the curve intersect on the ℎ𝑣 - axis. While 

the band gap value of undoped CZTS thin films produced at 1°C/s and 2°C/s was found to be 1.5 eV, this value increased up to 

1.56 eV with the heating rate of 3°C/s [25].  In contrast, the bandgap values of the Ag and Ge co-doped CZTS thin film produced 

at higher heating rates (2-3°C/s ) did not show a substantial change. On the other hand, it was determined that the bandgap energy 

increased to 1.6 eV with an increase of 0.1 eV compared to undoped CZTS with the sample produced by 1°C/s. This may be due 

to the fact that the doping atoms cannot sufficiently introduce into the lattice structure for the samples produced at higher heating 

rates. Optical measurements show that the annealing time of 1 minute is sufficient to obtain the desired structure for the Ag and 

Ge co-doped sample sulfurized at 550°C with the heating rate of 1°C/s. 

 

 

4. CONCLUSION 
 

The effect of heating rate on the structural and optical properties of Ag+Ge co-doped CZTS thin film were studied and 

compared with undoped CZTS structure. The precursor stacks formed by the sequential deposition of Cu, Sn, ZnS, Ag and Ge 

layers via sputtering system, then were sulfurized at 550°C for 1 minute in the RTP system employing various heating rates. The 

EDS measurements indicated that Ag and Ge co-doped precursor stack have a Cu-poor, Zn-rich chemical composition with a 

close targeted dopant content. Although the kesterite CZTS structure took place in all of the samples according to XRD patterns 

and Raman spectra, secondary phase formation and crystal quality changed with the employing different heating rate. Overall, 

Ag and Ge co-doped CZTS sample produced with a heating rate of 1°C/s revealed better results due to formation single phase 

and successfully incorporation of Ag and Ge ions into the kesterite structure. In our future works, we will focus on investigating 

the effect of different ratios of cation replacement on the properties of CZTS thin film as well as device performance. 
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ABSTRACT 
 

In this study, a research was carried out on the removal of dyestuff, which is a big problem in the textile industry. The 

adsorption method was used for the removal of Maxilon Yellow 4GL dyestuff. Cherry laurel leaf (Prunus laurocerasus) and 

waste potato peels were used as adsorbent, and the removal efficiency was determined as 76.64% at pH 7 and with 2 g adsorbent, 

80% dyestuff removal efficiency was achieved in the specified conditions for cherry laurel leaves. For experiments in which 

waste potato peels were used as adsorbent, the optimum conditions were found as follows: Contact time: 60 minutes, adsorbent 

concentration of 0.75 grams and initial concentration of 25 mg/L. The Freundlich isotherm model was suitable for our study, 

since the regression number was found to be 0.999 for cherry laurel leaves and 0.995 for waste potato peels as a result of isotherm 

studies. According to the cost analysis, the materials supplied free of charge, due to mixing, the electricity cost for treatment 

(0.128 TL) and the chemical material cost is 17 TL, and it has been determined that these adsorbents are quite economical in 

dyestuff treatment. As a result, the fact that there is no study on the removal of cherry laurel leaves with the mentioned dyestuff 

in the literature shows that this study can be further developed. 

 

Keywords: Adsorption, Dye removal, Cherry Laurel leaf, Waste potato peels. 

 

 

1. INTRODUCTION 
 

Increasing environmental concerns have led scientists to use natural materials for the environment. The rise in population 

has increased the demand for textile products. Therefore, more production caused more water pollution. The main environmental 

problem for the textile industry is colored wastewater. Since dyestuffs have toxic properties and have a carcinogenic effect on 

metabolism, they must be purified from wastewater. In addition, when these waters are mixed with the discharge environment, 

the dyestuffs in it reduce the photosynthesis by blocking the sun rays. The presence of these substances in the aquatic environment 

causes great damage to the aquatic ecosystem [1]. Most of the dyes are organic and consist of chromogen and auxochrome 

groups. Of these, auxochrome groups provide binding to textile products. When these groups are bonded with molecules, a shift 

can occur in the visible region and these groups are called "chromophore groups" or "color forming groups". The main ones are 

as follows: [2]: 

Nitroso group: -NO or =N-OH 

Nitro group : -NO2  

Azo group : -N=N 

Ethylene group : -C=C 

Carbonyl group : -C=O 

One of the most commonly used methods for dye removal from textile wastewater is adsorption. When an atom, ion or 

molecule is brought into contact with a solid, some of the atoms, ions or molecules are held by the solid. If this holding process 

takes place on the surface of the solid, it is called adsorption. The substance adsorbed to the substance whose concentration 

increases on the liquid or solid surface is called adsorbate, and the substance that adsorbs is called adsorbent [3]. 

Usage areas of the adsorption process: 

• Dechlorination 

• Removal of persistent organic pollutants found in industrial waste 

• Dye removal 

• Reducing the need for chlorine 

• Removal of undesirable odor and taste 

• Removal of toxic compounds [4]. 

In this study, powders of cherry laurel leaves and waste potato peels were used as adsorbent material. The cherry laurel plant, 

which is grown in the Black Sea region of Turkey, has an antioxidant effect due to its phenolic contents. It is found in many 

https://orcid.org/0000-0001-9190-4061
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countries in the world, especially in Europe and Iran, and it is frequently used as an ornamental plant [5]. Potato is an antioxidant 

like other adsorbent and is widely consumed [6].Therefore, it creates a large amount of domestic waste potential. It will be very 

useful to use the waste potato peels, which are turned into adsorbent by a simple process, in the removal of the color parameter 

in the textile industry wastewater. 

 

 
 

Figure 1. Maxilon yellow 4GL [7] 

 

Maxilon yellow 4GL (Figure 1) which is used in experimental a cationic dye. Since their colored parts are in the form 

of cations, these dyes are defined as cationic dyestuffs. Cationic dyes are currently used in large quantities for dyeing acrylics 

and modified acrylics [8]. The reason for choosing this dye in the study is that it is a reactive dye. The difference of reactive dyes 

from other dyes is that they can react with large molecules in the fibers and form real bonds. [2,9].The characteristics of the dye 

are shown in Table 1 [10,11]. 

 

Table 1. The characteristics of dye 

 

Name Color Color Index Molecular Weight 
Molecular 

formula 

Maxilon Yellow 

4GL 
Basic Yellow 87 337.39 C15H19N3O4S 

 

The aim of this study is to investigate the use of some materials found in nature in wastewater removal. Harmful chemicals 

are used in the removal of color parameter from the colored wastewater of the textile industry, which is one of the main 

environmental problems, and new materials are used as alternatives to these harmful chemicals. For this purpose, cherry laurel 

tree leaves and potato peels were used in the study. 

 

 

2. MATERIAL AND METHOD 
 

Cherry laurel leaves were freshly collected from Düzce, Turkey. Afterwards, it was thoroughly washed with tap water in 

order to avoid any residue (dust, insects, etc.) on it. Then the leaves were washed with deionized water and dried in a sunny room 

for 1 week. Throughly dried leaves were passed through a kitchen grinder and stored in an airtight container. In this way, it is 

ready for the experimental stage. The chemical materials used in the study were of analytical purity and ultrapure water was used 

at every stage to prevent any unwanted interference. The same procedure was followed for waste potato peels. Digital scale 

(Radwag), shaker incubator (JSR), pomp (Rocker), spectrophotometer (Hach lange dr3900) and pH meter (Hach lange hd30d) 

were used in the analysis phase. 

Before starting the experiments, the target pollutant prepared at certain concentrations was measured in the spectrophotometer 

in order to understand the results. In this context, certain amounts of dilution were made from the stock solution prepared as 100 

mg/L then, solutions were prepared at concentrations of 5 mg/L, 10 mg/L, 15 mg/L and 25 mg/L, and adsorbance readings were 

made in the device at 410 nm.  

After the solutions prepared at the concentrations stated in the second section were read in the spectrophotometer, a 

calibration graphic was drawn. In this context, experiments were carried out. In the next experiments, the adsorbent values read 

in the spectrophotometer were converted to concentration using this equation. 
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Figure 2. Calibration graphic 

 

The relevant graphic is shown on the Figure 2. The correlation coefficient was found to be 0.999. The linearity of the graph 

indicated that good calibration solutions were prepared. 

 

2.2. Adsorption Studies 

 

In order to investigate the effect of pH on dyestuff removal, the initial dyestuff solution was using 0.1 N NaOH and 0.1 N 

HCl solutions at pH of 3, 5, 7, 9 and 11 set at room temperature. In order to examine the effect of temperature on dye removal, 

samples were taken at 25, 35 and 45 degrees. The effect of initial concentration was determined by experimenting with 

concentrations between 5-25 mg/L. In order to determine the contact time of the cherry laurel leaves and waste potato peels in 

the removal of the dyestuff, samples were taken and measured at certain times different minutes. In order to determine the effect 

of the amount of the adsorbents on the removal of the dye, 0,1-2 grams of leaves were added. 

 

2.2. Isoterm and Kinetic Studies 

 

The kinetic study was carried out considering the optimum conditions where the highest dyestuff removal was achieved. 

In this context, Freundlich isotherm model, which is one of the most frequently used isoterm models in adsorption studies, was 

used. The formula for the relevant model is shown in Equation (1) and Equation (2). Here, the correlation coefficient (R2) must 

be taken into account. The closer this number is to 1, the closer it is to linearity [12]. 

  

𝑞 =
𝑥

𝑚
= 𝐾𝑓. 𝐶𝑒(

1

𝑛
)
                                                                                                                                                          (1) 

 

The equation is expressed logarithmically as: 

 

log (
𝑥

𝑚
) = 𝑙𝑜𝑔𝐾𝑓 + (

1

𝑛
) 𝑙𝑜𝑔𝐶𝑒                                                                                                                                       (2) 

 

 

Ce (mg/L) is the equilibrium concentration, q (mg/g) is the adsorption amount at equilibrium, x (mg/L) is the concentration 

of adsorbed solute, Kf  is adsorption capacity, n is adsorption intensity [12]. 

As the kinetic model, 1st order, 2nd order and additionally the kinetic model they studied in Behnajady et al. (2007) was used 

[13,14].  

1. order kinetic model: 𝐶𝑡 = 𝐶𝑜 𝑒−𝑘1 𝑡                                                                                                                        (3) 

2. order kinetic model: 
1

𝐶𝑡
 =

1

𝐶𝑜
+ 𝑘2𝑡                                                                                                                          (4) 

 

In the equations given in Equations 3 and 4, C is the concentration of maxilon yellow 4gl and t is the time. k1 and k2 are 1st 

and 2nd order kinetic constants, respectively. Co is the starting concentration of maxilon yellow 4 GL. 

The kinetic model formula used by Behnajady et al. in their study is shown in Equation 5. Here, the b represents the 

degradation value of the pollutants.       

     
𝐶𝑡

𝐶𝑜
 = 1 −

1

𝑏
                                                                                                                                                                               (5) 
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3. RESULTS AND DISCUSSION 
 

3.2. pH Effect 

 

 As it is known, pH is an important parameter in adsorption. For this purpose, adjustments were made at different pH 

values. First of all, initial concentration (Co) was adjusted 25 mg/L, amount of adsorbent (Aa) was 1 g/L and contact time was 

60 minutes. According to the data obtained from the adsorption studies performed at acidic, neutral and basic values, the highest 

dyestuff removal was obtained in neutral conditions. As seen in Figure 3, the best dye removal efficiency was achieved at pH 7. 

 

 
 

Figure 3. pH effect (Co:25 mg/L, Aa : 1 g/L, Time: 60 min.) 

 

The reason why the removal efficiency is higher at high pH values is that the adsorbent is more effective in removing cations 

because OH- ions are coated on the surface of the adsorbent at high pH [15]. In addition, with the increase in pH, the adsorbent 

surface is negatively charged and attracts Maxilon Yellow 4GL, a cationic dye. Therefore, it is thought that dye removal is higher 

at neutral and basic pH values. [16]. 

 

3.3. Temperature Effect 

 

According to the results obtained, the dye removal of the adsorbent little decreased as the temperature increased. As the 

reason for this, it can be concluded that the efficiency decreased because of the deterioration of the temperature on the adsorbent. 

Figure 4 shows that, high temperature is not suitable for this adsorbent. However, the effect of temperature is negligible as the 

reduction is very small.  

 

 
 

Figure 4. Temperature effect (pH: 7, Co:25 mg/L, Aa: 1 g/L, Time: 60 min.) 

 

pH and temperature values was studied for cherry laurel leaves. These parameters were not studied in other adsorbent to see 

how much efficiency can be obtained without using much chemicals and spending energy for extra heating. 

 

3.4. Contact Time Effect 

 

As seen in the Figure 5, for cherry laurel leaves, adsorption increased with increasing contact time. However, after the 90th 

minute, the reaction reached equilibrium, that is, there was no significant increase. It can be said that the reason for this is that 

the pores of the leaves are filled with adsorption in the first stage, and then these pores cannot achieve more dyestuff retention. 
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Figure 5. Contact time effect, cherry laurel leaf (a), waste potato peel (b) 

 

For the studies in which waste potato peels were used as adsorbent, pH 7, initial dyestuff concentration of 25 mg/L and 

temperature were adjusted as room temperature. As seen in Figure 5 (b), an increase in removal efficiency is observed until the 

60th minute, then the solution reaches equilibrium. At first, a rapid adsorption was observed because the pores on the surface of 

the adsorbent were open, while a slowdown in adsorption was observed as the pores filled over time [16]. Therefore, cherry 

laurel leaves reached equilibrium at 90 minutes and waste potato peels reached equilibrium at 60 minutes. However, the dye 

removal efficiency was lower than the other adsorbent (waste potato peels). 

 

3.5. Adsorbent Concentration 

 

According to the results obtained for cherry laurel leaves, 40.8% color removal was observed when 0.1 grams of 

adsorbent was added, 62.6% when 0.5 grams was added, 76% when 1 gram was added, and 80% when 2 grams were added, 

78.76 when 2.5 grams were added. With the addition of adsorbent up to a certain amount, the removal efficiency increases and 

it is fixed after a point, indicating that the adsorbent has reached saturation for cherry laurel leaves. 

 

 
 

Figure 6. Amount of adsorbent effect 

 

As seen in Figure 6 (b), the adsorbent added as 0.25, 0.5 0.75 and 1g/L reached the most efficient value at 0.75 g/L. 

Since the small amount of adsorbent could not adsorb the dyestuff, the dyestuff removal efficiency increased as the amount of 

adsorbent increased. However, there was a slight decrease in the dye removal efficiency afterwards. The reason for this suggests 

that the waste potato peels may give a yellowish color in the solution due to its structure. 

 

3.6. Initial Concentration 

 

Components in low concentration dyestuffs have difficulty interacting with each other. Thus, the adsorption rate of the 

dye increases. In the case of an increase in dye concentration, the dye removal efficiency decreases as the mentioned components 

compete with each other [17]. 
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Figure 7. Initial concentration effect 

 

Figure 7 shows a leap in dye removal after an initial concentration of 15 mg/L for both adsorbents. Therefore, for both 

adsorbents, the dye removal efficiency increased as the dye concentration increased. 

 

3.7. Isoterm and Kinetic Studies 

 

Freundlich isotherm model, which is one of the most used isotherms, has been applied to understand the balance between 

Maxilon Yellow 4GL dye, which is a residue in aqueous solution, and Maxilon Yellow 4GL dye adsorbed. Figure 8 (a is for 

cherry laurel leaves and b is for waste potato peels), shows that, a high correlation coefficient was obtained for the Freundlich 

isotherm. This means that the adsorbent heterogeneous adsorption has taken place and it shows that the adsorption is successful 

[18]. Also, Langmuir isotherm studies carried out. Although the high correlation coefficient was high for the Langmuir isotherm 

for cherry laurel leaves, a lower correlation coefficient was found for the Langmuir isotherm for waste potato peels. 

 

 
 

 
 

Figure 8. Isotherm graphics 
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Table 2. Correlation coefficients according to the kinetic model 

 

Adsorbent First order kinetic Second order kinetic Behnajady kinetic model 

Cherry Laurel Leaves 0.778 0.776 0.999 

Waste Potato Peels 0.984 0.999 0.999 

 

Table 2 shows the kinetic studies. The results show that the Behnajady kinetic model is suitable for both adsorbents. 

As can be seen in Table 3, studies in the literature have generally worked with high amounts of adsorbent. The advantage of 

this study compared to similar studies is that it works at lower adsorbent doses. In addition, dyestuff removal is observed in a 

short time in this study. 

Table 3. Similar studies in the literature 

 

Dyestuff Adsorbent Removal Efficiency 
Amount of 

Adsorbent 
References 

Methylene blue Rice Straw 91% 1 g/L [19] 

Direct Yellow 
Zeolite, wood ash, 

wood shavings 
37% 10 g/L [20] 

Verfix red and 

Lanasyam brown 

GRL 

Carbon and flyash 100% 10 g/L [21] 

Rodamin B and 

Malachite Green 
Biochar 99.05% and 98.08% 0.1 g/mL [22] 

Malachite green and 

Methylene blue 
Annona skumosa seed 75.66% and 24.33% 0.2 g/50 mL [23] 

C.I.Acid Violet 90 

and C.I.Acid Yellow 

194 

Egg shell 82.3 % and 91.5% 3-25 g/L [24] 

 

3.8. Cost Analysis 

 

The use of low-cost alternative adsorbents is very important for the environment. Today, the use of adsorbents produced 

by expensive methods creates an extra burden for the environment and restricts treatment due to some toxic chemicals used in 

production. The fact that one of the adsorbents selected in this study is a plant grown in nature and the other is a waste food 

product makes the adsorbent material free. If we take into account only the electricity consumed by the shaker for treatment, the 

electricity cost is approximately 1,425 TL/kWh *0.09 KWh = 0,12825 TL (excluding taxes) in an hour for May/2023. Since tap 

water is only used to wash organic materials, there is a consumption of approximately 10 liters. Since 0.2 mL of HCl solution 

was used per solution to adjust the pH, approximately 25 mL was used in total. According to the current exchange rate, 1 liter of 

HCl is approximately 665 TL. Therefore, the acid consumption is 17 TL. Thus, it is possible to use Maxilon Yellow 4GL for the 

removal of dyestuff at a very low cost. 

 

 

4. CONCLUSION 
 
Maxilon Yellow 4GL removal was done by using leaves of cherry laurel leaves and waste potato peels, and no study was 

found in the literature in which this dyestuff was removed with the mentioned adsorbents. As a result of a series of experimental 

studies, the optimum conditions for dye removal were determined as follows: pH, 7; the temperature is 25 degrees; the contact 

time was 90 minutes and the amount of adsorbent was 1 gram for cherry laurel leaves. The optimum conditions for dye removal 

were determined as follows: the contact time was 60 minutes, initial concentration was 25 mg/L and the amount of adsorbent 

was 0.75 gram for waste potato peels. According to the data we obtained, the removal of Maxilon Yellow 4GL, a textile dye, 

was accomplished with cherry laurel leaves without applying any additional chemical treatment. The highest efficiency was 

obtained as 80%. In addition, the fact that it is a natural removal is the strongest advantage of this method. For waste potato 
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peels, the highest efficiency was 45 %. Although the dye removal efficiency of waste potato peels is lower than other adsorbent, 

it is thought that the removal efficiency will increase by applying different modifications on it. Here, the adsorbents, which are 

divided into small pieces, interact with the pollutant and adhere to the surface of the adsorbent. Potato peels appear to have a low 

effect on the color removal mechanism due to the yellow coloration of the aqueous medium. As a result, under optimum 

conditions, 76.6% for cherry laurel leaves; 34% removal efficiency was obtained for waste potato peels. There are many 

pollutants in the content of textile industry wastewater and the main of these pollutants are dyestuffs. These pollutants create a 

large amount of Chemical Oxygen Demand, especially during dyeing processes, there is a lot of water consumption. For these 

reasons, the color parameter, which is only one of the parameters that creates the pollution load, was chosen in this study. It is 

thought that these materials will be studied on the removal of other pollutant parameters in future studies. 
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ABSTRACT 
 

This article presents an investigation into the structural, optical, and electrical properties of Indium Tin Oxide (ITO) films 

that were deposited utilizing various plasma powers. The transmittance values in the visible region were measured, revealing 

that the ITO film deposited at 2050 W exhibited the highest transmittance (81%). Additionally, the sheet resistance values of all 

films were analyzed, indicating that the ITO film deposited at 2050 W had the lowest sheet resistance (64.9 Ω/sq). By means of 

XRD analysis, the structural properties of the films were meticulously scrutinized, and the distinctive diffraction peaks associated 

with the ITO films were successfully identified. Notably, the ITO film deposited at 2050 W demonstrated superior performance 

compared to the other films deposited using various plasma powers. Finally, we report a noteworthy efficiency of 17.03% 

achieved in the SHJ solar cell fabricated with the ITO film deposited at 2050 W on a 5x5 cm2 n-type Si substrate.  

 

Keywords: Transparent conductive oxide (TCO), Indium Tin Oxide (ITO), DC magnetron sputtering, Sheet resistance, Optical 

transmittance 

 

 

1. INTRODUCTION 
 

Solar energy holds significant potential as a renewable energy source, and recent advancements in technology coupled with 

cost reductions have made it even more promising. Various solar cells utilizing different materials have been developed, and 

among them, crystalline silicon (c-Si) solar cells have gained widespread use in photovoltaic (PV) technology for several 

decades. These c-Si solar cells offer advantages such as an optimal band gap, high efficiency, and easy access to raw materials 

[1]. Among the array of c-Si-based solar cell technologies, heterojunction solar cells utilizing c-Silicon (SHJ cells) have arisen 

as the preeminent choice in terms of efficiency. SHJ solar cells have garnered considerable interest due to their affordability, low 

deposition temperatures (<200°C), high efficiency, and simplified fabrication processes [2]. In recent years, remarkable 

conversion efficiencies of 25.6% and 26.7% have been achieved in SHJ solar cells [3], [4]. 

Transparent Conductive Oxide (TCO) layers play a critical role in SHJ due to their multifaceted significance and essential 

functionalities. These layers play a pivotal role in generating electron-hole pairs, facilitating the transmission of incoming light 

to the p-n junction, and minimizing reflection [5]. Furthermore, the integration of TCO layers is imperative to ensure efficient 

current collection in SHJ, primarily due to the elevated resistance exhibited by a-Si:H layers and the constrained lateral 

conductivity of p-doped a-Si:H layers. The utilization of TCO materials extends beyond the domain of SHJ and holds notable 

importance in a wide range of other devices, including but not limited to light-emitting diodes (LEDs) [6], dielectric transistors 

[7], flexible electronics [8], fuel cells [9], as well as in ubiquitous consumer electronics such as smartphones, monitors, and flat 

panel displays [10]. 

The production of TCO layers involves employing a diverse array of techniques, including but not limited to chemical vapor 

deposition (CVD) [11], pulsed laser deposition [12], physical vapor deposition (PVD) [13], [14], ion-assisted plasma evaporation 

[15], electron beam evaporation [16], direct current (DC) [17], radio frequency (RF) magnetron sputtering [18], and thermal 

evaporation [19]. Magnetron sputtering is a commonly employed technique in the production of TCO layers, primarily due to its 

favorable manufacturing characteristics. These include the ability to maintain excellent optoelectronic performance of the film 

[20], [21], while enabling industrial field applications through features like low substrate temperatures and high deposition rates. 

Furthermore, magnetron sputtering is favored for its capability to yield films with superior electrical and optical properties, as 

well as ensuring good surface homogeneity. 

Indium tin oxide (ITO) [22], aluminum zinc oxide (AZO) [23], indium tungsten oxide (IWO) [24], indium zinc oxide (IZO) 

[25], and fluorine tin oxide (FTO) [26] are among the commonly employed TCOs today. ITO, specifically, is composed of a 

https://orcid.org/0000-0002-8602-2512
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solid compound consisting of indium (III) oxide (In2O3) and tin (IV) oxide (SnO2), typically with a composition of 90% In2O3 

and 10% SnO2. Its application in solar cells is widespread due to its satisfactory conductivity and permeability performance [27]. 

When employed as a thin film, ITO demonstrates favorable characteristics as a viable option for a conductive layer, owing to its 

diminished surface resistance and enhanced permeability in comparison to alternative materials currently available. Moreover, 

ITO serves as an n-type semiconductor material with a discernible direct band gap spanning from 3.5 to 4.3 eV [28]. This 

distinctive property exerts a notable influence on the morphological, optical, and electrical attributes of ITO, consequently 

facilitating the fabrication of materials characterized by exceptional performance [29], [30]. 

In this research, a series of ITO films were deposited on 5x5 cm2 SHJ solar cells using varying plasma powers (1800 - 1850 

- 1900 - 1950 - 2000 - 2050 W), and their respective cell performances were examined. The optoelectronic characteristics of the 

fabricated ITO films were explored within the wavelength range of 300-1200 nm. The primary objective of this investigation 

was to enhance the power conversion efficiency (PCE) of SHJ solar cells by augmenting light absorption and minimizing light 

reflection. Subsequently, the performances of the ITO films, deposited using different plasma powers SHJ solar cells, were 

evaluated, resulting in the highest achieved conversion efficiency (η) of 17.03%. 

 

 

2. MATERIAL AND METHOD 
 

2.1. Thin Film Deposition 

 

ITO films were deposited onto soda-lime glass substrates (surface: 2.5 x 2.5 cm2, thickness: 1.1 mm) through sputtering using a 

DC magnetron (13.56 MHz) integrated into a PVD system. Figure 1 illustrates the schematic representation of the PVD setup. 

For the production of ITO films, a sputtering target with 99.999% (5N) purity of ITO was employed. The resulting films had a 

thickness of approximately 100 nm. Before introducing the glass substrates into the PVD chamber, a meticulous cleaning 

procedure was performed. Each glass substrate was subjected to a sequential cleaning regimen, involving a 5-minute immersion 

in acetone within an ultrasonic bath, followed by an additional 5-minute immersion in ethanol, and concluded with a 10-minute 

immersion in distilled water. Afterward, they were dried using Nitrogen (N2) gas. The cleaned glass substrates were then placed 

within the PVD system and kept until a working pressure of 1x10-6 mbar was attained. The pressure within the PVD was 

maintained at 2x10-2 mbar using a continuous supply of Argon (Ar) gas and Oxygen (O2). To prevent system contamination, an 

initial empty run was performed before loading the substrates into the system for the deposition process. The deposition 

parameters utilized for the fabrication of the ITO films are outlined in Table 1. 

 

Table 1. Deposition parameters of ITO films. 

 

Deposition Parameters ITO 

Base pressure (mbar) 1x10-6 

Deposition Pressure (mbar) 2x10-2 

Ar (sccm) 200 

O2 (sccm) 3.3 

Temperature (°C) 200 

Plasma Power (W) 1800-1850-1900-1950-2000-2050 

 

 

 
 

Figure 1. Schematic illustration of the PVD system. 
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2.2. Production of Silicon Heterojunction Solar Cells (SHJ) 

 

In the second phase of this study, SHJ solar cells were fabricated using 5x5 cm2, 180 μm thick, (100) orientation random 

pyramid textured c-Si substrates. To prepare the substrates, the oxide layer on the c-Si surface was eliminated using a 

hydrofluoric acid (HF) solution, followed by rinsing with distilled water and drying with N2. Next, 10 nm thick hydrogenated 

amorphous silicon (a-Si:H (i)) layers were deposited on both surfaces of the c-Si substrate using the plasma-enhanced chemical 

vapor deposition (PECVD) method, utilizing silane (SiH4) and hydrogen (H2) gases. Subsequently, a 10 nm thick p-type a-Si 

layer (SiH4, H2, and Trimethyl boron (TMB) gas) was deposited on the front surface, while a 10 nm thick n-type a-Si layer (SiH4, 

H2, and Phosphine (PH3) gas) was deposited on the back surface. On the rear surface of the n-type a-Si:H layer, consecutive 

layers of 40 nm ITO and 220 nm silver (Ag) were deposited using PVD. The thickness of the ITO and Ag layers was kept 

constant across all SHJ solar cells. For the front surface, the deposition of the ITO layer was performed on the p-type a-Si:H 

layer utilizing different plasma powers. Using various plasma powers, the ITO layer was deposited on the front surface of the p-

type a-Si:H layer with a thickness of 100 nm. Figure 2 illustrates the fabricated SHJ solar cell structure. Ultimately, the front 

surface of the solar cells underwent metallization using Ag paste through the screen-printing method. 

 

 
 

Figure 2. Schematic representation of the SHJ solar cell. 

 

 

2.3. Characterization 

 

In this study, optical, electrical, and structural parameters of ITO films were investigated. The structural properties of the 

ITO films were investigated using a Pan analytical-XRD device with CuKα radiation (λ=0.15418 nm) through X-ray diffraction. 

The determination of the thickness and optical characteristics of the thin films was carried out utilizing a Woollam V-Vase 

Ellipsometer, specifically within the wavelength range spanning from 300 to 1200 nm. The electrical properties of the ITO films 

were assessed using a contactless sheet resistance system (EddyCus® TF lab 4040 Hybrid). Furthermore, the efficiency 

performance of the solar cell was evaluated using the Sinton Suns-Voc WCP-120 device. 

 

 

3. RESULTS AND DISCUSSION 
 

3.1 Structural and Morphological Features 

 

The structural properties of ITO films were investigated using X-ray diffraction method. X-ray diffraction method allows the 

examination of crystal structures by creating constructive and destructive interferences as a result of X-rays striking the parallel 

planes of atoms. In this method, the angle θ is determined for the strongest constructive interference for X-rays using Bragg's 

Law [31].  

 

 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛θ = 𝑛λ                                                                                                                                                                                                   (1) 
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Parameters such as the distance (d) between planes of the crystal lattice, the Bragg angle (θ), an integer (n) representing the 

order of the diffraction peak, and the X-ray wavelength (λ) are used. Miller indices (h, k, l) of crystallographic planes are also 

taken into account. The calculation of the crystallite size (D) of the ITO thin films was conducted employing the Debye-Scherrer 

equation [32]. 

 

𝐷 =
𝑘𝜆

𝛽 cos 𝜃
                                                                                                                                                                                                         (2) 

 

In this context, k represents the shape factor (0.9), λ the X-ray wavelength, and β the broadening of the diffraction line peak 

at an angle of 2θ at the full-width half-maximum (FWHM) in radians measured using the Gaussian distribution. The symbol θ 

represents the Bragg angle. 

In this study, the XRD method was employed to analyze the crystal structure of ITO films deposited under various plasma 

powers (1800, 1850, 1900, 1950, 2000, and 2050 W). The scanning range for 2θ was set between 10° and 80°, and the outcomes 

obtained are illustrated in Figure 3. Based on the analysis results, all the deposited films exhibited polycrystalline characteristics, 

and the diffraction peaks (211), (222), (400), (440), and (622) indicated a cubic ITO structure (ICSD Card No. 98-005-0849) 

[33], [34]. The crystallinity of the ITO films was found to be influenced by the fabrication method and deposition conditions. 

While the films deposited at 1800 W did not exhibit (400) and (622) diffraction peaks, these peaks were observed with plasma 

powers exceeding 1850 W (Figure 3). This suggests that the plasma power enhances atomic arrangement, leading to an improved 

crystal structure. Table 2 presents the structural parameters of the ITO films deposited under different plasma powers, with these 

parameters calculated relative to the diffraction peak plane of highest intensity (222). According to this plane, the FWHM value 

of the ITO film deposited at 2050 W was determined to be the lowest (7.3E-03 rad). Conversely, the ITO film deposited at 1950 

W exhibited the highest FWHM value (8.0E-03 rad). Furthermore, the 2θ values corresponding to the orientation of the ITO 

films (222) deposited at 1800, 1850, 1900, 1950, 2000, and 2050 W were measured as 30.21°, 30.19°, 30.22°, 29.95°, 30.21°, 

and 30.20°, respectively.  In addition, the energy of the ions during sputtering may affect the preferred orientation of the 

crystalline particles because of these shifts in 2θ values. Higher sputtering powers may favor the growth of certain crystal planes, 

causing a shift in 2θ values [35], [36]. 
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Figure 3. XRD patterns of ITO films deposited on the glass surface at 1800, 1850, 1900, 1950, 2000, and 2050 W plasma 

power.  
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The crystallite size and FWHM values of the ITO films generated under different plasma powers are presented in Table 2, 

and the crystallite size was determined using equation (2). A notable inverse relationship was observed between the crystallite 

size and FWHM values, where an increase in crystallite size corresponded to a significant decrease in FWHM (as depicted in 

Figure 4). Moreover, Table 2 demonstrates that the ITO films deposited at 1850 and 1950 W exhibited lower crystallite sizes (18 

nm) compared to the films deposited at the same value and other plasma powers. The ITO films deposited at 1800, 1900, 2000, 

and 2050 W displayed the best crystallite sizes (19 nm). This outcome indicates that the ITO samples exhibit an improved crystal 

structure at plasma powers of 1800, 1900, 2000, and 2050 W. However, it is worth noting that the values are quite close to each 

other. 

 

Table 2. FWHM (β), Bragg angle (θ), and crystallite size (D) values of ITO films deposited at 1800, 1850, 1900, 1950, 2000, 

and 2050 W plasma power. 

 

Power (W) β (rad) θ (degres) cosθ D (nm) 

1800 7.6E-03 15.1046 0.9655 19 

1850 7.9E-03 15.0948 0.9655 18 

1900 7.4E-03 15.1085 0.9654 19 

1950 8.0E-03 14.9748 0.9660 18 

2000 7.5E-03 15.1030 0.9655 19 

2050 7.3E-03 15.1020 0.9655 19 

 

3.2. Optical and Electrical Properties 

Figures 4 and 5 depict the transmittance and reflection spectra, respectively, of the ITO films deposited on glass substrates 

through the PVD method, employing diverse plasma powers. A comprehensive summary of the optical properties, encompassing 

transmittance and reflection, of the films on the glass substrate is presented in Table 3. The transmittance spectra of the films 

exhibit remarkably high values within the visible region of the electromagnetic spectrum. Across the wavelength range of 400-

700 nm, the ITO films deposited using different plasma powers demonstrated an average transmittance exceeding 78% and a 

reflectance below 18% (Table 3). Notably, the highest average transmittance of 81% was observed in the ITO film deposited at 

2050 W, while the lowest transmittance was recorded in the ITO film deposited at 1800 W (77%). With an increase in plasma 

power, the transmittance showed an upward trend at lower wavelengths (400-700 nm), but conversely declined at higher 

wavelengths. Among the ITO films deposited using different plasma powers, the one with the highest transmittance within the 

visible region was determined to be the film generated at 2050 W, as illustrated in Figure 4. 

 

Table 3. Transmittance, reflection and energy band gaps of ITO films deposited at 1800, 1850, 1900, 1950, 2000 and 2050 W 

plasma power. 

 

Power 

(W) 

Average 

Transmittance (%) 

(400-700 nm) 

Average 

Reflection (%) 

(400-700 nm) 

Eg 

(eV) 

Transmittance 

(%) 

(550 nm) 

1800 77 18 3.91 76 

1850 79 18 3.91 78 

1900 80 15 3.90 79 

1950 79 16 3.91 79 

2000 80 16 3.91 80 

2050 81 15 3.91 81 
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Figure 4. Transmission spectra of ITO films deposited at 1800, 1850, 1900, 1950, 2000, and 2050 W plasma power. 
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Figure 5. Reflection spectra of ITO films deposited at 1800, 1850, 1900, 1950, 2000, and 2050 W plasma power. 

 

Figure 6 shows the graph hν corresponding to (αhν)2. The results were calculated using the bandgap measurement, Tauc plot 

derivative of ITO films deposited at different plasma powers [37]. The optical band gap values were determined as 3.90 eV for 

the film deposited at 1900 W, and as 3.91 eV for the remaining ITO films. The summary of the band gap energy values is 

provided in Table 3. From these findings, it can be observed that the plasma power had minimal influence on the band gap of 

the ITO films. 
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Figure 6. Graph of hν versus (αhν)2 for ITO films deposited at 1800, 1850, 1900, 1950, 2000, and 2050 W plasma power. 

 

The transmittance values at a wavelength of 550 nm are provided in Table 3 to calculate the Figure of Merit (FOM) for ITO 

films deposited under different plasma powers. By utilizing the transmittance and sheet resistance properties of the ITO films at 

this specific wavelength, the FOM (ɸTC) values were calculated using equation (3). Figure 7 displays the obtained ɸTC and Rsh  
values for the ITO films deposited with varying plasma powers. It was observed that ɸTC values increased as the plasma power 

increased across all films. The ITO film deposited at 2050 W exhibited the highest FOM value of 1.87x10-3 Ohm -1. Furthermore, 

Figure 7 also presents the Rsh values for the ITO films deposited under different plasma powers. The film deposited at 1800 W 

displayed the highest Rsh value of 78.7 Ω/sq, whereas the film deposited at 2050 W demonstrated the lowest Rsh value of 64.9 

Ω/sq. It can be noted that there is a consistent decrease in Rsh values with the increase in plasma power. These findings indicate 

that the plasma power enhances the electrical properties of the material. 

 

ɸ𝑇𝐶 = 𝑇10 𝑅𝑠ℎ⁄                                                                                                                                                                                                    (3) 
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Figure 7. FOM and sheet resistance graph of ITO films deposited at 1800, 1850, 1900, 1950, 2000, and 2050 W plasma 

power. 
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The photovoltaic parameters of SHJ solar cells are provided in Table 4. Among all the plasma powers used, the ITO film 

deposited at 2050 W demonstrated superior performance in terms of high optical properties and low layer resistance, resulting 

in high efficiency. The SHJ solar cell utilizing the ITO layer deposited at 2050 W exhibited parameters of 0.613 V, 79.1%, and 

17.03% for VOC, FF, and η, respectively. On the other hand, the SHJ solar cell fabricated using the ITO layer deposited at 1800 

W showed lower efficiency due to its lower optical properties and higher layer resistance. Increasing the plasma power resulted 

in higher VOC and conversion efficiency in the solar cell. Figure 8 shows the current density-voltage (J-V) graph of the SHJ solar 

cell using ITO film deposited at 2050 W plasma power, showing its excellent performance as a TCO in the SHJ solar cell. 

 

Table 4. Photovoltaic parameters of SHJ solar cells. 

 

Plasma Power 

(W) 

Voc 

(V) 

JSC 

(A/cm2) 

VMP 

(V) 

JMP 

(A/cm2) 

FF 

(%) 

Efficiency 

(η) 

1800 0.565 0.035 0.476 0.032 77.8 15.38 

1850 0.570 0.035 0.479 0.033 78.3 15.49 

1900 0.587 0.035 0.497 0.032 78.6 16.14 

1950 0.596 0.035 0.504 0.033 79.6 16.59 

2000 0.602 0.035 0.509 0.033 78.5 16.56 

2050 0.613 0.035 0.522 0.033 79.1 17.03 
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Figure 8. The current density-voltage (J-V) graph of the SHJ solar cell fabricated using ITO with a plasma power of 2050 W.  

 

4. CONCLUSIONS 

 

In this study, the structural, optical, and electrical properties of ITO films deposited by the DC magnetron sputtering method 

using different plasma powers (1800, 1850, 1900, 1950, 2000, and 2050 W) on 5x5 cm2 n-type Si wafer at 200 °C were 

investigated. The optical properties were assessed by measuring the average transmittance values within the visible region (400-

700 nm). The highest transmittance (81%) was observed in the ITO film deposited at 2050 W, followed by the ITO films 

deposited at 1900 W and 1950 W, which exhibited transmittance values of 80%. The lowest transmittance (77%) was observed 

in the ITO film deposited at 1800 W. The sheet resistance values were measured for all films, and the ITO film deposited at 2050 

W exhibited the lowest sheet resistance (64.9 Ω/sq). Additionally, the FOM value for this film was calculated to be 1.87x10-3 

Ohm-1, indicating its superior electrical performance compared to films deposited at other plasma powers. The structural 

properties of the films were thoroughly examined through XRD analysis, unveiling the presence of distinct diffraction peaks 

corresponding to the crystal planes (211), (222), (400), (440), and (622) across all ITO films. Furthermore, the analysis revealed 

that the ITO films deposited at 1850 W and 1950 W exhibited crystallite sizes of 18 nm, whereas the films deposited at 1800 W, 
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1900 W, 2000 W, and 2050 W demonstrated crystallite sizes of 19 nm. Based on the analysis results, the ITO film deposited at 

2050 W demonstrated the best overall performance among the different plasma powers. Finally, a remarkable efficiency of 

17.03% was achieved in the SHJ solar cell utilizing the ITO film deposited at 2050 W. 

 

SIMILARITY RATE: 15 % 
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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.  

 

Keywords: WS2, PVD, Substrate temperature 

 

 

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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