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Abstract. Materials computing is the interdisciplinary science of designing and investigating materials and 
their intrinsic properties through computational approaches. One promising material in the class of 
Transition Metal Dichalcogenides (TMDCs) is the monolayer of tungsten disulfide (WS₂), which has shown 

significant potential for applications in optoelectronics, including solar cell technology. While various 
experimental and theoretical studies have explored the optical properties of WS₂ monolayers, most have 
focused only on pristine structures or limited defect types. In this study, we investigate the influence of 
vacancy defects—specifically, different types and concentrations ranging from 1% to 5%—on the optical 
properties of WS₂ monolayers using the tight-binding propagation method implemented via the TBPLaS 
computational library. Our results show that both the type and concentration of vacancies significantly alter 
the absorption spectra and optical transitions, with distinct effects observed across different energy ranges. 
The presence of defects generally reduces optical performance in the visible range, potentially limiting solar 
cell efficiency. However, the defect-induced modifications in the infrared region suggest a new potential for 
WS₂ monolayers in infrared sensing applications. 
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Introduction 

Semiconductor is one type of material that plays an important role in the progress of human 
civilization to the present [1]. Although there are many types, semiconductor materials such as 
silicon are widely used in modern technology because of their abundant availability and good 
performance in technological applications [2]. One important silicon-based technology is solar 
cells, which convert solar energy into electrical energy [3]. Solar cell technology offers an 
alternative mechanism to meet the need for clean, low-emission, and environmentally friendly 
energy [4]. Because of this potential, a lot of research and development has been done to improve 
the performance and portability of solar cells [5], [6].    

One of the efforts to improve the performance of solar cells is to integrate a Tungsten Disulfide 
(WS2) layer as an electron transport layer [7]. WS2 is one type of semiconductor material that 
belongs to Transition Metal Dichalcogenides (TMDC) [8]. In addition, the WS2 layer also has the 
potential to be applied as an absorber layer on solar cells to increase their efficiency [9]. In another 
study, a single layer of WS2 can increase absorption in the visible light region when applied as an 
intermediate layer on hetero-structure-based solar cells [10]. Even single-layer WS2 itself has 
been developed as a transparent solar cell [11].  

However, the synthesis process or environmental factors can cause the WS2 monolayer to 
experience internal defects such as vacancies, potentially reducing its performance as an 
integrated layer in solar cells [12]. In addition to vacancies, WS2 monolayers also have the 
opportunity to oxidize due to their interaction with free air [13]. The type of vacancies of W atoms 
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or S atoms in WS2 monolayers is thought to affect its optical properties [14]. Moreover, the 
presence of vacancies also has an impact on changes in the density of states and energy band 
gap of WS2 monolayers [15].   

Several studies have been conducted to study the optical character of WS2 monolayer in its 
pristine state as well as in the presence of atomic defects such as vacancies using Density 
Functional Theory (DFT) [14], [16], [17]. However, the concentration of vacancies studied using 
the DFT method is relatively not low enough due to its expensive computation cost [18]. In DFT, 
for lower vacancies, a larger system size is required and this leads to an increase in the amount 
of memory required up to ~100 GB [19]. As an alternative, a method that can be obtained is the 
tight binding propagation method [20]. This method has been used to study and predict the 
electrical and optical characteristics of two-dimensional TMDC materials with relatively very low 
vacancy concentration at a relatively affordable computational cost [21].  

Current computational studies of the optical properties of WS2 monolayer are still limited to 
variations in the concentration of vacancies that are large enough or very small so that they do 
not provide a comprehensive picture or prediction related to the effect of vacancy concentration 
on the optical properties of materials [17], [18], [21]. Therefore, this research studies the effect of 
the presence of W, S2, and WS2 vacancies ranging from 1-5% that may happen in WS2 monolayer 
on its optical properties. The calculated optical properties such as optical conductivity, refractive 
index, reflectance, and absorption coefficient are quantities that can describe the behavior of 
materials due to interaction with light as electromagnetic waves. The study in this research is 
carried out computationally using the TBPLaS library as an implementation of the tight binding 
propagation method. 

Theoretical Background 

The structure and Hamiltonian of WS2 monolayer are important concepts for calculating optical 
properties in tight binding propagation simulations. 

Structure and tight binding Hamiltonian of WS2 

 

Figure 1. Hexagonal structure of WS2 monolayer and unit cell of WS2 monolayer consists of one W 
atom & two S atoms  

WS2 monolayer is a two-dimensional material consisting of a layer of Tungsten W atoms 
sandwiched by two layers of Sulfur S atoms [22]. The structure of the WS2 layer is similar to the 
hexagonal structure of graphene, but the unit cell contains one W atom and two S atoms [23]. 

The lattice parameter of the WS2 monolayer structure 𝑎 = 3,18 Å [24]. While, the closest distance 
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between S atoms in one unit cell is 𝑐 = 3,142 Å [25].  In the representation of the crystal system, 

the lattice vectors of single-layer WS2 are expressed as 𝑎1 = (𝑎, 0,0) dan 𝑎2 = (−
𝑎

2
,

𝑎√3

2
, 0) as 

shown in Figure 1.  

The tight binding method uses a linear combination of atomic orbitals as an orthogonal basis state 
in solving the time-independent Schrödinger equation  [26]. For WS2 monolayer, W atom and 2 S 
atoms in each unit cell can respectively contribute atomic orbitals {d3z2−r2 , dx2−y2 , dxy, dxz, dyz} and 

{px, py, pz}  thus the orthogonal basis consists of 11 orbitals, namely |ϕi⟩ =

|pi,x,t, pi,y,t, pi,z,t, di,3z2−r2 , di,x2−y2 , di,xy, di,xz, di,yz, pi,x,b, pi,x,b, pi,x,b⟩ [27]. The index i represents the 

unit cell number, while t and b indicate the orbitals of the upper S and lower S atoms, respectively. 

In the second quantization using the on-site parameter ϵi = ⟨ϕi|−
h2

8π2m
∇2 + V(r)|ϕi⟩  and the 

hopping parameter between orbitals i & j tij(𝐑) = − ⟨ϕi(𝟎)|−
h2

8π2m
∇2 + V(r)|ϕj(𝐑)⟩ , the 

Hamiltonian matrix of single layer WS2 in real space can be expressed as [28]: 

�̂� = ∑ 𝜖𝑖

𝑹,𝑖

𝑐𝑖
†(𝑹)𝑐𝑖(𝑹) + ∑ 𝑡𝑖𝑗(𝑹)

𝑅≠0∨𝑖≠𝑗

𝑐𝑖
†(𝟎)𝑐𝑗(𝑹) (1)  

 

where 𝑐† and 𝑐 are the creation and annihilation operators respectively in the basis used. While, 

𝑹 represents the unit cell position. The tight-binding parameters for the WS2 monolayer used refer 
to previous work [27]. The complete solution of the Schrödinger equation using the Hamiltonian 

as equation (1) can be expressed by |ψ(t)⟩ =e−iĤt|ψ(0)⟩, where |𝜓(0)⟩ consists normalized initial 

random states in all basis |𝜙𝑖⟩ in the sample [29]. The time exponential term is approximated 

using Chebyshev polynomials as follows 𝑒−𝑖�̂�𝑡 = 𝑒
−𝑖(

�̂�

‖𝐻‖
)(‖𝐻‖𝑡)

= 𝑒−𝑖�̃��̃� = [𝐽0(�̃�)�̂�0(�̃�) +

2𝐽1(�̃�)�̂�1(�̃�) + 2 ∑ 𝐽𝑚(�̃�)�̂�𝑚(�̃�)∞
𝑚=2 ] where 𝐽𝑚(�̃�) is the Bessel function and �̂�𝑚(�̃�) is the modified 

Chebyshev polynomials that has iteration �̂�𝑚+1(�̃�) = −2𝑖�̃��̂�𝑚(�̃�) + �̂�𝑚−1(�̃�) with the generators 

�̂�0(�̃�) = 𝐼  and �̂�1(�̃�) = −𝑖�̃�  [28]. Use of Chebyshev polynomials to avoid impractical 
diagonalization of the sparse Hamiltonian matrix or the 4th order Runge-Kutta method which 
requires small time steps to produce good results [30].   

Optical Properties: Optical Conductivity, refractive index, Reflectance, and Absorption Coefficient 

Optical conductivity is the response of a material to electromagnetic waves [31]. Based on Kubo's 
formula, the real part of the optical conductivity of a sample of size Ω in the same direction as the 
direction of electromagnetic wave can be expressed as [32] 

𝑅𝑒 𝜎𝑥𝑥(ħ𝜔) = 𝑙𝑖𝑚
𝐸→0+

𝑒𝛽ħ𝜔 − 1

ħ𝜔𝛺
∫ 𝑒−𝐸𝑡

∞

0

𝑠𝑖𝑛(𝜔𝑡) × [2𝐼𝑚⟨𝜓2(𝑡)|𝐽𝑥|𝜓1(𝑡)𝑥⟩]𝑑𝑡 
(2)  

 

with |ψ2(t)⟩ = e−iH̃t̃f(H̃)|ψ(0)⟩ dan |ψ1(t)x⟩ = e−iH̃t̃[1 − f(H̃)]Jx|ψ(0)⟩. Current density operator is 

denoted by 𝐽𝑥 = −
𝑖𝑒

ħ
∑ 𝑡𝑖𝑗𝑖,𝑗 (�̂�𝑗 − �̂�𝑖)𝑥 𝑐𝑖

†𝑐𝑗  with (�̂�𝑗 − �̂�𝑖)𝑥  is x-direction component of position 

operator & 𝑒 is electron charge, meanwhile Fermi-Dirac distribution operator approximated using 

Chebyshev polynomial f(H̃) = ∑ ckTk(H̃)∞
k=0 , 𝑐𝑘  is Chebyshev expansion coefficient of the 
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function f(H̃) = (e𝛽𝜇)(e−�̃��̃�)/(1 + (e𝛽𝜇)(e−�̃��̃�))  and calculated using fast Fourier transform &  

𝑇𝑘(�̃�) is the modified Chebyshev polynomials that has iteration 𝑇𝑘+1(�̃�) − 2�̃�𝑇𝑘(�̃�) + 𝑇𝑘−1(�̃�) =
0  with the generators 𝑇0(�̃�) = 1  and 𝑇1(�̃�) = �̃�   [29]. The imaginary part of the optical 
conductivity can be obtained from the Kramers-Kronig relation as [28] 

𝐼𝑚 𝜎𝑥𝑥(ħ𝜔) = −
1

𝜋
𝒫 ∫

𝜎𝑥𝑥(ħ𝜔′) 

𝜔′ − 𝜔

∞

−∞

𝑑𝜔′ 
(3)  

 

where 𝓟 represents the Cauchy principal part of the integration. The real and imaginary parts of 
the optical conductivity 𝑹𝒆 𝝈𝒙𝒙 and 𝑰𝒎 𝝈𝒙𝒙 can provide information regarding the complex value 

of the relevant dielectric constant 𝜺(𝛚) = 𝜺𝟏(𝛚) + 𝐢𝜺𝟐(𝛚) based on the formulas 𝜺𝟏 =
𝑰𝒎 𝝈𝒙𝒙

𝝎𝜺𝟎
  and 

𝜺𝟐 =
𝑹𝒆 𝝈𝒙𝒙

𝝎𝜺𝟎
 [33]. The real and imaginary values of the dielectric constants are then used to 

calculate optical properties such as refractive index 𝒏(𝝎), reflectance 𝑹(𝝎), and absorption 

coefficient 𝜶(𝝎) respectively using the following formulas [34]. 

𝑛(𝜔) = √
|𝜀(𝜔)| + 𝑅𝑒(𝜀(𝜔))

2
 

(4)  

𝑅(𝜔) =
(𝑛(𝜔) − 1)2 + 𝜅(𝜔)2

(𝑛(𝜔) + 1)2 + 𝜅(𝜔)2
 

(5)  

𝛼(𝜔) =
2𝜔𝜅(𝜔)

𝑐
 

(6)  

where 𝛋(𝛚) = √
|𝛆(𝛚)|−𝐑𝐞(𝛆(𝛚))

𝟐
. 

Materials and Methods 

This research utilizes a personal computer with an Intel core i5-13420H processor (12 CPUs, ~2.1 
GHz), 16 GB RAM (4267 MT/s), and a Linux-based operating system, Pop!_OS. During the 
calculation process, the computer was operated remotely using tunneling available in VSCode 
software. 

This work is based on a tight binding model that is computed using the time propagation method. 
The method is used because it can produce a time-dependent Schrödinger equation solution of 
a large system without going through the diagonalization process, which is relatively expensive 
[28]. This study implements an open-source library TBPLaS, which is a library that integrates the 
time propagation method to study large systems based on the tight binding model [28]. 

The considered WS2 monolayer system has a size of 100 × 100 thus contains 30.000 atoms and 
110.000 atomic orbitals. This size is relatively convergent in showing the physical profile of the 
WS2 monolayer so that it is considered to represent the real WS2 monolayer [15]. At first, the 
calculation of optical properties such as optical conductivity, refractive index, reflectance, and 
absorption coefficient is applied to the pristine system without the presence of vacancies. 
Furthermore, similar calculations were applied to a system of the same size, but with the presence 
of 3 types of vacancy defects, namely atomic vacancy defects W, S2, and WS2 with concentration 
variations from 1%, 2%, 3%, 4%, and 5%. The three types of vacancies are shown in Figure 2.  
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Figure 2. WS2 monolayer with: (a) vacancy of W atom, (b) vacancy of S2 atom, and (c) vacancy of 
WS2 atom 

Results and Discussion 

A computational study of the optical properties of WS2 monolayers with variations of W, S2, and 
WS2 atomic vacancies in the same unit cell has been conducted. The position of each vacancy is 
generated using a random number generator to represent the real system condition. The 
concentration of applied vacancies varies from 1-5% to study the effect of vacancies on the optical 
properties of WS2 monolayers. The study of optical properties was carried out in the infrared to a 
small part of the ultraviolet energy range (0 or 1 - 5eV) because the solar energy spectrum is 
mostly dominated by infrared and visible light [35].  

 

Figure 3. Optical conductivity of WS2 monolayer with varying vacancy: (a) vacancy of W atom, (b) 
vacancy of S2 atom, and (c) vacancy of WS2 atom 

Based on Figure 3, in the energy range of 1-2 eV, all types of atomic vacancies with a vacancy 
concentration of 1-5% tend to increase the optical conductivity of WS2 monolayer. The same is 
observed around energies of 3,2 - 4,2 eV and 4,8 eV. This is thought to be due to a decrease in 
the energy band gap around 1-2 eV due to changes in state localization [15], while other energy 
regions are thought to be due to momentum transfer from photons to charge carriers [36]. 
Meanwhile, in other energy regions there is a decrease in optical conductivity due to system 
irregularities that interfere with the transportation of charge carriers with a certain momentum [37]. 
Although the peaks of optical conductivity values around 2 eV, 2.7 eV, 3.1 eV, 4.3 eV, and 4.6 eV 
tend to decrease, the other energy regions increase. In general, this has a good impact on charge 
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carrier transport in WS2 monolayers applied to solar cells, given the broad spectrum of sunlight. 
On closer inspection, Figure 3 (a) shows a more significant increase in the non-peak region 
compared to others and a smaller decrease in the peak region in the 1 - 4eV energy range. This 
indicates that the presence of W atomic vacancies is relatively superior in maintaining and 
enhancing optical conductivity compared to S2 or WS2 type vacancies. This finding also indicates 
that WS2 monolayer with variations in the type and number of vacancies can be applied to the 
field of light sensors in specific spectral ranges, especially infrared and red color. 

 

Figure 4. Refractive index of WS2 monolayer with varying vacancy: (a) vacancy of W atom, (b) 
vacancy of S2 atom, and (c) vacancy of WS2 atom     

The refractive index of the WS2 monolayer system was calculated from the optical conductivity 
data obtained previously. In general, Figure 4 shows that the refractive index of the WS2 
monolayer depends on the energy of the electromagnetic waves passing through it. At low energy 
levels between 0.2 - 1 eV, electromagnetic waves experience relatively little refraction because 
they pass through systems with minimal energy or momentum transfer. Meanwhile, in the energy 
region of more than 1 eV, it appears to depend on the type and number of vacancies of the atoms 
that make up the WS2 monolayer. This is related to the mechanism in optical conductivity 
previously discussed. In the energy range of 1-2 eV, the refractive index of WS2 monolayers 
subjected to W-type vacancies increases as the concentration increases (Figure 4(a)), but this is 
not the case for WS2 monolayers subjected to S2 and WS2 atomic vacancies (Figure 4(b) and 
(c)). For the region around energy 2 - 2.4 eV, increasing the concentration of S2 atomic vacancies 
from 3 - 5% can increase the refractive index of the system. The same thing happens in WS2 
monolayer with WS2 vacancies, but not as significant as that in WS2 monolayer with S2 vacancies. 
On the other hand, the WS2 monolayer with W atom vacancies shows a decrease in refractive 
index. Other than at 2 eV energy, the dominant peaks decrease. This indicates that the presence 
of vacancies with various types and concentrations can reduce the refractive index at certain 
energy levels. Meanwhile, the non-peak regions experience an increase in refractive index. The 
greater the refractive index, the greater the ability of the material to trap light with certain energies. 
This opens up the potential to make solar cells more compact. 
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Figure 5. Reflectance of WS2 monolayer with varying vacancy: (a) vacancy of W atom, (b) vacancy 
of S2 atom, and (c) vacancy of WS2 atom 

Reflectance describes how a material reflects back electromagnetic waves that hit it. Visualization 
of the reflectance of the WS2 monolayer in this study is presented in Figure 5. Similar to the 
optical properties previously discussed, reflectance also depends on the type of electromagnetic 
wave spectrum that hits it. Electromagnetic waves with energy greater than 2 eV tend to be 
reflected more than electromagnetic waves with smaller energy. This is related to the number of 
charge carriers localized at a certain energy level. The more charges that are localized at an 
energy level, the greater the reflectance. Vacancy of W, S2, and WS2 atoms causes a change in 
the localization of charge carriers resulting in a change in reflectance [38]. The WS2 monolayer 
with W atomic vacancies (Figure 5(a)) results in a larger reflectance enhancement than that 
exhibited by the WS2 monolayer with WS2 atomic vacancy in the energy range of 1 - 2 eV. The 
similar situation is not significant for WS2 monolayer with S2 atomic vacancies. In Figure 5 (a) - 
(c) there are three dominant peaks that have reduced reflectance. The larger reduction in 
reflectance due to the increase in vacancy concentration is only shown by WS2 monolayer with 
S2 vacancies in the energy range of about 2,8 eV and WS2 monolayer with W or WS2 vacancies 
in the energy range of about 3,2 eV. Meanwhile, the non-peak regions generally experience an 
increase in reflectance. This finding indicates a reduction in the performance of the WS2 
monolayer containing vacancies as it reflects more of the dominant sun light spectrum.   

 

Figure 6. Absorption coefficient of WS2 monolayer with varying vacancy: (a) vacancy of W atom, 
(b) vacancy of S2 atom, and (c) vacancy of WS2 atom 
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Electromagnetic waves that are not reflected will then undergo two processes: absorption and 
transmission. Electron will use the energy from the absorbed wave spectrum to transition to a 
higher energy level. This is the main working principle of solar cells.  Figure 6 shows that the 
absorption coefficient tends to be linear at low levels of the energy spectrum. Furthermore, at 
relatively high energy levels the value is highly dependent on the electromagnetic wave spectrum. 
The presence of vacancies, both W, S2, and WS2 atoms, shows a tendency to decrease the 
absorption coefficient around the energy region of 1,8 - 2,6 eV. The reduction of the absorption 
coefficient also occurs in the region around energy 4.2 eV. The reason is that the population of 
charge carriers localized at that energy is largely reduced. An increase in the concentration of 
vacancies that decreases the absorption coefficient is only clearly observed in the WS2 
monolayer with S2 vacancies in the energy range around ~2.5 eV in Figure 6 (b). Meanwhile, the 
absorption coefficient in some energy ranges increases. However, the power per unit area of 
sunlight reaching Earth is relatively smaller for photon energies higher than 3 eV [35] [39]. 
Ultimately, this results in a decrease in the performance of solar cells based on WS2 monolayers 
due to the reduction of the absorption coefficient in the dominant region of the sunlight spectrum. 

Conclusions 

Calculation of the optical properties of WS2 monolayer was successfully carried out using 
TBPLaS based on tight binding propagation. The optical properties studied include optical 
conductivity, refractive index, reflectance, and absorption coefficient. The calculations show a 
change in optical properties when the WS2 monolayer is subjected to W, S2, and WS2 type 
vacancies with concentrations of 1-5%. In certain energy regions, the four optical properties 
studied increased or decreased. This is related to changes in the localization of charge carriers 
in the WS2 monolayer due to the different types and variations in the concentration of the vacancy 
defects. The change in optical properties tends to make the performance of WS2 monolayer 
decrease when applied as an absorber in solar cells. For the future, further research can be 
carried out by studying the effect of the presence of W, S2, and WS2 atomic vacancies 
simultaneously on a WS2 monolayer system which is not discussed in this research. 
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