
JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS                                             Vol. 27, Iss. 7 - 8, July - August 2025, p. 297 - 302 

 

High optical absorber of WS2/MoS2 Si-based in 

broadband spectrum 

 

 

XICHENG XIONG1,*, CHUN JIANG2, QUAN XIE3, QUANZHEN HUANG1, XINGHUI WU1, YUBI ZHANG1 
1School of Electrical and Information Engineering, Henan University of Engineering, Zhengzhou 451191, China 
2State Key Laboratory of Advanced Optical Communication Systems and Networks, Shanghai Jiao Tong University, 

Shanghai 200240, China 
3School of Big Data and Information Engineering, Guizhou University, Guiyang 550025, China 

 
 

 

In this paper, the authors present the design of three distinct simple structures: Si, MoS2/Si, and WS2/MoS2/Si film. The 
objective is to analyze their optical transmission properties across a broadband range. The findings reveal that the 
absorptivity of WS2/MoS2/Si was exceptional, exhibiting an expanded band range and increased value. These results 
suggest that this structure holds great potential for application in various photodevices. Such characteristics are highly 
advantageous for the design and fabrication of optical and photoelectric devices. 
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1. Introduction  
 

In recent decades, transition metal dichalcogenides 

(TMDCs) have emerged as promising materials with a 

wide range of applications. They have garnered extensive 

research attention, particularly in the fields of 

nanoelectronics and photonics [1, 2]. Among TMDCs, 

MoS2 and WS2 have gained significant interest due to their 

high absorption coefficient [1, 2]. On the other hand, 

silicon (Si) is a widely used semiconductor material in 

various electronic and photoelectric devices. Its excellent 

physical properties have made it a staple in modern society 

[3-6]. In fact, nearly all modern semiconductor devices, 

including integrated circuits and photodetectors, are 

fabricated on silicon substrates. Combining the properties 

of MoS2, WS2, and Si, these materials can be applied 

together in photodetectors [7-10]. 

The photodetector must be constructed using a 

material or structure with high optical absorption. 

Materials such as MoS2, WS2, and Si exhibit greater 

optical absorption. MoS2 and WS2 are classified as two-

dimensional materials. Single-layer MoS2 has a direct 

bandgap of 1.8 eV, and the bandgap of MoS2 can be 

adjusted by altering the number of layers in the crystal [11, 

12]. The lattice constants for WS2 and MoS2 crystals are 

0.315 nm and 0.312 nm, respectively [12]. Monolayer 

WS2 is also a direct band material with a value of 1.50 eV 

due to quantum confinement. The number of layers or 

their thickness can impact the optical refractive index and 

physical performance of these materials. Bulk and 

multilayer MoS2 and WS2 are considered indirect gap 

materials [13]. Additionally, MoS2 and WS2 possess low 

surface energy, and the energy of the WS2/MoS2 

heterostructure is approximately 1.96 eV [12]. These 

characteristics broaden their potential applications in 

semiconductor and optoelectrical devices. However, the 

use of a structure composed of MoS2, WS2, and Si in the 

field of photoelectricity, particularly in terms of optical 

absorptivity, has been scarcely investigated. 

This paper investigates the transmission properties of 

various structures, including Si, MoS2/Si, and 

WS2/MoS2/Si, under normal incidence in a broadband 

range. The thicknesses of WS2, MoS2, and Si were 30 nm, 

30 nm, and 1 µm, respectively. The refractive indices of 

the materials were obtained from previously published 

literature [14-16]. 

 

 
2. Theory 
 

When light travels through a medium with varying 

refractive index, such as a multilayer structure, it 

undergoes reflections and transmissions. The theory 

behind these phenomena has been extensively discussed in 

relevant papers [16]. The light source used in this study is 

a plane wave with a wavelength range of 0.3 μm to 2 μm. 

According to Maxwell's equations, the absorptivity (A) 

can be calculated using the formula A(λ)=1-R(λ)-T(λ), 

where R(λ) and T(λ) represent reflectivity and 

transmissivity, respectively, and λ denotes the wavelength. 

The expressions for R(λ) and T(λ) in multi-layer films 

have been derived and can be found in series formulae, 

such as formulas (1), (2), (3) and (4) [16], specifically for 

three films placed in air. These simplified formulas can 

also be applied to monolayer and bilayer films.  
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where in the formula(1) the letter “e” is a constant, 

representing the exponential function. The "i" in the upper 

right corner of formula (1) represents the imaginary unit " 

i". “r1, r2, r3, r4” represent the reflection coefficients of 

each layer interface. In the formula (2), “a” and “c” 

represent the corresponding elements in the coefficient 

matrix, “a*” and “c*” represent their complex conjugate 

values. In the formula (3), “t1, t2, t3, t4” represent the 

transmittance coefficients of each layer interface, and the 

refractive index of each layer medium is a complex 

refractive index, so they are complex numbers. “t1*, t2*, 

t3*, t4*” represent the complex conjugate values of the 

transmittance coefficients of each layer interface. In the 

formula (4), “λ” represents the wavelength of light waves. 

“nm” represents the refractive index of the medium, “dm” 

represents the thickness of the medium, “δm” represents 

the phase change of the light passing through each layer of 

the film, “φm” represents the angle of incidence of the light, 

and the subscript “m” indicates the serial number of each 

layer of the medium. 

 

 
3. Method 
 

The study on the reflection and transmission of Si, 

MoS2/Si, and WS2/MoS2/Si is crucial for enhancing the 

performance of photodetector devices. The film thickness 

of each structure has been fixed accordingly, with Si 

serving as the bottom layer. The light beam is incident 

vertically for illumination. To simulate the optical 

transmission characteristics of these structures, we have 

utilized Meep, a free and open-source software package 

originally developed by MIT [17]. In Meep, the perfectly 

matched layer (PML) approach to implementing absorbing 

boundary conditions in FDTD simulation was originally 

proposed in the paper [18]. The approach involves 

surrounding the computational cell with a medium that in 

theory absorbs without any reflection electromagnetic 

waves at all frequencies and angles of incidence. The 

original PML formulation involved "splitting" Maxwell's 

equations into two sets of equations in the absorbing 

layers, appropriately defined. 

The boundaries are defined at three coordinates 

namely x, y and z [19]. The unit cell boundary condition is 

applied at the x and y directions and open (add space) 

boundary condition is applied at the z direction. Defined 

boundaries with axis are shown in Fig. 1.  
Meep allows us to assign the dielectric permittivity of 

materials using a Drude-Lorentz approximation. In Meep 

software simulation, we can approximate the material 

permittivity using one, two, or three Lorentz terms [20]:  
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where n and k are the real and imaginary part of complex 

refractive index, respectively. ɛ∞ is high frequency 

dielectric constant, the meep unit of ωp and γp are µm-1, σp 

is constant without unit. ωp and γp are user-specified 

constants. σp is a user-specified function of position giving 

the strength of the p-th resonance. 

Calculated by programming, being similar to the 

description in the papers [21, 22], the parameter values of 

the Drude-Lorentz formula (5) for Si, MoS2, and WS2 in 

the wavelength range of 0.3 μm to 2 μm are shown in table 

1. as follows: 

 
Table 1. The parameter of the Drude-Lorentz formula for Si, 

MoS2, and WS2  

 

Material Si MoS2 WS2 

ɛ∞ 1.1962 1.1016 2.3947 

σ1 11.6857 0.0510 332.6179 

ω1 3.26 0.0419 0.0220 

γ1 1.0157 2.3269e-14 2.0520e-7 

σ2 1.2143 0.5171 2.0059 

ω2 0.1746 4.6424 2.4512 

γ2 3.8223e+4 1.7775 0.6219 

σ3 0.6324 46.8971 0.9275 

ω3 3.4366 0.0303 3.4787 

γ3 0.1211 2.3244e-14 0.5228 

 

The sandwich layered structures depicted in Fig.1 

have been constructed using three different materials. 

 
 

 

 

 

 

 

 

 

 

                              

                                     

 

                                           

 

Fig. 1. The structures composed of Si, MoS2 and WS2  

(colour online) 

 

The Meep software was utilized to calculate the R(λ) 

and T(λ) values for the three structures. The absorptivity 

was determined using the formula A(λ) = 1 - R(λ) - T(λ). 
 
 
 
 

z 

x WS2  30nm MoS2  30nm Si  2µm y 

https://en.wikipedia.org/wiki/Perfectly_matched_layer
https://en.wikipedia.org/wiki/Perfectly_matched_layer


High optical absorber of WS2/MoS2 Si-based in broadband spectrum                                                  299 

 

4. Discussion 
 

It is evident from Figs. 2 and 3 that there are 

significant variations in the absorptivities and 

transmissivities among the three structures. 

 In Fig. 2, the absorptivities of these structures 

increased with the addition of the material. Specifically, 

the absorptivity of the Si layer structure reached a 

maximum of 0.63 with a FWHM (Full Width at Half 

Maximum) of 0.8 μm within the wavelength range of 0.3 

μm to 1.6 μm. The absorptivity of the MoS2/Si bilayer 

structure had a similar value, around 0.65, within the 

wavelength range of 0.35 μm to 0.86 μm. However, the 

absorptivity of the WS2/MoS2/Si trilayer structure showed 

a significant increase and surpassed the absorptivity of the 

Si and MoS2/Si structures across a broad spectrum. 

Examples of this situation are illustrated as follows: within 

the wavelength range of 0.3 μm to 0.43 μm, the FWHM is 

0.04 μm with a maximum absorptivity of 0.9 at 0.34 μm. 

Within the wavelength range of 0.43 μm to 1.12 μm, the 

FWHM is 0.37 μm with a maximum absorptivity of 1.0 at 

0.65 μm. With the addition of materials, the highest point 

experiences a blue shift, such as 0.75 μm in the Si layer, 

0.7 μm in the MoS2/Si layer film, and 0.65 μm and 0.34 

μm in the WS2/MoS2/Si structure. When the wavelength 

exceeds 0.8 μm, the absorptivity in the Si and MoS2/Si 

structures exhibits a similar behavior, linearly decreasing 

with a slope of approximately -0.33 until reaching 0.26. 

Similarly, when the wavelength exceeds 0.65 μm, the 

absorptivity in the WS2/MoS2/Si structure linearly 

decreases with a rake ratio of -0.53 until reaching 0.28. 

The absorptivity of WS2/MoS2/Si is at least 0.04 higher 

compared to the Si and MoS2/Si structures. In general, the 

absorption characteristic of WS2/MoS2/Si is the best 

among the three structures. 

The extinction coefficient of materials decides the 

absorptivities of the structures. The extinction coefficient 

of Si has a rapid descent from 5.3 to zero in the 

wavelength of 0.3 μm to 0.5 μm, and the value of WS2 

undergo the process of rising from 0.9 to 1.7 and then 

falling to zero in the visible wavelength range with the 

maximun of 1.7 in the wavelength of 0.4 μm. When the 

wavelenhtg is more than 0.8 μm, the extinction coefficient 

of Si and WS2 are close to zero. At the same time, the 

extinction coefficient for MoS2 is almost zero across the 

entire wavelength spectrum studied. 

 

 

 
 

Fig. 2. Absorptivities of structures (colour online) 

 

In Fig. 3, the transmissivity of these three structures is 

zero in the visible light range. However, from a 

wavelength of 0.8 μm to 2 μm, the transmissivity of Si and 

MoS2/Si increases linearly with a slope of 0.34, reaching a 

value of 0.41. The curves for Si and MoS2/Si overlap 

completely. Similarly, the transmissivity of WS2/MoS2/Si 

also increases linearly with a slope of 0.36, reaching a 

value of 0.43. Notably, the transmissivity of WS2/MoS2/Si 

is equal to or greater than the other two structures in both 

the visible light and near-infrared band. In the near-

infrared band, the difference in transmissivity, known as 

the D-value, is approximately 0.03. This suggests that a 

thicker structure has a higher transmissivity in these 

conditions, which is a unique and interesting phenomenon. 
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Fig. 3. Transmissivities of structures (colour online) 
 

The absorptivity and transmissivity of WS2/MoS2/Si 

show varying differences and have different addition when 

compared to Si and MoS2/Si, as illustrated in Fig. 2 and 

Fig. 3. However, it is worth noting that the reflectivity of 

the structure is decreasing, as depicted in Fig. 4. The 

formula A(λ)=1-R(λ)-T(λ) remains valid in this context 

and aligns with the principles of electromagnetic theory. 

 

 
    

Fig. 4. Reflectivities of structures (colour online) 
 

The phenomenon can be attributed to the unique 

characteristics of the refractive index of materials, as 

depicted in Fig. 5. 

On one hand, Si exhibits tremendous anomalous 

dispersion, with a dn/dλ value of 24.3 μm-1, in the 

wavelength range from 0.3 μm to 0.36 μm. Similarly, WS2 

displays larger anomalous dispersion, with a dn/dλ value 

of 10.5 μm-1, in the wavelength range from 0.34 μm to 

0.45 μm. However, both materials exhibit normal 

dispersion in other wavelength ranges. In the near-infrared 
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band, the real part of the refractive index for both Si and 

WS2 remains relatively unchanged, with Si having a value 

close to 3.5 and WS2 having a value around 2.3.  MoS2 

exhibits normal dispersion in the visible light and near-

infrared band, with a constant real part of the refractive 

index equal to 1.25. 

 

 

 
 

Fig. 5. The complex refractive indexes of Si, WS2 and MoS2 (n, k denote the real and imaginary part, respectively) (colour online) 

 

On the other hand, the extinction coefficient of Si and 

WS2 undergo significant changes in the visible wavelength 

range. For Si, there is a steep decrease in gradient with 

dk/dλ= -41.9 μm-1 for wavelengths less than 0.4 μm, 

followed by a near-zero gradient with wavelengths greater 

than 0.4 μm. In comparison, WS2 exhibits an even more 

pronounced gradient with dk/dλ= -21 μm-1 between 0.33 

μm and 0.4 μm, and a much higher gradient of dk/dλ=5.47 

μm-1 within the 0.4 μm to 0.7 μm wavelength range. In all 

other wavelengths, the extinction coefficient for Si and 

WS2 remains close to zero. Interestingly, the extinction 

coefficient for MoS2 is consistently negligible across the 

entire wavelength spectrum. 

 

 
5. Conclusion 
 

The WS2/MoS2/Si structure significantly enhances 

absorption characteristics across a wide band, particularly 

in the visible light range. It exhibits improved absorptivity 

and expanded wavelength range compared to alternative 

structures. This makes it highly valuable for the 

development of photoelectric devices like photodetectors 

and solar cells. 
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