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In this study, we introduce an innovative silicon solar cell design aimed at enhancing both current density and overall 
efficiency. This novel architecture features a unique combination of alternating or window-shaped doping profiles at the top 
layer, complemented by a graphene grating layer situated in the middle, and strategically positioned gold nanoparticles 
between the doping and grating layers. We conducted a comprehensive performance evaluation of various solar cell 
configurations, including a basic silicon solar cell, cells with window doping, grating, nanoparticles, and a combination of 
doping, nanoparticles, and grating. Our findings reveal that the proposed structure, with its synergistic integration of grating, 
window-shaped doping, and nanoparticles, significantly amplifies the electric field strength within the active region. This 
enhancement leads to a remarkable improvement in solar cell performance, highlighted by a quantum efficiency value 
reaching up to 81%, a short-circuit current density of 35 mA/cm^2, a fill factor (FF) of 83%, and an open-circuit voltage 
(VOC) of 0.66 V. These results underscore the potential of the proposed design in pushing the boundaries of silicon solar 
cell efficiency and performance. 
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1. Introduction 
 

The conversion of daylight into energy via solar cells, 

a process grounded in the photovoltaic effect, remains a 

cornerstone of renewable energy research [1]. Discovered 

by Bequerel in 1839, the photovoltaic effect involves the 

excitation of electrons in response to light, a phenomenon 

facilitated by the semiconductor material's p-n junction 

[1]. However, maximizing solar cell efficiency 

necessitates optically thick photovoltaic layers for 

effective light absorption, a challenge mitigated by the 

advent of plasmonic nanostructures [2-5]. These 

structures, particularly when closely coupled to 

semiconductors, enhance absorption in ultrathin films, 

thereby offering a pathway to high-efficiency, reduced-

material solar cells. 

Localized surface plasmons, the resonant oscillations 

of conductive electrons at the nanoparticle interface under 

light excitation, significantly augment light absorption and 

scattering within solar cells. These phenomena, which 

vary with the size and shape of the nanoparticles, can lead 

to enhanced photocurrent collection [6-7]. Research has 

elucidated the potential of sub-wavelength light trapping 

structures, including both metallic and dielectric 

nanostructures, to induce effective light trapping and 

scattering, further advancing thin-film solar cell 

technology [8-11]. 

Metallic nanoparticles, notable for their ability to 

sustain localized surface plasmons, are particularly 

effective in extending the optical path within solar cells, 

thereby improving their absorption and overall efficiency 

[12-31]. These enhancements stem from both far-field and 

near-field effects, which respectively refer to the scattering 

enhancement and local electric field amplification near the 

semiconductor material. Additionally, the integration of 

nanostructured metallic films on the rear side of PV layers 

can couple light into surface plasmon polariton (SPP) 

modes, further boosting cell performance [32-35]. 

This paper introduces a novel silicon solar cell 

architecture that incorporates alternating window-shaped 

doping, a graphene grating layer, and strategically 

positioned gold nanoparticles. This design is evaluated 

against various configurations, including cells with only 

window doping, grating, or nanoparticles, and a composite 

cell integrating all three enhancements. Our analysis 

reveals that the composite structure significantly increases 

the electric field strength within the active region, leading 

to substantial performance improvements.  

We employed COMSOL Multiphysics for simulation, 

focusing on the effects of nanoparticle material, size, and 

distribution on solar cell performance. Initial simulations 

with gold nanoparticles were expanded to consider 

alternative materials like silver, aiming to optimize light 

absorption and scattering properties. Our results indicate a 
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pronounced improvement in efficiency and current density 

with the proposed design, underscoring the impact of 

integrated plasmonic nanoparticles and graphene grating 

on solar cell performance. 

 

 

2. The structure of MGIM waveguide 
 

The proposed structure of the solar cell is depicted in 

Fig. 1. The figure illustrates the composition of the 

structure, which includes window-shaped doped regions. 

Additionally, the structure incorporates a sequence of gold 

nanoparticles positioned beneath the impurity region and 

between the vacancy region of the doped window. The 

lower portion of the silicon region is equipped with a 

graphene grating, facilitating the positioning of 

nanoparticles between the window-shaped doping and the 

graphene grating.  

Plasmon nanoparticles induce an augmentation in the 

distribution of near-field surface plasmon polaritons 

(SPPs) along the interface, extending towards the far field. 

Nanoparticles have been observed to improve the field 

strength within the active region, thereby leading to 

increased photon absorption and improved efficiency and 

performance of solar cells. Additionally, the presence of 

window-shaped regions has been found to enhance light 

absorption, resulting in a greater overall absorption 

capacity. The utilization of nanoparticles in the window 

profile enhances the entrapment, adsorption, and overall 

efficiency of the solar cell. An additional intriguing 

method for enhancing the efficiency of solar cells involves 

the implementation of backside gratings [36-42]. These 

gratings enable the combination of grating resonances with 

surface plasmon polariton (SPP) wave excitations. The 

significant enhancement of surface plasmon polariton 

(SPP) wave excitation can be achieved through the 

synergistic effect of grating-nanoparticle combination and 

window shape doping. The study conducted in reference 

[32] provides a theatrical demonstration of the 

enhancement of absorbance and efficiency in silicon solar 

cells through the excitation of surface plasmon polariton 

(SPP) waves in compound gratings. 

This paper introduces a novel approach to enhance the 

efficiency of solar cells by utilizing two gratings, namely a 

doping grating on the top and a graphene grating on the 

bottom, in conjunction with plasmon nanoparticles made 

of gold. The primary objective of this approach is to 

amplify the excitation of surface optical oscillations 

(SOO) waves, which has not been previously explored in 

the literature. 

To further refine the efficiency and performance of 

our novel silicon solar cell design, we propose an in-depth 

investigation into the impact of varying plasmonic 

nanoparticle materials. The initial simulations and designs 

incorporated gold nanoparticles due to their well-

documented plasmonic properties and compatibility with 

photovoltaic applications. However, alternative materials 

such as silver present a compelling avenue for exploration 

due to their distinct optical properties and plasmonic 

resonance characteristics, which could potentially offer 

enhanced light absorption and scattering, leading to 

improved solar cell performance. 

For this purpose, we will employ COMSOL 

Multiphysics 6, a state-of-the-art simulation software, to 

model and analyze the effects of substituting gold 

nanoparticles with silver. This advanced tool allows for 

precise manipulation of material properties and 

geometrical configurations, enabling a comprehensive 

comparison of the optical and electrical behaviors inherent 

to each nanoparticle material. By systematically varying 

the material of the nanoparticles, we aim to examine the 

resultant changes in plasmon resonance, light trapping 

efficiency, and overall solar cell performance metrics such 

as current density, open-circuit voltage, fill factor, and 

efficiency. 

Our methodology will involve a detailed parameter 

sweep, encompassing not only the material of the 

nanoparticles but also their size, shape, and distribution 

within the solar cell structure. This rigorous approach 

ensures that the observed enhancements or detriments in 

solar cell performance can be directly attributed to the 

material properties of the nanoparticles, thereby providing 

a clear basis for selecting the optimal nanoparticle material 

for our proposed solar cell design. 

The expected outcome of this investigation is to 

identify a nanoparticle material that surpasses the 

performance of gold nanoparticles in our specific solar cell 

configuration. Should silver nanoparticles demonstrate 

superior plasmonic effects and light trapping capabilities, 

they will be considered for integration into the final solar 

cell design. This exploration is pivotal for pushing the 

boundaries of plasmonic solar cell efficiency and 

represents a crucial step towards realizing high-

performance, cost-effective photovoltaic devices. 

For simulation of proposed structure, the finite-

difference time-domain (FDTD) method is used by solving 

Maxwell’s equation. The perfectly match layer (PML) 

boundary conditions is also used for bottom and upper side 

and  for side boundaries, periodic boundary conditions are 

used. 

As depicted in Fig. 1, nano-particles added at the 

middle of the proposed structure between the window 

shaped regions and graphene grating layer to improve the 

adsorption rate.  
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Fig. 1. Structure of the proposed solar cell under consideration (color online)  

 

 

We assume that a plane field is entered on the desired 

plane as: 

                     
(1)

 
 

If the incoming light is entered at an angle of ,  the 

field in each nanoparticle can be considered as follows: 

 

                    
(2)

 
 

In these relations, the parameters λ r, t, ω, k = ω / c = 

2π / λ, c, respectively, are the wavelength of the incoming 

light, the speed of light, the wave vector, the angular 

frequency, the time and the position vector. In this regard, 

the parameter k is also calculated from the following 

equation: 

 

 
   (3) 

 

For the input field with polarization P, the intensity of 

E0 field is equal to: 

 

     
(4) 

 

We also have S for polarization field: 

 

           
(5)

         
 

When a field is applied to a particle, the polarization 

coefficient α is equal to: 

                         

(6) 

 

In this regard, εr = εparticle / εmedium, ε0 is the coefficient 

of passage of free space. Also, V is the nanoparticle 

volume and L1 is the shape factor. For spherical 

nanoparticles, the shape coefficient is calculated as follows 

according to the values of a, b, c: 

 

      (7)       

 

Now we can define the electric bipolar vector for each 

nanoparticle as follows: 

 

                         
(8) 

 

In this connection, Ps is the induced dipole moment 

and E is the electric field of each nanoparticle. Therefore, 

the field within each nanoparticle depends on two factors. 

An input field and the second field that is caused by the 

radiation of other nanoparticles.  

The sum of these two field fields makes up each 

nanoparticle, which is calculated from the following 

equation [9]:  

   

(9)

 
In this respect, Ps is the same as the dipole moment 

induced in s. Also, As, h is a 3 × 3 matrix that is calculated 

as follows. 
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(10) 

In the third step, the equation must be solved and the 

vector P calculated from it. In this case, A is a 3N × 3N 

tensor. The schematic of matrix A is shown in Fig. 2. 

 

 

 

 
 

Fig. 2. Schematic of matrix A 

 

 

In the third step, the equation must be solved and the 

vector P must be calculated from it. In this relation A is a 

tensor of order 3N × 3N. 

In the fourth step, the absorption (scattering) and 

scattering (extinction) characteristics should be calculated 

as follows. 
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Qabs = Qext – Qsca                        (13) 

 

Now that the field distribution and electric bipolar 

vector is available, the absorption spectra can be 

calculated as follows. 

 

 ( )  ∫
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 ∫
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            (14) 

 

where Pin is the power of incident light, ɛ is the dielectric 

constant and ω is the angular frequency. The photocurrent 

then is obtained from: 

 

     ∫
 ( )

 
 ( )                  (15) 

 
where I(λ) is intensity of the incident light. 

 

 

3. Results and discussion 
 

The optical properties of nanoparticles are highly 

sensitive to their radius. So, plasmon coupling can be 

tuned by changing the radius of nanoparticles. In this 

paper, coupled nanoparticles in different radius are applied 
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to optimize photocurrent and efficiency. The radius of 

nanoparticles is selected as 20 nm at first and then they 

will be optimized to reach the best performance.  

Fig. 3 shows the electric field profile of solar cell for 

different structures. One can see that by adding the 

window shape doping or nanoparticle, the electric field 

intensity is increased and the number and peak of its ups 

and downs is increased. The proposed structure with 

combination of graphene grating, gold nanoparticles and 

window shape doping has the highest pick of electric field. 
 

 
 

Fig. 3. The electric field profile of solar cell without and with window shape doping (color online) 

 

 

Field profile modification increases the photon 

entrapment in the center of the active region. The 

interaction of these photons with nanoparticles and 

graphene grating in this region leads to a further increase 

in field strength and consequently to the performance of 

the solar cell. External quantum efficiency, current-voltage 

characteristics of solar cell with different structures are 

shown in Fig. 4 and Fig. 5, respectively. Performance 

parameters of electrical simulation including short circuit 

current, open circuit voltage, fill factor, and efficiency of 

different structures are summarized in Table 1. 

 

 
 

Fig. 4. Comparison of EQE for different structures of solar cells (color online) 
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Fig. 5. Comparison of current voltage characteristics for different structures of solar cells (color online) 

 

 
Table 1. Performance parameters solar cell with different structure 

 

structure JSC(mA/cm^2) VOC (v) FF 

(%) 

Efficiency 

(%) 

EQE 

(%) 

Conventional 16 0.53 0.78 7.4 50 

Window shape 30 0.6 0.83 13 69 

Nanoparticle 33 0.61 0.82 14 72 

Proposed structure 35 0.66 0.83 17 81 

 

 

As clear from the Figs. 3 and 4 and from Table 1, the 

addition of window-shaped impurities or gold 

nanoparticles increases the external quantum efficiency as 

well as the short-circuit current, the open circuit voltage, 

and the efficiency. It can also be seen that by combining 

the window shape doping, grating and nanoparticles leads 

to a significant increase in these characteristics. 

 

 

4. Conclusions 
 

This research introduces a novel and optimized 

structure for plasmonic-based silicon solar cells, designed 

to significantly enhance external quantum efficiency 

(EQE), current density, and overall efficiency. The 

proposed architecture integrates window-shaped doping, 

an array of plasmonic nanoparticles, and a graphene 

grating layer, establishing a multifaceted approach to 

improve solar cell performance. Our findings demonstrate 

that incorporating nanoparticles or window-shaped doping 

substantially increases the electric field strength within the 

active region, thereby leading to notable enhancements in 

solar cell functionality. Furthermore, the synergistic 

combination of window-shaped doping, graphene grating, 

and plasmonic nanoparticles results in a remarkable 

improvement in solar cell characteristics. 

The implementation of this optimized structure has 

led to an increase in solar cell efficiency up to 17%, 

marking a significant advancement over previously 

reported designs. Notably, the proposed structure has 

achieved more than a 2.5-fold improvement in efficiency. 

These enhancements are not limited to efficiency alone; 

substantial gains in fill factor (FF) and EQE were also 

observed, underscoring the comprehensive impact of the 

optimized design on solar cell performance. The results of 

this study clearly indicate that the proposed structure 

offers a potent solution for achieving high-efficiency 

plasmonic-based silicon solar cells, paving the way for 

future advancements in solar energy technology. 
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