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In this study, a novel single junction silicon solar cells have been proposed for the sake of enhancing efficiency and 
improving current-voltage characteristics. The proposed structure has a window-shaped of doping. The structure also 
includes an innovative profile of plasmonic nanoparticles. It is shown that by adding nanoparticles with the proposed shape, 
the field strength in the active region is greatly improved and thus leads to a significant improvement in solar cell 
performance. For this purpose, we use spherical and elliptical plasmonic nanoparticles made of gold and silver. The 
number, location and material of nanoparticles as well as the number of windows of doping are optimized to achieve the 
highest possible solar cell performance. The simulation results showed that the EQE and light/dark current are improved 
noticeably using window shaped doping along with optimized plasmonic nanoparticles.  
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1. Introduction 
 

Solar cells are structures that convert direct sunlight 

into electrical current. [1]. In fact, a solar cell is an 

electronic device that converts sunlight energy directly 

into electricity using a photovoltaic effect.   

The photoelectric effect describes the discharge of 

positive charge carriers during a solid state when light 

strikes its surface. The absorbed light causes electrons 

within the material to extend in energy, at an equivalent 

time making them liberal to move around within the 

material. However, the electrons remain at this higher 

energy for less than a brief time before returning to their 

original lower energy position. A p-n junction is usually 

used for gathering the carriers before they lose the energy 

gained from the sunshine. The p-n junction consists of p+ 

and n+ semiconductor layer [1]. 

High efficiency photovoltaic cell design requires 

optically thick photovoltaic layers to enable nearly 

complete light absorption. For this reason, the fabric 

thickness normally chose several times of minority carrier 

diffusion lengths to permit efficient carrier collection. 

However, the reduced material utilization in addition to 

increase in cell efficiency motivate a discount in cell 

active region. A beautiful approach involves plasmonic 

nano-structures. In recent years, plasmonic nanoparticles 

closely coupled to absorbing semiconductors are utilized 

to reinforce absorption in ultrathin film solar cells [2-5]. 

The antenna-like response of the nanoparticles caused 

by the dipole oscillation of the localized surface plasmons 

serves to extend the tissue extinction for incident light due 

to an enhanced local electromagnetic field in the vicinity 

of the nanoparticles upon surface plasmon resonance, 

which also leads to an increased scattering cross section 

for nonresonant light. From the photovoltaic conversion 

point of view, the plasmonic resonance absorption is an 

undesirable loss process, but the enhanced scattering 

outside the resonance can increase the absorption and 

photocurrent collection. Since the optical properties of 

plasmonic nanoparticles depend sensitively on the size and 

shape of the nanoparticles, [6] a suitable morphological 

design of the nanoparticles can be a prerequisite for 

achieving highly efficient plasmonic solar cells [7]. 

Recently, structures that can trap light and induce strong 

scattering and nanophotonic modes [8-9] have 

demonstrated their great ability to trap light and offer 

tremendous opportunities for thin film solar cells. Both 

dielectric and metallic nanostructures are used for 

nanophotonic light trapping, but their functional 

mechanisms differ significantly. Specially designed 

metallic nanostructures can excite surface plasmon 

resonance (SPR) or surface plasmon polariton (SPP) at the 

metal-dielectric interface by interacting with the incident 

light, resulting in a highly localized and reconstructed 

electromagnetic field [10-11]. Plasmonic nanostructures 

improve the performance of photovoltaic (PV) devices by 

either guiding or focusing the incident light. On the other 

hand, lossless dielectric nanostructures improve the 

performance of photovoltaic cells by antireflection or 

photonic modes. 

Among the various proposed plasmonic structures, 

nanoparticles are extremely advantageous for photovoltaic 

applications due to their strong scattering properties, 

which are tunable depending on the particle species, size, 
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shape, and dielectric environment, as well as their simple 

preparation and integration methods, which are readily 

compatible with the fabrication process for high quality 

photovoltaic cells without significantly increasing the 

assembly costs [10-25]. Metallic nanoparticles supporting 

localized surface plasmons (LSP) in the visible or near-

infrared region can significantly improve the sunshine 

length in solar cells [12, 16, 26-31]. Metallic nanoparticles 

and nanostructures can improve the performance of optical 

devices like solar cells via three main mechanisms: (1) far-

field effect and scattering by the metallic nanoparticle and 

(2) increasing the near-field of light by small 

nanoparticles, that directly enhance the semiconductor 

absorption in close proximity to the nanoparticles; (3) by 

coupling light into SPP modes of a nanostructured metal 

solar cell layer [32-35]. 

In recent years, rapid progress has been made in the 

field of plasmonic solar cells. Various methods of 

fabricating nanoparticles and nanostructures are being 

explored. So far, plasmonic effects have been studied in 

most types of solar cells [36-39]. 

Various structures for light trapping have been 

proposed for ultrahigh efficiency and low cost solar cells 

[40-42]. Among all designs, metallic nanoparticles are the 

only and most commonly used plasmonic nanomaterials 

that effectively enhance the absorption of solar cells [10-

25]. These nanoparticles, which act as scatterers, are 

integrated on the top or back surface of the solar cells 

during cell fabrication [12, 16, 26-30]. Both experiments 

and simulations have shown that after the integration of 

nanoparticles, the sunshine absorption in solar cells is 

often improved, especially in the longer wavelength range 

near the band gap of the absorbers, where more light can 

be scattered thanks to the plasmonic enhanced scattering 

[16, 30, 31]. 

In this paper, we propose a novel profile of plasmonic 

nanoparticles to improve the performance of single 

junction silicon solar cells. Both spherical and elliptical 

plasmonic nanoparticles of gold and silver are used in the 

proposed solar cell. The number, location and material of 

the nanoparticles and the number of doping windows are 

optimized to achieve the highest possible performance of 

the solar cell. In addition to using plasmonic nanoparticles, 

we use impurity window structure to increase the 

absorption and trapping of more light in the solar cell. The 

window structure leads to more light trapping in the active 

region and improves the performance of the solar cell. 

This paper is organized as follows. In section two, we 

describe the structure of the proposed solar cell. The 

theory of the proposed nanoparticles and the optimization 

method are also presented in this section. In section three, 

the simulation results of the proposed structure are 

presented. In section four, the paper is summarized. Finite-

difference time-domain (FDTD) and CDA (coupled-dipole 

approximation) method was used for simulation of 

proposed solar cell structure which considers the effects of 

the near field enhancement. So the behavior of 

nanoparticles together (nanoparticles array) is considered 

in simulation results. The simulation method is added in 

revised version of manuscript. The CDA (coupled-dipole 

approximation) method is a powerful tool for simulating 

nanoparticles with alternating structures. A schematic of 

an alternating structure is given in Fig. 1. In this form, all 

nanoparticles are at the same distance from the side 

nanoparticles. As mentioned in the previous sections, the 

adsorption of nanoparticles is strongly dependent on the 

arrangement of nanoparticles. Therefore, alternating 

arrangements are expected to have better absorption. A 

binary CDA (BCDA) method is proposed to simulate 

nanoparticles with alternating structures. Using this 

method, the effect of adsorption on nanoparticles with 

different arrangements can be investigated. A major 

advantage of this method is its use when using 

evolutionary optimization algorithms. 

 

 

2. The structure of MGIM waveguide 
 

Fig. 1 shows the proposed structure of the solar cell. 

As can be seen in the figure, the structure consists of some 

window-shaped doped regions and also includes a number 

of symmetrically distributed nanoparticles below the 

impurity region. The nanoparticles increase the field 

strength in the active region and consequently absorb more 

photons and increase the efficiency and power of the solar 

cell, and the window-shaped regions increase the 

absorption of more light and absorb more. The window 

profile with nanoparticles leads to more confinement, 

more adsorption and more efficiency of the solar cell. As 

shown in Fig. 1, in the proposed structure, the performance 

of the solar cell can be optimized by changing the depth 

(D) and the distance between two window-shaped 

impurity regions (d). 

 In addition, a number of spherical and elliptical 

nanoparticles of gold or silver have been added in the 

center of the layer instead of alternating spherical 

nanoparticles. The number, shape (spherical or elliptical), 

and the material (gold or silver) of nanoparticle would be 

optimized to reach the maximum possible performance for 

solar cell.  

As shown in Fig. 1, nanoparticles were added to the 

center of the proposed structure just below the windowed 

regions to improve the adsorption rate. The shape, location 

and number of these nanoparticles (the number of 

vacancies in the nanoparticles) are optimized using a 

heuristic method. The scheme of periodic and non-periodic 

structures is shown in Fig. 1. Fig. 2 shows some other 

possible non-periodic nanoparticles. In the non-periodic 

structure, some nanoparticles are removed or replaced with 

silver (shown in pink in Fig. 2). The distances between 

each two adjacent nanoparticles (or vacancies of 

nanoparticles) are equal. This figure shows a quarter of the 

center of the graphene layer to simplify optimization. 

Since the adsorption of nanoparticles strongly depends on 

the arrangement of nanoparticles, it is expected that 

optimizing the nanoparticles and the number of vacancies 

as well as the silver and gold can noticeably improve the 

performance of the solar cell. 
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Fig. 1. Structure of the proposed solar cell under consideration 

with periodic profile of nanoparticles (top) and non- periodic 

profile of nanoparticles (bottom) (color onlne) 

 

 

 
 

 
 

 
 

Fig. 2. An alternating and non-alternating structure of 

nanoparticles (color online) 

 

 

The first step in determining the best arrangement of 

nanoparticles is to find the best position of each 

nanoparticle and vacancies in the x, y directions. The 

algorithm for positioning nanoparticles and vacancies is 

shown in Fig. 3. 

 

 
Fig. 3. Nanoparticle and vacancy positioning algorithm 

 

 

In this quasi-code, r represents the position of each 

nanoparticle, N1, N2, N3 are also the number of 

nanoparticles in the direction x, y, z representative. D is 

the distance between nanoparticles and the vector B(i, j, k) 

is a binary tensor. If an element of this tensor takes the 

value one, it means the presence of a particle at position (i, 

j, k). If an element becomes zero, it means that the position 

(i, j, k) is not occupied by a nanoparticle. In the second 

step, we need to model the effect of the input field on the 

nanoparticles. To do this, we assume that a plane field is 

input in the desired plane: 

 

                      (1) 

 

If the incident light enters at an angle of ,  the field 

in each nanoparticle can be viewed as follows: 
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In these relations, the parameters λ r, t, ω, k = ω / c = 

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

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

frequency, the time and the location vector. In this context, 

the parameter k is also calculated using 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 context, εr=εparticle/εmedium, ε0 is the passage 

coefficient of free space. Also, V is the volume of the 

nanoparticle and L1 is the shape factor. For spherical 

nanoparticles, the shape coefficient is calculated according 

to the values of a, b, c as follows: 

 

 

         

(7)

       
 

Now we can define the electric bipolar vector for each 

nanoparticle as follows: 

 

                         
(8)

 
 

In this context, Ps is the induced dipole moment and E 

is the electric field of each nanoparticle. Thus, the field 

within each nanoparticle depends on two factors. An input 

field and the second field caused by the radiation of other 

nanoparticles.  

      The sum of these two 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. 

 

 
(10) 

 

The third step is to solve the equation and calculate 

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

The scheme of the matrix A is shown in Fig. 4. 

 

 

 

 
 

Fig. 4. Schematic of matrix A 
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In the fourth step, calculate the absorption (scattering) 

and scattering (extinction) properties as follows. 
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Qabs = Qext – Qsca                         (13) 

 

 
3. Results and discussion 
 

Fig. 5 shows the electric field profile of a solar cell 

without (a) and with (b) window shape doping. It can be 

seen that the irregularly shaped window profile changes 

the field profile, which increases the photon confinement 

in the center of the active region.  

 

  
(a)                                                                                                  (b) 

 

Fig. 5. The electric field profile of solar cell without (a) and with (b) window shape doping 

 

 

The interaction of these photons with the 

nanoparticles in this region further increases the field 

strength and thus the power of the solar cell. The number, 

location, shape, and material of the nanoparticles have a 

large effect on this performance. Figs. 6 and 7 show four 

voltage/current and EQE plots of the proposed structure 

with different number of nanoparticles. It can be seen that 

the voltage, current and EQE of the solar cell change 

significantly when the number and location (profile of 

nanoparticles) are changed. 

 

 

  
 

Fig. 6. Comparison of voltage-current for periodic and nonperiodic structures (color online) 
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Fig. 7. Comparison of EQE for periodic and nonperiodic structures (color online) 

 

It is well known that the maximum efficiency and 

current density of a solar cell change drastically depending 

on where and how many nanoparticles are located. 

Optimizing the profile of the nanoparticles could improve 

the performance of the solar cell. 

The number, location and material of nanoparticles as 

well as the number of windows of doping are optimized to 

achieve the highest possible solar cell performance. But 

the size of nanoparticles is considered the same as d=20 

nm. The nanoparticle structure can be optimized to 

achieve higher external quantum efficiency. Since the 

number of possible states in a 5 × 5 arrangement is 

2
25

=33554432, not all possible states can be considered. 

Therefore, we are concerned with binary optimization 

algorithms. One of the most famous binary optimization 

algorithms is the Vogel algorithm. The following is a 

summary of the Vogel binary algorithms. 

Particle Optimization Algorithm is a search algorithm 

based on social exchange and behavior, which is modeled 

after the group behavior of weight class birds. This 

algorithm is an evolutionary algorithm first developed by 

Kennedy and Heart in 1995. The bird algorithm, like other 

evolutionary algorithms that do not require inference, is 

population-based and random. This algorithm is a mass-

based algorithm that simulates the behavior of a group of 

birds (a group of particles) scanning various points in 

search of a location and pushing the group to a more 

hopeful point (points where the answer is likely to be 

reached). There are others nearby. The algorithm collects 

the information gathered by the particles within the group. 

A particle moves towards the answer space (search) 

according to the path of motion defined by its velocity. 

The velocity of each particle is determined by the personal 

experience of the particle and the experience of the 

neighboring particles. Therefore, during the search 

process, particles tend to move towards better points in the 

response space. 

The Vogel algorithm was applied to the objective 

function of EQE and solar cell current density, and the 

result can be seen in Figs. 8 and 9. The optimized 

nanoparticle structure is also shown in this figure. 

 

 
 

Fig. 8. The optical power of EQE for proposed structure 

 with optimized nanoparticles (color online) 

 

 
Fig. 9. The voltage-current of solar cell for proposed 

 structure with optimized nanoparticles (color online) 
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Figs. 10 and 11 compare the solar cell's typical 

performance metrics for different periodic, non-periodic, 

and optimum configurations. As can be shown, non-

periodic structures outperform periodic structures, and 

optimized non-periodic structures outperform both.  

 

 
 

Fig. 10. Comparison of the voltage-current of solar  

cell for different structures (color online) 

 

 
 

Fig. 11. Comparison of the EQE of solar cell for  

different structures (color online) 

 

 

In the next step, we will optimize the number, depth, 

and duty cycle of the windowed doping. Fig. 12 shows the 

peak EQE of the solar cell as a function of the number of 

windows. It can be seen that a change in the number of 

windows also results in a change in EQE. With a number 

of 6 windows, the EQE is a maximum of 80 %. 

 

 
 

Fig. 12. The Maximum EQE as a function of  

the number of windows 

Fig. 13 shows the EQE of the solar cell as a function 

of window depth. As can be seen from the figure, the 

depth of the windows has a much stronger effect on the 

performance of the solar cell. The optimized depth of 62 

nm is considered for the window depth, so that the EQE 

reaches 86 %. 

 

 
 

Fig. 13. The maximum EQE as a function of  

the windows depth 

 

 

Fig. 14 current-voltage curve of optimized structure of 

solar cell. As is clear from the figure the current density 

and open voltage of solar cell is improved noticeably. 

 

 
 

Fig. 14. current-voltage curve of optimized  

proposed solar cell 

 

Another advantage of the proposed arrangement of 

nanoparticles is shown by the improvement of the fill 

factor FF for the cells, indicating the reduction of the 

surface resistance. This effect is expected for all solar cells 

that form an ohmic contact between the nanoparticle array 

and the cell window layer. This suggests, for example, that 

plasmonic nanoparticles could also be used in optically 

thick cells as transparent conductors to increase the FF - 

and thus the cell efficiency for thin, lightly doped upper 

window layers, although they do not increase the 

photocurrent. Thus, the proposed structure with window-

shaped doping and nanoparticles based on the proposed 

profile has much higher FF and efficiency. Table 1 

compares the parameters of the conventional and 

optimized structure of the solar cell. 
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Table 1. Comparison between Conventional and  

the proposed structures 

 

Structure Jsc Voc FF efficiency 

Conventional  10 0.75 0.65 10.2% 

Optimized 15 0.8 0.9 18% 

 

 

Therefore, with the proposed optimal structure, we 

improved the solar cell efficiency by more than 1.5 times. 

The results show that the proposed optimal structure has 

significantly improved the FF, EQE and efficiency of the 

solar cell. 

 

 

4. Conclusions 
 

In this paper, we proposed a new and optimal 

structure for the plasmonic solar cell such that the EQE, 

current density and efficiency of the solar cell are greatly 

improved. The proposed structure consists of a window-

shaped doping and an array of plasmonic nanoparticles. In 

addition, a series of spherical and elliptical nanoparticles 

of gold or silver were added in the middle of the layer. It 

has been shown that by adding nanoparticles with the 

proposed shape, the field strength in the active region is 

greatly improved, leading to a significant improvement in 

solar cell performance. For this purpose, we use spherical 

and elliptical plasmonic nanoparticles of gold and silver. 

The number, location and material of the nanoparticles as 

well as the number of doping windows are optimized to 

achieve the highest possible solar cell performance. The 

simulation results show that the EQE and the light and 

dark current are significantly improved by the windowed 

doping together with optimized plasmonic nanoparticles. 

With the proposed optimal structure, we could improve the 

solar cell efficiency by more than 1.5 times. The results 

show that the proposed optimal structure has significantly 

improved the FF, EQE and efficiency of the solar cell. 
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