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Abstract  Gold nanoparticle has been explored in 

different ways to enhance the absorption of light and 

improve the efficiency of plasmonic solar cell. In this study, 

various positions of a gold nanoparticle which are at 115 

nm, 230 nm and 305 nm measured vertically from the 

bottom of the solar cell to the centre of gold nanoparticle 

embedded into silicon layer of plasmonic solar cell is 

demonstrated using numerical simulation. The aim is to 

investigate the absorption, reflection and transmission 

percentage with different wavelength in different position 

of gold nanoparticle in plasmonic solar cell. The numerical 

results showed that the highest absorption and lowest 

reflection and transmission occurred at position 305 nm in 

the range 100 nm to 1000 nm compared to the simulation 

without nanoparticle and other position. The overall 

simulation results proved that at position 305 nm of gold 

nanoparticle which is near to the top layer is more efficient 

because this position has high electric field intensity in 

visible range. 
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1. Introduction

Thin-film is a second-generation of silicon solar cells 

that may have the potential to provide viable routes 

towards minimized in costing problem. Thin film solar cell 

using plasmonic nanostructures has received attention from 

researchers with increase understanding about optical 

properties and development of new nanofabrication tools 

in plasmonic fields [1]. Plasmonic metallic’s nanoparticle 

like gold and silver has been explored as promising method 

in light trapping to enhance the optical absorption in 

plasmonic solar application [2-4]. Active semiconductor 

like silicon perfectly trapped the sunlight. When using 

metal nanoparticle that embedded inside silicon substrate, 

more photons are available at surface plasmonic and it will 

cause electrons to become excited to create the current in 

the thin films solar cell [5]. This promising result has been 

demonstrated and validated by theory and experiments 

using different configurations in plasmonic solar cell like 

arranging the nanoparticle in square array on the top of 

silicon layer [6], embedded nanoparticle inside 

semiconductor [5][7], precise positioning on surface using 

scanning probe lithography [8] and position control of Ag 

nanoparticles [9]. The importance of the correct position of 

nanoparticles embedded into a material will give impact to 

absorption, reflection and transmission of light 

enhancement under study. 

In this paper, various position of gold nanoparticle of 

plasmonic solar cells was explored to study the optical 

properties. The solar cell consists of various layers to 

generate electricity which is antireflection coating, active 

layer that embedded with nanoparticle and back reflector. 

Plasmonic solar cell using different position of gold 

nanoparticles was modelled using COMSOL Multiphysics. 

2. Simulation Model

The design of plasmonic solar cell is adapted from [9] as 

shown in Figure 1 which is without nanoparticle. The 

thickness of Aluminium (Al) and Indium Tin Oxide (ITO) 

layers is taken as 80nm and 20nm while the silicon layer 

has thickness of 300nm. The width, W and length, L of the 

structure are equal to 280 nm. In this design, the gold 

nanoparticle is positioned inside silicon layer at the bottom, 

centre and top of the layer as shown in Figure 2. The 

position of gold nanoparticle is at 115 nm, 230 nm and 305 

nm measured vertically from the base of the solar cell to the 

centre of the nanoparticle with 50nm in radius. According 

to the experiment result [10], the highest normalized 
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photocurrent for gold nanoparticle with sphere 

nanostructure was at radius 50 nm compared to other 

radius. 

 

Figure 1.  Schematic of plasmonic solar cell without nanoparticle 

 

Figure 2.  Schematic of gold nanoparticle at position (a) 155 nm (b) 230 

nm and (c) 305 nm inside plasmonic solar cell 

Finite Element Method (FEM) was used in this work to 

analyze the optical properties on gold nanoparticle inside 

plasmonic solar cell. The absorption was calculated in the 

wavelength ranging from100 nm -to 1000 nm to find the 

suitable range for solar cell using Beer-Lambert Laws that 

expressed as  
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where A is absorption, I is incident light intensities and I0 is 

transmitted light intensities after passing through the 

plasmonic solar cell [11-12]. The Beer-Lambert Laws 

gives the relationship between the light extinction and the 

distance of nanoparticle, d [13]. It shows an absorption 

effect that starts as 

dexte
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 0II(d)             (2) 

where I0 is the input light intensity, I(d) is the unscattered 

light intensity measured after the distance, d and μext is the 

extinction coefficient. The extinction coefficient was 

calculated from the sum of the absorption μa and scattering 

μs coefficients. 

s  aext
           (3) 

While, the equation of Fresnel equation was used to 

calculate reflection and transmission [14, 15] as 
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where R is reflection, T is transmission, and n is refractive 

index. The refractive index, n for the material that is used 

in this study was taken from Rakic et.al (1998) which is 

1.80 for ITO, 3.48 for Si, 0.48 for Al and 1.50 for Au [16]. 

3. Absorption for Gold Nanoparticle of 
Plasmonic Solar Cell 

In this section, the simulation results were shown in 

terms of absorption versus of wavelength for without 

nanoparticle and with nanoparticle at different positions 

which are 115 nm, 230 nm and 305 nm. 

 

Figure 3.  Absorption for gold nanoparticle of plasmonic solar cell 
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The absorption with different wavelength of plasmonic 

solar cell was investigated in the range of 100 nm to 1000 

nm. As illustrated in Figure 3, without gold nanoparticle 

was observed as the lowest absorption compared with gold 

nanoparticle. The absorption starts with high value at 

ultraviolet light and it quite similarly pattern in with and 

without nanoparticles at the range 100 nm until 690 nm. 

Starting from 690 nm, the value absorption was showed 

different pattern between all positions. 

 

Figure 4.  Absorption in visible spectrum 

At the range of visible spectrum, the highest peak of 

absorption occurs in position 155 nm at about 62.59% with 

wavelength 670 nm as shown in Figure 4. However, when 

it starts to show the different pattern, the highest peak of 

absorption happened at about 58.55% in position 305 nm 

with wavelength 700 nm. In this range, plasmonic solar cell 

without gold nanoparticle at wavelength 590 nm was 

observed as a lowest absorption at about 17.88% compared 

with gold nanoparticle. At near infrared, the absorption 

without gold nanoparticle is still lowest which is about 

12.33%.  

 

Figure 5.  Absorption in infrared 

The highest peaks in the range of infrared happened at 

position 305 nm with wavelength 900 nm which was about 

55.92% as shown in Figure 5. The highest value of 

absorption mostly occurs at position 305 nm in the range 

from 100 nm to 1000 nm. This is due to the position that 

was very near with top surface. 

4. Reflection for Gold Nanoparticle of 
Plasmonic Solar cell 

The reflection of plasmonic solar cell with different 

position was investigated in the same range of wavelength 

when investigated the reflection. However, the simulation 

results showed that without gold nanoparticle structure has 

highest reflection compared with gold nanoparticle as 

shown in Figure 6. The reflection starts with lowest value 

at ultraviolet light and the pattern of graph was quite 

similarly in with and without nanoparticles at the range 100 

nm until 690 nm same like absorption pattern of graph. 

Starting from 690 nm, the value of reflection was showed 

different pattern between all positions.  

 

Figure 6.  Reflection of light for gold nanoparticle inside plasmonic 

solar cell 

Based on Figure 6, the highest peak of reflection was 

observed in the range of infrared at about 74.33% with 

wavelength 811 nm and the second highest peak of 

reflection happened at visible light at about 71.89% with 

wavelength 595 nm. Both of these highest peaks of 

reflection occur when plasmonic solar cell doesn’t use 

gold nanoparticle.  

5. Transmission for Gold Nanoparticle 
of Plasmonic Solar Cell 

The simulation results for transmission of plasmonic 

solar cell show gradual increase from 100 nm to 1000 nm 

in with and without nanoparticle as illustrated at Figure 7. 

In this range, plasmonic solar cell without nanoparticle was 

observed as the highest transmission while plasmonic with 

gold nanoparticle at position 305 nm as lowest 

transmission.  
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Figure 7.  Transmission of light for gold nanoparticle inside plasmonic 

solar cell 

6. ART for Gold Nanoparticle of 
Plasmonic Solar Cell in Position 305 
nm 

Position of gold nanoparticle at 305 nm was taken to 

analyze the absorption, reflection and transmission (ART) 

in plasmonic solar cell. This position was analyzed due to 

their highest value in absorption and low reflection and 

transmission compared with other position of gold 

nanoparticle and without gold nanoparticle. The good 

absorption in plasmonic solar cell can be achieved when it 

has low reflection and transmission of light. 

 

Figure 8.  Absorption, reflection and transmission (ART) in position 305 

nm of plasmonic solar cell 

As illustrated in Figure 8, the pattern of graph for 

absorption and reflection is quite similar but opposite 

between each other. This pattern shows that the absorption 

will be higher when reflection is lower. On the other hand, 

the transmission pattern is shown in gradual increase and it 

has lowest percentage value compared with absorption and 

reflection. 

7. Electric Field Intensity for Gold 
Nanoparticle of Plasmonic Solar Cell 

The electric field intensity for gold nanoparticle in 

plasmonic solar cell at different position was analyzed to 

show how the nanoparticle can produce the highest electric 

fields intensity in plasmonic solar cell. 

 

Figure 9. Electric field intensity in normal for different position of 

nanoparticle 

Based on Figure 8, plasmonic solar cell without 

nanoparticle has shown the lowest electric field intensity 

compared to nanoparticle whereas, the highest peak 

electric fields intensity was observed at roughly 4.66 × 

10
-15

 in position 305 nm with wavelength 650 nm. This 

high value is seen at the range of visible light which mostly 

solar cell used this range to convert electricity that can 

provide high efficiency in plasmonic solar cells. The 

simulation results for electric field intensity at position 305 

nm with wavelength 650 nm can be seen in 2D structure 

using multislice as shown in Figure 10 and Figure 11. 

 

Figure 10.  Side view structure for electric field in normal at wavelength 

730 nm 
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Figure 11.  Top view structure for electric field in normal at wavelength 

650 nm 

As illustrated in Figure 10 and Figure 11, the intensity of 

electric field for 650 nm at surrounding of gold 

nanoparticle area was highest which has maximum 3.27 × 

10
8
 V/m. The electric field intensity more focused at 

bottom of gold nanoparticle in silicon layer which was 

efficient in generating the electricity in plasmonic solar 

cell. 

8. Conclusions 

In summary, gold nanoparticle is demonstrated using 

numerical simulation in various positions which are 115 

nm, 230 nm and 305 nm that embedded into silicon layer of 

plasmonic solar cell. The optical absorption, reflection and 

transmission percentage were analyzed in different 

position of gold nanoparticle in the range from 100 nm to 

1000 nm. In this range, the numerical result for absorption 

without gold nanoparticle was observed as the lowest 

absorption compared with gold nanoparticle and it starts 

with high value at ultraviolet light. At the range of visible 

spectrum, the highest peak of absorption occurs in position 

155 nm with wavelength 667 nm at about 62.59%. While, 

the highest peaks in the range of infrared happened at 

position 305 nm at about 55.92% with wavelength 901 nm. 

The position of 305 nm was taken to analyze due to their 

highest value in absorption and low reflection and 

transmission compared without gold nanoparticle and other 

position of gold nanoparticle. The simulation results for 

this position show that the pattern of graph for absorption 

and reflection is quite similar but opposite between each 

other. In contrast, the transmission pattern is shown in 

gradual increase and it has lowest percentage value 

compared with absorption and reflection. Lastly, the high 

value for electric field intensity was occurring at position 

305 nm in visible range. This overall simulation results 

proved that at position 305 nm of gold nanoparticle which 

is near with top layer is more efficient to be used as a 

method to trap the light and enhance the absorption of light 

in plasmonic solar cell. Absorption is very important 

because when plasmonic solar cell has high absorption of 

light, more electricity can be generated. This study could 

be helpful for the design of plasmonic solar cell to be more 

interesting technologies in solar cell application. Silicon in 

plasmonic solar cell does not absorb light very well. For 

this reason, more light needs to be scattered across the 

surface in order to increase the absorption by correctly 

positioning the gold nanoparticle near the top surface. 
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