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ABSTRACT

 The optical properties of organic solar cells with noble metal nanoparticles such as Ag and Au 
embedded in the active layer were investigated. The Discrete Dipole Approximation theory was used 
to analyze the light scattering and absorption efficiencies. The results show that the size, refractive 
index of medium and amount of the metal nanoparticles are key factors that directly influence the 
plasmonic enhancements in the devices. These parameters were adjusted for the light scattering 
and absorption efficiency calculations, which first reveal that as the imaginary part increases more 
(strongly absorbing medium) both efficiencies decrease slightly and becomes spectrally more 
broadened. Ag nanoparticle size increases both efficiency peak shifts to the longer wavelength. In 
addition, the increasing of the nanoparticle size results to the broaden efficiency spectra. When a 
large amount of particles the scattering and absorption spectral peak of the particles increase, the 
arrangement in linear chain aligned on the axis which perpendicular to the propagation direction 
and parallel to the linear polarized light shifts to shorter wavelength. And the higher resonance peak 
for more particles number is obtained.
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INTRODUCTION

 The metallic nanoparticles (MNPs) such 
as Au, Ag and Cu in thin ûlms or nanostructures 
are potential candidates in many applications such 
as waveguides1, Organic light-emitting devices 
(OLEDs)2 and organic solar cells3-9 due to their 

localized surface plasmon resonance (LSPR). LSPRs 
are well known that certain properties of collective 
electronic excitations within metal nanostructures 
that tend to trap optical waves near their interface 
between the metal and a dielectric medium under 
excited electromagnetic field10. Organic solar cells 
(OSCs) have been studied intensively over the past 
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decade for using as the new generation photovoltaic 
devices due to their attractive properties like less 
expensive material used in OSCs, much cheaper of 
the fabrication methods and mechanical flexibility11, 

12. A solar cell is defined as OSCs due to the active 
layer is composed by only organic materials. The 
basic organic solar cells usually consist of four 
layers of materials. Starting from the bottom, there 
is an indium tin oxide (ITO) coated substrate (glass 
or flexible material) layer, the PEDOT-PSS layer, the 
active layer and lastly the aluminum top contact4, 7, 

8. For the active layer, it constitutes of an organic 
semiconductor polymer poly (3-hexylthiophene-2, 5 
diyl) (P3HT) as an electron donor and [6, 6]-phenyl 
C61 butyric acid methyl ester (PCBM) as an electron 
acceptor. However, one important problem of OSCs 
is the limited light absorption due to the thin active 
layer13 limited by the short lifetime of the exciton14 
and low carrier mobility of conducting polymers15. To 
overcome the photon absorption loss and increase 
the optical path length inside the absorber, one 
strategy is the utilization of MNPs in OSCs4, 7-9, 

16. The MNPs can potentially benefit the photon 
absorption by utilizing the light trapping mechanism 
associated localized surface plasmonic resonance 
which allows MNPs to absorb light, leading to 
intensification in the light absorption17. Moreover, 
the incident photons can be scattered over a longer 
propagation path in the active layer by MNPs18. There 
exist several strategies to incorporating MNPs in to 
OSCs, either in front of the solar cell, between the 
window electrode and the active layer, in the active 
layer itself, or above the active layer. This strategy 
has been successfully implemented by many 
researchers3, 5, 9, 16, 19. Improved optical absorption 
has been shown theoretically and experimentally 
with strongly distributed LSPRs around the Au NPs 
inside the active layer9. In addition, they demonstrate 
that the small Au NPs in the active layer improve the 
increase of short-circuit current from 4.16 mA/cm2 to 
4.67 mA/cm2. Together with the power conversation, 
the efficiency (PCE) increases from 1.64% to 2.17%. 
Moreover, previous work showed that the size 
dependence of the spherical MNPs, silver (Ag) NPs 
embedded in absorbing materials of various kinds of 
absorptivity for light scattering and absorption using 
the modified Mie theory developed by Kim et al.5. 
This article demonstrated that the optical absorptions 
of organic solar cells blended with P3HT (poly 
(3-hesylthiphene)) and PCBM (phenyl-C61-butyric 

acid methyl ester) can be enhanced by the Ag NPs 
embedded in the active layers.

 However, due to the influence of metal 
nanomaterials, optical and electrical properties of 
OSCs strongly depends on the geometry, material 
composition size and nanoparticles concentration5, 

20. Therefore, this article will theoretically present the 
effect of LSPR introduced by MNPs on the optical 
properties of OSCs particularly in the active layer 
by using Discrete Dipole Approximation (DDA). The 
study will adjust the geometry and concentration of 
MNPs for demonstrating the influence of them to 
optical property. This study will contribute to better 
understanding the uses of MNPS for enhancing 
OSCs performances.

EXPERIMENTAL

Computational details
 The absorption and scattering efficiencies 
of the MNPs, Au and Ag nanoparticles, are simulated 
based on the DDA theory21. This theory, the object 
in arbitrary shape is replaced with an assembly 
of N point dipoles in which the polarizability and 
positions are specified as ia  and ir , respectively. 
The polarization induced iP



 in each particle in the 
presence of an applied field is then described by:
    

i locP E (r )i ia=
  

 …(1)
 
 Where locE



is the sum of the incident field 
and the contribution from all other -1N dipoles. 
When this polarization is obtained, the absorption, 
scattering and extinction cross sections of light can 
be calculated as follows:
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 …(4)

 Equations (1) and (2), ‘*’ symbol stands for 
the conjugate of a complex variable, k  is the wave 
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number and 0E is the amplitude of incident electric 
field. And scattering, absorption and extinction 
efficiencies can be calculated by

2 2,sca ext
sca ext

C CQ Q
R Rp p

= =
 a n d  

2
ext

ext
CQ

Rp
=

, 
respectively. R is radius of spherical nanoparticle. 
The only requirement is that the distance between 
dipoles d in the array should be small compared to 
any structure dimensions of the target as follow:

1
3( )Vd

N
=

 …(5)

 Where V is the volume of the target. The 
dielectric constants for Ag and Au were taken 
from the data in Ref. Johnson et al.22. The real 
refractive index (n) of the absorbing medium for the 
calculations was 1.7, which is close to that of most 
organic semiconductors in the visible range. The 
imaginary refractive index (k) of the host medium was 
adjusted in order to study the effect of the medium 

absorptivity. In addition, the influences of the MNPs 
size and number of nanoparticles on LSPR were 
also studied.

RESULTS AND DISCUSSION

 First, the diameter of the Au and Ag 
spherical nanoparticles of 20 nm6 embedded in a 
medium of various imaginary refractive index (k) 
from 0 to 0.5 were calculated. The scattering and 
absorption efficiencies spectra of Au nanoparticle 
are shown in Figs. 1a and 1b, respectively. These 
figures show that as the imaginary refractive index 
increases, k = 0, 0.1, 0.2 and 0.5, the maximum 
both scattering and absorption efficiencies spectra 
decreases slightly, clearly shown in Figs. 1c and 
1d, and become spectrally more broadened. From 
the figures the maximum scattering and absorption 
efficiencies of Au nanoparticle in the non-absorbing 
medium are 0.009 and 1.97, respectively. The peak 

Fig. 1: Scattering efficiency (a) and absorption efficiency (b) for Au (gold) nanoparticles of 20 nm 
diameters with varying the imaginary refractive index, (c) and (d) are scattering and absorption 

efficiencies peaks as function of the imaginary refractive index
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Fig. 2: Scattering efficiency (a) and absorption efficiency (b) for Ag (silver) nanoparticles of 20 nm 
diameters with varying the imaginary refractive index, (c) and (d) are scattering and absorption 

efficiencies peaks as function of the imaginary refractive index

positions of enhancement spectra appear around 
558 nm. Similar for the scattering and absorption 
efficiencies spectra of Ag nanoparticle, the calculated 
results are shown in Fig. 2. Similar to the Au spectra, 
by increasing the imaginary refractive index more, the 
maximum both scattering and absorption efficiencies 
spectra decrease slightly, clearly shown in Figs. 2c 
and 2d, and also become spectrally more broadened. 
However, by comparing the Au nanoparticles 
spectra, interestingly first both efficiencies of Ag 
nanoparticle are higher than the efficiencies that 
given by the Au nanoparticle. For example at non-
absorbing materials (k = 0), absorption efficiency of 
Ag nanoparticle is 17.5 but Au nanoparticle gives 
1.97 which less than approximate 9 times. Second, 
the efficiencies of Ag nanoparticle decrease abruptly 
than the efficiencies of Au nanoparticle, especially, 
as the imaginary refractive index changes from 0 to 

0.1. For example for the absorption efficiency, the 
efficiencies of Ag nanoparticle decrease abruptly 
from 17.5 to 5.0 while decrease slightly from 1.97 
to 1.47. Because the Ag nanoparticle provides a 
strong scattering and absorption efficiencies, clearly 
shown in Fig. 2, therefore the only Ag nanoparticle 
spectra later will be presented. In Fig. 3 shows the 
dependence of nanoparticle size on scattering and 
absorption efficiencies of Ag nanoparticles. Figs. 
3a and 3b show that as the nanoparticles size 
increases both efficiency peak shifts to the longer 
wavelength. In addition, as the nanoparticles size 
increases more the efficiencies spectra become 
more broaden, clearly for the diameter of 50 nm. 
Figs. 3c and 3d show the scattering and absorption 
efficiencies peak as function of nanoparticle size 
with various imaginary refractive index k at the 
wavelength of 434 nm. Fig.4 shows scattering and 
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Fig. 3: Scattering efficiency (a) and absorption efficiency (b) for Ag nanoparticles with varying 
diameters and fixing imaginary refractive index k = 0, (c) and (d) are maximum peak of scattering 

and absorption efficiencies as function of nanoparticle diameters at the wavelength of 434 nm 
and imaginary refractive index of the medium

Fig. 4: Scattering efficiency (a) and absorption efficiency (b) for Ag nanoparticles of 20 nm 
diameters with varying the number particle that arranged in linear chain, the imaginary refractive 

index is fixed with k = 0
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absorption efficiencies for Ag nanoparticles of 20 nm 
in diameters with variation of the number of particle 
and imaginary refractive index are fixed with k = 0. 
The particles are arranged in linear chain aligned on 
the axis which is perpendicular to the propagation 
direction and parallel to the linear polarized light. 
The results reveal that as the particle increases the 
obtained absorption spectra increase. Moreover, 
the resonance peak of higher number particle 
sample shifts to shorter wavelength. For example 
the resonance peaks of 3, 4 and 5 particles shift to 
404, 394 and 386 nm, respectively.

 It is clearly that in the spectral range of 350-
600 nm, noble metal (e.g. Au and Ag) nanoparticles 
are embedded in the active or buffer layer of the 
OSCs exhibit LSPR that couple strongly to the 
incident light (Figs. 1-3). The previous research 
works6, 23, 24 reported that the addition of MNPs into 
buffer layer of the solar cell increased the power 
conversion efficiency (PCE) as compared to the 
device constructed without the addition of MNPs. 
For example in the experimental result, reported 
by Wu et al.24 show that the photocurrent within 
the wavelength range from 450-650 nm increased 
significantly after incorporation the MNPs. This 
wavelength regime matches with the absorption 
range of MNPs. This indicates that LSPR effects 
indeed improve the photocurrent. Moreover, the 

LSPR effects on OSCs results to the enhancement 
in the maximum exciton generation rate, maxG , which 
is a measure of the maximum number of photons 
absorbed. The  is proportional to the photocurrent 
density,, as follows24: 

max  .phJ Ga  …(6)

CONCLUSION

 The absorption and scattering efficiencies 
of the MNPs in an absorbing medium with varying 
their size, medium refractive index and the number 
of particle were studied using the DDA method. The 
results found that the incorporating of MNPs in the 
buûer layer of OSCs shows strongly LSPR induced. 
Moreover, the results revealed that the resonance 
peak of LSPR depends strongly on the size, the 
dielectric environment and number of the MNPs. 
Thus, the basic results of this study might be used 
for basic fabricating the more performance OSCs.
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