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ABSTRACT

 	 This article presents the optical properties of pure silver (Ag) nanoparticle embedded in 
perovskite layer of perovskite solar cells using the discrete dipole approximation method (DDA). 
The influences of the Ag nanosphere size, shapes, and direction of the polarization direction of 
incident light respect to the particle axis on the absorption and scattering efficiencies on the localized 
surface plasmon resonance (LSPR) were investigated. For the single Ag nanoparticle, the calculated 
absorption and scattering spectra with increasing Ag diameter from 10 to 40 nm, both absorption 
and scattering resonance peaks were found at the position of around 624 nm. However, the optical 
efficiencies increases further with increasing the particle size up to 40 nm. For the optical properties 
of the two Ag nanoparticles with fixed 20 nm diameter and varying inter-particles spacing, the aligning 
particles perpendicular to both the propagation and polarization direction of light the increasing of 
the inter-particles spacing produces the shorter wavelength shift of the position peaks. In contrast, 
aligning particles perpendicular to the propagation direction and parallel to the polarization direction 
of light they were slightly shifted to longer wavelength as the inter-particles spacing increase. Finally 
for single Ag nanowire with varying the length of nanowire from 36.88 to 104.40 nm, both the 
absorption and scattering efficiencies peaks position get longer wavelength linearly shifted when the 
particlesax is was aligned perpendicular to the propagation direction and parallel to the polarization 
direction of light. However, they shift to shorter wavelength when the particlesax is was aligned both 
perpendicular to the propagation direction and the linear polarized light.  
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INTRODUCTION

	 The metal nanoparticles (NPs) such as gold 
(Au), silver (Ag) and copper (Cu)which possess a 
negative real and small positive imaginary dielectric 
constant in thin lms or nanostructures are potential 
candidates in many applications such as sensors1, 
organic light-emitting devices (OLEDs)2 and organic 
solar cells3-6 due to their localized surface plasmon 
resonance(LSPR). LSPRs are collective oscillations 
of a conductor’s surface electrons at the interface 
between the metal NPs which much smaller than 
incident light wavelength and a dielectric medium 
under excited electromagnetic field that tend to trap 
optical waves near their interface7.The operation of 
the plasmonic nanoparticles in the above applications 
is affected by the refractive index of the metal and 
the surrounding medium, the particle size and shape 
as well as the polarization direction of the incident 
light. In the case of the plasmonic nanoparticles 
shape, variety of shape such as nanospheres3,8-11, 
nanocubes11, nanoprisms12, nanoflowers3,13 and 
nanorod3, 11, 14 have been reported as the source 
for generating LSPRs. Perovskite solar cells 
(PSCs), known as photovoltaic device, have been 
reported that they have rapidly attracted attention 
due to its advantageous features including less 

expensive material for fabricating PSCs, and rapidly 
increasing device efficiency15-19. Recently, plasmonic 
nanoparticles have been reported that utilizing 
them in PSCs can improvethe light absorptionin 
perovskite material18-22. Various types of metal NPs 
like pure nanospheres21, core/shell nanospheres 
and nanorods18,19were reported. This article will 
theoretically present the effect of LSPR introduced 
by Ag NPs on the optical properties in the active 
layer of PSCs by using discrete Dipole Approximation 
(DDA). It is one of the most frequently used numerical 
methods for computing optical properties such as 
scattering and absorption by arbitrary size, shape 
nano-geometry22. The study will be presented the 
influence of the geometry and concentration of 
Ag NPs on the optical properties. This study will 
contribute to better understanding the uses of metal 
NPS for enhancing PSCs performances. 

EXPERIMENTAL

Computational details
	 The absorption and scattering efficiencies 
of the pure Ag NPs were simulated based on the DDA 
theory22. This theory, the object in arbitrary shape is 
replaced with an assembly ofN point dipoles in which 
the polarizability and positions are specified as ai and 

Fig. 1: (a) The absorption efficiency and (b) scattering efficiency for the Ag nanoparticle with 
varying their sizes. (c) Absorption efficiency for Ag, Au and Cu nanoparticles of a 10 nm radius.

The insets in (a) shows the spectra in selected wavelength length.
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ri, respectively. The polarization induced Pi in each 
particle in the presence of an applied field is then 
described by Eq.(1):

			  ...(1)

	 whereElocis the sum of the incident field 
and the contribution from all other N-1 dipoles. 
When this polarization is obtained, the absorption, 
scattering and extinction cross sections of light can 
be calculated by Eqs. (2)- (4):

				    ...(2)

	

				    ...(3)

.scat ext absC C C= −
			    ...(4)

	 Equations (2) and (3), ‘*’ symbol stands for 
the conjugate of a complex variable, kis the wave 
number andE0 is the amplitude of incident electric 
field. And scattering, absorption and extinction 
efficiencies can be calculated byQscat=Csca/pR2, 
Qext=Cext/pR2 and Qabs=Cabs/pR2, respectively. R is 
radius of spherical nanoparticle. The dimensions of 
the morphologies Ag NPs were taken from Pathaket 
al.18.  The refractive indices of Methylammonium lead 
triiodide (CH3NH3PbI3) were taken from Löperet al.23.
The dielectric constants for metal NPS were obtained 
by using Lorentz-Drude model24. 

RESULTS AND DISCUSSIONS

	 The following results are the absorption and 
scattering efficiencies of Ag nanoparticles consisting 
of a single homogeneous spherical particle, two 
homogeneous sphericalparticles and nano wire at 
a fixed the surrounding medium refractive indices 
of CH3NH3PbI3. At the first stage of this research, 

Fig. 2: Calculation of the spectral: (a) absorption and (b) scattering efficiencies as function 
of wavelength for two closely spaced Ag spherical particles, aligned perpendicular to the 

propagation direction and parallel to the linear polarized light. The spacing between two particles 
are indicated in the inset. (c) Shows effect of the overlapped and (d) non- overlapped distance 

between two Ag nanoparticles and the absorption peak position from (a). The diameters of two-Ag 
spherical particles were fixed of 20 nm.
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the calculated absorption and scattering efficiencies 
of the single Ag nanoparticle with varying particle 
radius were presented, shown in Figs. 1a and 1b, 
respectively. It was observed that with increasing Ag 
diameter from 10 to 40 nm, absorption and scattering 
resonance peaks were found at the position of around 
624 nm, but the peak intensity exhibits more as the 

diameter increase. In Fig. 1c the optical property of 
Ag NPs was compared with the spectra obtained 
from Au and Cu nanoparticle.  Clearly that the 
intensity of efficiency obtained from Ag nanoparticle 
is higher than Ag and Cu nanoparticle. For Au and 
Cu nanoparticle, the absorption resonance peaks 
are found at wavelength of ~690, and ~650 nm, 

Fig. 3: Simulated of the spectral: (a) absorption and (b) scattering efficiencies as function 
of wavelength for two closely spaced Ag spherical particles, aligned perpendicular to both 
propagation direction and the linear polarized light. The spacing between two particles are 
indicated in the inset. (c) Shows effect of the overlapped and (d) non- overlapped distance 

between two Ag nanoparticles and the absorption peak position from (a).The diameters of two-Ag 
spherical particles were fixed of 20 nm.

Fig. 4: Simulated (a) absorption and (b) scattering spectra of fixed 20 nm width Ag Nanowires 
aligned perpendicular to the propagation direction and parallel to the linear polarized light for 

the different length nanowirs, L. (c) Absorption peak position from (a) as a function of nanowire 
length(red circles)plotted with a fitted linear curve (blue curves).  
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respectively, as seen in Fig. 1c. The presented results 
are indicated that the LSPRs are observed for Ag, 
Au and Cu nanoparticles in the visible wavelength 
region. This enhancement of in both absorption 
and scattering are due to the large electromagnetic 
field enhancement near the surface of these metal 
nanoparticles. In addition, the increase in the density 
of electrons as the size of metal nanoparticles 
increase results in the optical enhancement. The 
density of electrons in the metal nanoparticles 
influences the LSPRs of metal nanoparticles, which 
provides the enhancement of the absorption and 
scattering processes25.Figures 2 and 3 are the optical 
absorption and scattering efficiencies for the two 
basic two-particle geometries. In these calculation, 
the diameters of two spherical homogeneous particle 
were fixed at 20 nm. In addition, the inter-particles 
distances were varied ranging from 14 to 100 nm. 
Fig. 2 presents the absorption efficiencies (Fig. 2a) 
and scattering efficiencies (Fig. 2b) for two particles 
aligned perpendicular to the propagation direction 
and parallel to the linear polarized light. The results 
show as the dipolesspacing increases more, the 
optical efficiencies peak position shift to longer 
wavelength. For example it shifts approximately 
~1,118 nm for dipoles with a 14 nmspacing.By 
fitting the relation between optical efficiencies 
peak position and the dipole spacing, it found that 
the absorption peak shifts to longer wavelength 
nonlinearly with the increasing of the dipole spacing 

(14-19 nm which overlaps each other) shown in Fig. 
2c. The numerical calculation result was fitted by 
the polynomial functionlres[nm] = -5.79d3+307.56d2- 
5449.50d+ 33030,wherelresand d being the peak 
position and dipole spacing, respectively. In contrast, 
non-overlapping of two Ag nanospheres was found 
that the absorption peak shifts to longer wavelength 
nonlinearly with exponential-like decrease function 
as seen in Fig. 2d.However, as the inter-particles 
spacing were varied from 60 to100 nm, non-shifting 
of the absorption peak was found. Whereas, Fig. 3 
are the theoretical results for two particles aligned 
perpendicular to both propagation direction and 
the linear polarized light. In contrast with another 
geometry, shorter wavelength-shifting was observed 
in these calculations down to ~552 nm at a 14 nm 
spacing. Fig. 3c shows that the absorption peak shifts 
to shorter wavelength nonlinearly with the increasing 
of the inter-particles spacing of Ag nanoparticles. 
The best fitted in the case of overlapping of two Ag 
nanospheres was found as the polynomial function 
lres [nm] = -0.895d2+36.99d+210. In contrast, non-
overlapping of two Ag nanospheres was found that 
the absorption peak shifts to longer wavelength 
nonlinearly with exponential-like decrease function 
as seen in Fig. 3d. However, as the inter-particles 
spacing were in the range of 60-100 nm, non-shifting 
of the absorption peak was found similar with the 
other case. Further more,Figs. 4 and 5 present the 
simulated absorption and scattering efficiencies 

Fig. 5: Simulated (a) absorption and (b) scattering spectra of fixed 20 nm width Ag Nanowires 
aligned perpendicular to both the propagation direction and the linear polarized light for the 
different length nanowirs, L. (c) Absorption peak position from (a) as a function of nanowire 

length(red circles)plotted with a fitted linear curve (blue curves). 
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spectra of fixed 20 nm width Ag nanowires as 
afunction of wavelength with different nanowire 
length (L= 36.88, 53.76, 70.64, 87.52 and 104.40 
nm). The nanowire axis in Fig. 4 was aligned 
perpendicular to propagation direction and parallel 
to the linear polarized light and bigger, whereas in 
Fig. 5, it was orthogonal to both propagation direction 
and the linear polarized light. The results was found 
that the longer wavelength-shifted ofthe surface 
plasmon both absorption and scattering peaks with 
increasing nanowire length for the first case as 
seen in Figs. 4a and 4b, however distinct shorter 
wavelength-shiftedis observed for the other case 
shown in Figs. 5a and 4b. The maximum shifted of 
optical spectra in Fig. 4 was found at the wavelength 
of ~1440 nm for the 104.4 nm nanowire length. The 
spectral peakposition as a function of nanowire 
length is shown in Fig. 4c. The best fitted was found 
as the linear function lres [nm] =9.455L+449.3, 
where L is the peak position and nanowire length. 
Whereas, the maximum shifted of optical spectra 
in Fig. 5 was observed at the wavelength of ~578 
nm for the smaller nanowire length (L= 36.88 nm).
The spectral peakposition as a function of nanowire 
length in this case was found as the polynomial 
functionlres [nm] =0.0065L2-1.454L+622.87. The 
shifted resonance peak position can be qualitative 
discussed26 that due to the object in arbitrary shape 
in DDA model is replaced with an assembly of N 
point dipoles. Therefore, the aligning particles axis 
parallel to the polarized light direction the plasma 
electron distributions of all particles is therefore 
perturbed with weakening of the repulsive forces of 
the field. This effect leads to a correspondingly lower 

resonance frequency or longer wavelength as seen 
in the simulated results Figs. 2 and 4. In contrast, 
when the excited electric field incidents normal to the 
longer particles axis the charge distributions of each 
particle acts cooperatively to enhance the repulsive 
action in all particles, thus decreasing the resonance 
wavelength as seen in Figs. 3 and 5. Moreover, the 
obtained results found that it is possible to shift 
the LSPRs frequency into the near-infrared region 
(NIR) of the spectrum by increase the inter-particles 
distance as seen in Fig. 2 and nanowire length of 
the silver nanoparticles as seen in Fig. 4.    

CONCLUSION

	 In summary, the absorption and scattering 
efficiencies of the Ag nanoparticle with varying 
their size, shape and direction polarization of the 
linear polarized light were studied using the DDA 
method. The results found that theincorporating of Ag 
nanoparticle in the active layer of PSCsshowsstrongly 
LSPR induced. Moreover, the results revealed that 
the resonance peak of LSPR can be tuned over 
wavelength from the visible to the near-infrared 
region of the spectrum.Thus, the basic results of this 
study might be used for basic fabricating the more 
performance PSCs.
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