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Abstract 

 

The adoption of metal nanoparticles has been well demonstrated for enhanced absorption in solar cells. In this work, effect of size of 

silver nanospheres (AgNS) deposited upon ITO (indium tin oxide)/crystalline silicon(c-Si) substrate has been investigated using MEEP 

software via FDTD method. Scattering efficiency enhances from 0.1% (corresponding to 30nm) to 15.6% (corresponding to 100nm) in 

visible region. Maximum response of transmittance at transparent conducting oxide (TCO)/semiconductor interface has been observed 

for 100nmAgNS. Spatial distribution of electric field intensity shows enhanced near field spectra around the nanospheres as well as in 

the active layer of structure. 
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1. Introduction 

The energy demand of the world is increasing day by day. Conventional resources of the energy are limited 

and their contribution the global pollution is notable. Solar energy is the most reliable renewable source 

which provides an environment friendly solution to meet the increasing energy demands. Basic mechanism 

behind the conversion of solar energy into electric energy is the photovoltaic effect.  In c-Si (bandgap  ̴1.12 eV 

at 300 K) based solar cells, absorption is low as silicon is not able to absorb red light out of the visible 

spectrum range due to its material properties [1]. Plasmonics is widely being utilized to increase the light 

trapping and improve the efficiency of the solar cells after first and second- generation solar cells [1,2]. Metal 

nanoparticles when placed on the top of dielectric/ semiconductor interface, scatter the incident photons in 

forward and backward directions. The photons scattered in forward direction supports the enhancement of 

light trapping inside the active layer of the cell which results in improved overall power conversion in solar 

cells [3, 4]. Enhancement of efficiency by making use of plasmonics in various types of solar cells is well 
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reported [5-7]. Size and shape of the nanoparticles affect their optical properties strongly which in turn 

modify the light absorption and efficiency of solar cells8,9]. In recent years, use of nanostructures of dielectric 

materials such as SiO2, Si3N4, TiO2 and Cu2O has also been explored for photovoltaic applications [10-13]. B. K. 

Mousavi et al. also explored the role of silicon nanowires for their plasmonic effect [14]. As far as, metal 

nanoparticles are concerned, silver nanoparticles are found to be highly efficient for solar cell applications as 

they offer large scattering efficiency with low absorption losses [15-17]. In the present work, effect of size of 

AgNS when deposited on ITO/c-Si heterojunction has been investigated in terms of scattering efficiency, 

electric field and transmittance. 

 
2. Theory 

 
2.1. Plasmonics 

In metals, conduction electrons are available in large numbers which behave like electron gas. In presence of 

incident electromagnetic field which is alternating in nature, these charges get displaced from their position 

and restored back due to coulombic attraction of positive ions. This results in oscillation of the electron cloud 

being referred as plasma oscillations and its quantum is termed as plasmon. Applying Newton’s law for single 

electron [18] 

 
m

d2x

dt2
= −eEx (1) 

 
Where x is the displacement of electron and m is the effective mass of electron. 

For free electron density n, the electric field EX generated by a surface charge, nex can be found using 
2nex 

Gauss theorem as EX = 2ɛ0 
. Hence the bulk plasmon frequency is given by [18] 

 
 

 

ωp = √
ne2

mɛ0
 (2) 

Where ɛ0 is the permittivity of free space. 

Since the radius of the nanospheres is very much less than the wavelength of the incident radiation, the 

generated field component can be related with the uniform polarization PX as EX = 
−Px .   Hence the 
3ɛ0 

resonance frequency due to collective oscillation of the electrons can be written as [18] 
 

 

ωsp =
ωp

√3
= √

ne2

3mɛ0
 (3) 

The surface plasmon waves propagate at the interface of the metal and the dielectric. The dielectric constant 

(ɛr) of metals is complex in nature and very much varies with the frequency of the incident radiation as 

defined by Drude model and is given by [19] 

 

ɛr(ω) = 1 −
ωp

2

ω2 + iϒ(ω)ω
 (4) 
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2.2. Scattering by metal nanospheres 

The conduction electrons in a metal oscillate collectively on interaction with incident electromagnetic 

radiation that gives rise to plasmon resonance. At wavelengths near plasmon resonance, metal nanoparticles 

scatter the incident light very strongly. For nano-dimensional particles where the size is very much small as 

compared to the wavelength of the incident radiation in visible region, the particle can be approximated as a 

simple dipole [1]. The scattering and absorption by spherical nanoparticles or nanospheres can be well 

explained by the Lorentz Mie theory. According to this theory, the cross-sections for extinction (sum of 

scattering and absorption cross-sections), scattering and absorption are given by following respective 

relations [20]: 

                                                              Cext =
2π

k2
∑ (2n + 1)∞

n=1 Re(an + bn)                             (5) 

 

                                                            Csca =
2π

k2
∑ (2n + 1)∞

n=1 (|an|2 + |bn|2)                          (6) 

  
                                                                         Cabs = Cext − Csca                                                      (7)                       

 

where k = 
2πN 

, N is refractive index of the surrounding medium and λ is the wavelength of the incident 
λ 

radiation. The Mie coefficients an and bnare given by 

 
 

 

 

 

 

 

 

 
Where ψ and χ are Riccati-Bessel functions of the first and third kind respectively, a is the radius of the 

nanosphere and 𝑚 =
𝑁𝑝

𝑁
  , 𝑁𝑝 being complex refractive index of the nanosphere material. The scattering and 

absorption cross-sections for a metallic nanosphere have high dependence on the polarizability of the particle 

which is given by 

 

 

 
                                                           α = 4πa3 (

ɛp−ɛm

ɛp+2ɛm
)    

 
(7) 

 

 

an =
mψn(mka)ψn

′ (ka) − ψn(ka)ψn
′ (mka)

mψn(mka)χn
′ (ka) − ψn(ka)χn

′ (mka)
 (5) 

 

bn =
ψn(mka)ψn

′ (ka) − mψn(ka)ψn
′ (mka)

ψn(mka)χn
′ (ka) − mψn(ka)χn

′ (mka)
 (6) 
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Where a is the radius of nanosphere, ɛp and ɛm are the dielectric functions of metal nanosphere and 

embedding medium respectively. It is obvious from expression (10) that polarizability will be very large if 

ɛp = −2ɛm. This is the condition for surface plasmon resonance [1,21]. 

The extinction efficiency (Qext), scattering efficiency (Qsca) and absorption efficiency (Qabs) for the metallic 

nanospheres are defined as the ratio of respective cross-sections to the geometric projection of the 

nanosphere on the plane perpendicular to the incident light and can be written as 
 

                                                                     Qi =
Ci

πa2     (8) 

   Where i may stand for extinction, scattering or absorption [20] 

 
3. Structure for FDTD Simulation 

The working principle of a photovoltaic cell resembles with that of a p-n junction diode. Electron-hole pairs 

are generated when the photons with energy equal to or greater than the bandgap of the semiconductor 

incident on the junction. Movement of these charge carriers create photocurrent through an external circuit 

[22,23]. The amount of photocurrent generated depends upon the wavelength of the incident radiation along 

with the quantum efficiency (QE) of the solar cell which in turn depends on the number of charge carriers 

(electron-hole pairs) generated in the active layer of the solar cell. 

In this simulation model, the ITO/c-Si heterojunction is taken for investigating the effect of size of AgNS on 

scattering, absorption and transmission of the incident radiation. Silicon is one of the most abundant 

elements on the earth’s crust. It is being used for fabrication and implementation of photovoltaic devices at 

large scale for industrial purposes.  c-Si (band gap     ̴ 1.12 eV at 300 K) based solar cell release less toxic materials 

as compared to another ones (for example GaAs based solar cells) [24-26]. ITO (bandgap   ̴ 3.5-4.3 eV) is a 

transparent conducting oxide (TCO) having very high transparency ( ̴ 92%) and conductivity (ρ = 2.2 X 10-4 Ω-

cm) as fabricated with method discussed by Zhangxian Chen et al. [27]. ITO is a recognized n-type degenerate 

semiconductor which has high transmittance in near infra-red and visible regions of the electromagnetic 

spectrum [28,29]. Use of ITO as a highly efficient photocathode in dye-sensitized solar cell has also been 

reported by Ze Yu et al. [30]. MEEP is an open- source software which is used to simulate Maxwell’s equations 

over a finite time difference [31]. In this work, Numerical simulation has been performed via FDTD method 

using MEEP to investigate the scattering and absorption efficiencies for three different combinations namely 

AgNS in air, AgNS on the top of ITO and AgNS on the top of ITO/c-Si heterojunction to demonstrate the effect 

of increasing size of nanosphere. Simulation has also been executed for near field spectra to show spatial 

distribution of electric field in Ag/ITO/c-Si structure. The transmitted power has been measured at the 

TCO/semiconductor interface. 

The integrated transmission efficiency (ITE) can be calculated in spectral range λ1to λ2 as [32] 
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                        ITE =

∫ (λ
hc⁄ )[T(λ)]S(λ)

λ2
λ1

dλ

∫ (λ
hc⁄ )S(λ)

λ2
λ1

dλ
   

 

(9) 

Where λ is the wavelength of the light in free space, h is Plank’s constant, c is the speed of light in free space, 

T(λ)is the transmittance of light and S(λ) is the irradiance spectrum of AM1.5G. 

The dimensions of 3-D model simulation cells for the structures AgNS in air and AgNS on ITO have been 

taken equal to 1µm x 1µm x 1µm. The incident power source has been taken in form of a Hz polarized 

Gaussian source extended in X-Z plane across the boundaries. and directed in Y direction. The source is 

equivalent to the AM1.5G solar spectrum and range of wavelength was set from 300 nm to 800 nm in the 

visible spectrum. To reduce the computational time, mirror symmetry along X-axis has been considered. 

Optical constants for modelling c-Si, Ag and ITO were taken from the literature [32,33]. The simulation for all 

the three structures has been executed separately. The 2-D cross-sectional schematic diagrams of the 

simulation cells with position of source and flux monitors for AgNS in air and AgNS on the top of ITO are 

shown in Fig.1(a) and Fig.1(b) respectively. 

 
4. Plasmonic Solar Sell Model 

The structure under investigation for plasmonic solar cell application is designed as AgNS upon ITO film 

(thickness 100 nm) layered above c-Si substrate with silver back contact. A 3-D schematic diagram of the 

structure  and  2-D  cross-sectional  view  of  simulation  cell  are  shown  in  fig.  2(a) and  2(b)  respectively.  The 

 
 
 

 

    Fig. 1. Two-dimensional cross-sectional schematic diagram of simulation cell for (a) AgNS in air (b) AgNS on ITO. 
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Fig. 2. Three-dimensional schematic diagram of the structure for plasmonic solar cell (b) Two-dimensional cross- 

sectional schematic diagram of simulation cell for AgNS/ITO/c-Si structure. 

 

 

dimensions of the simulation cell have been taken 1µm x 2.2 µm x 1 µm. The incident power Gaussian source 

equivalent to AM1.5G is placed near the uppermost PML. Periodic boundaries were used to make the 

structure periodic. The flux monitors have been placed around the structure for simulation. Simulations have 

been executed for efficiencies (scattering, absorption and extinction), x- component of electric field (Ex) and 

transmittance of the incident radiation into the substrate for the AgNS having diameters in 30nm-100nm 

range. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Variation of scattering efficiencies, 𝑄𝑠𝑐𝑎 with wavelength for (a) AgNS (30nm to 100nm) in air. Efficiencies 

for 30nm to 60nm AgNS are multiplied by a factor shown in inset for better resolution (b) AgNS (30nm to 100nm) 

deposited on ITO. Efficiencies for 30nm to 60nm AgNS are multiplied by a factor shown in inset for better resolution. 
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5. Results and Discussion 

Fig.3(a) shows the variation of scattering efficiency for AgNS of different sizes (30nm to 100 nm) in air within 

the spectral range 300nm to 800nm. An increase in scattering efficiency has been observed with the increase 

in size of the nanosphere. At plasmon resonance, the scattering cross section becomes much larger as 

compared to the geometric cross-section of the nanosphere, hence they scatter more of the incident 

radiation. With increase in size of the nanosphere, the conduction electrons move out of phase and 

depolarization occurs. This results in reduction of the field generated due to polarization of surrounding 

matter [1]. For 30nm Ag nanosphere, resonance peak appears at λ = 376.3nm while for 100nm Ag 

nanosphere, the peak shifts to λ = 422.4nm. Hence, a red shift is observed in the position of plasmon 

resonance peak. 

When the FDTD simulation is executed for AgNS of different sizes placed on the ITO film, the variation of 

scattering efficiencies with wavelength has been shown in Fig.3(b). The effect of interaction between 

nanospheres and TCO is clearly visible in this figure. Appearance of higher order resonance peak has 

been observed for larger size nanospheres due to dynamic depolarization and radiative damping effects 

[1].  

 

 

 Fig. 4. Variation of (a) scattering efficiencies, 𝑄𝑠𝑐𝑎 with wavelength for AgNS deposited on ITO/C-Si        

structure (efficiencies for 30 nm and 40 nm AgNS are multiplied by a factor shown in inset for better 

resolution) (b) absorption efficiencies, 𝑄𝑎𝑏𝑠 with wavelength for AgNS deposited on ITO/C-Si structure. 

 

 

However, the magnitude of scattering decreases slightly which is in accordance with the results discussed by 

Gursoy B Akguc [34]. This shows a significant change in the spectral response of the AgNS while they interact 

with ITO. For the structure under investigation, variation in the scattering efficiencies with wavelength is 

shown in Fig.4 (a). For larger sizes of Ag nanosphere, higher order resonance peaks appear due to quadrupole 

resonance [1]. An increase in scattering efficiency has been observed with a maximum of 15.6% for 100nm Ag 

nanosphere with maximum red shift in the resonance peak (λpr) at 529.5nm. For solar cell applications, 

scattering of the incident radiation by the nanospheres must exceed the parasitic absorption by the 

nanospheres. Fig.4(b) shows the variation of absorption efficiencies with wavelength for the different sizes of  
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nanospheres. The extinction efficiencies with their components scattering and absorption efficiencies for 

each size of Ag nanosphere are shown from Fig.5(a) to 5(h). It is found from these results that for 30 nm, the 

absorption by nanosphere is much large as compared to scattering but as the size of nanosphere increases, 

scattering becomes more significant than this parasitic absorption which is an advantage for plasmonic solar 

cell purpose. 
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Fig. 5. Variation of Efficiencies 𝑄𝑠𝑐𝑎, 𝑄𝑎𝑏𝑠and 𝑄𝑒𝑥𝑡with Wavelength for AgNS/ITO/c-Si structure for (a) 30nm, (b) 

40nm, (c) 50nm, (d) 60nm, (e) 70nm, (f) 80nm, (g) 90nm, (h) 100nm sizes. 
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Variation of extinction efficiencies and plasmonic resonant wavelength, λpr with the size of the AgNS are 

shown in Fig. 6(a) and 6(b) respectively. An enhancement in the magnitude of these parameters has been 

displayed graphically in these figures. 

 
 

 

 

Fig. 6. Variation of (a) efficiencies 𝑄𝑠𝑐𝑎, 𝑄𝑎𝑏𝑠and 𝑄𝑒𝑥𝑡with different sizes of AgNS (30nm to 100nm) on ITO/c-Si 

structure (b) plasmonic resonant wavelength (λ_pr) with different sizes of AgNS (30nm to 100nm) on ITO/c-Si 

structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Representation of the various components of efficiency with plasmonic resonant wavelength for 

different sizes of Ag nanospheres on ITO/c-Si substrate 

Diameter of 
Nanosphere 

(nm) 

𝑄𝑒𝑥𝑡 
(%) 

𝑄𝑠𝑐𝑎 
(%) 

𝑄𝑎𝑏𝑠 
(%) 

𝜆𝑝𝑟 

(nm) 

30 0.35 0.1 0.25 446.5 

40 1.3 0.7 0.6 474.2 

50 2.9 1.9 1.0 500.7 

60 4.4 3.2 1.2 504.2 

70 6.2 4.7 1.5 507.6 

80 8.9 6.8 2.1 508.8 

90 11.9 9.1 2.8 509.9 

100 18.2 15.6 2.6 529.5 
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Table 1 shows a comparative representation of the variation of extinction, scattering and absorption 

efficiencies with wavelength for different sizes of AgNS deposited on ITO/c-Si substrate. Corresponding 

plasmonic resonant wavelength is also represented. Extinction efficiency is maximum for 100nm Ag 

nanosphere (18.2%) with a maximum scattering efficiency of 15.6%. Plasmonic resonant wavelength has 

also been found maximum (529.5 nm) for this size of AgNS. 

 

 
 
 
 
 
 
 
 
 

 
 

Table 2. Representation of scattering and absorption efficiencies as % fraction of total extinction efficiency 

 

 

Table 2 shows the fractional distribution of scattering and absorption efficiencies out of the total 

extinction efficiency for different sizes of the AgNS deposited on ITO/c-Si substrate. For 30nm Ag nanosphere, 

almost 72% of the total extinction radiation has been absorbed by the nanosphere while around only 28% is 

scattered. Maximum fractional scattering efficiency has been found for 100 nm Ag nanosphere which is 

almost equal to 86%. 

In plasmonic nanostructures, the surface plasmon and localized surface plasmon have been observed for 

the TM polarization (magnetic field perpendicular to the direction propagation) of the incident radiation [35].  

 
 

 
 

Diameter 
of Nanosphere 

(nm) 

𝑄𝑠𝑐𝑎 
(As Fractional % 
          of 𝑄𝑒𝑥𝑡) 

 

𝑄𝑎𝑏𝑠 
(As Fractional % 
           of 𝑄𝑒𝑥𝑡) 

 

30 28.5 71.5 
40 53.8 46.2 
50 65.5 34.5 
60 72.7 27.3 
70 75.8 24.2 
80 76.4 23.6 
90 76.5 23.5 

100 85.7 14.3 
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Fig..7. Spatial distribution of electric field intensity for Ag/ITO/c-Si structure simulated at corresponding plasmonic resonant 

wavelengths for (a) 𝜆𝑝𝑟 = 446.5nm for 30nm diameter, (b) 𝜆𝑝𝑟 = 474.2nm for 40nm diameter, (c) 𝜆𝑝𝑟 = 500.7nm for 50nm 

diameter, (d) 𝜆𝑝𝑟 = 504.2nm for 60nm diameter, (e)𝜆𝑝𝑟= 507.6nm for 70nm diameter, (f) 𝜆𝑝𝑟 = 508.8nm for 80nm 

diameter, (g)𝜆𝑝𝑟= 509.9nm for 90nm diameter, (h) 𝜆𝑝𝑟 = 529.5nm for 100nm diameter 
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Hence, electric field along the TCO/semiconductor interface imparts significant contribution for generation of 

charge carriers. Electric field (Ex component) has been investigated for different sizes of AgNS at plasmon 

excitation corresponding to the plasmonic resonant wavelength, λpr. Figures 7(a) to 7(h) show the spatial   

distribution of the electric field intensity with corresponding colour bar. The colour bar indicates the intensity 

of the electric field in the Ag nanosphere/ ITO/c-Si structure. This gives an impression about enhancement of 

electric field at excitation of surface plasmons. An enhancement in electric field inside the active layer has 

been observed with the increasing size of the nanosphere. 

Transmission spectra at TCO/semiconductor interface for various sizes of AgNS is shown in Fig.8. For 

reference, simulation has been executed for the structure without nanospheres. An increase in transmittance 

for   a particular size of nanosphere is observed at wavelengths 

 

 
 
 

 
 
 
 

                                      Fig. 8. Variation of transmittance with wavelength at metal/TCO interface in Ag/ITO/c-Si 

structure for different sizes (30nm to 100nm) of Ag nanospheres 

 
 
 
 

above resonance. This happens due to the constructive interference between the incident light and the 

forward scattered light by the nanospheres [36,37]. Further, higher transmittance is observed with the 

increasing size of the nanosphere with a maximum for 100 nm diameter. 
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6. Conclusion 

Effect of variation in AgNS size on scattering, absorption, transmission and electric field intensity in 

AgNS/ITO/c-Si structure has been investigated numerically using MEEP via FDTD method. The plasmonic 

resonance gets shifted towards the infra-red region of the electromagnetic spectrum and broadening of 

resonance peak is also observed with the increasing size of AgNS. This red shift and broadening in resonance 

peak impart enhanced light trapping in the active layer of the solar cell. Scattering efficiency increases from 

0.1% to 15.6% as the size of AgNS increases from 30nm to 100nm. For 30 nm AgNS, scattering and absorption 

by the nanosphere are almost 28% and 72% (as a fraction of total extinction efficiency) respectively, which is a 

significant loss of the incident radiation. As the size of the nanosphere increases, scattering increases and 

overcomes this parasitic absorption gradually. For 100 nm AgNS, fraction of scattering becomes almost 85% 

while that of absorption reduces to almost 15% which is a remarkable enhancement for plasmonic solar cell 

applications. Also, enhanced transmission into the c-Si substrate has been detected for this size of AgNS with 

reference to the FDTD simulation results for structure without AgNS. Thus, amongst the various sizes of AgNS 

studied, 100 nm proves to be an optimised size to yield the highest efficiency due to enhancement in 

broadband light coupling. This work is capable to become a fundamental study for reasonable improvement 

of efficiency in silicon based plasmonic solar cells with ITO used as photocathode. 
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