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 The paper presents a dual-band plasmonic solar cell. The proposed unit structure 

gathers two layers, each layer consists of a silver nanoparticle deposited on a GaAs 

substrate and covered with an ITO layer, It reveals two discrete absorption bands in the 

infra-red part of the solar spectrum. Nanoparticle structures have been used for light-

trapping to increase the absorption of plasmonic solar cells. By proper engineering of these 

structures, resonance frequencies and absorption coefficients can be controlled as it will be 

elucidated. The simulation results are achieved using CST Microwave Studio through the 

finite element method. The results indicate that this proposed dual-band plasmonic solar cell 

exhibits an absorption bandwidth, defined as the full width at half maximum, reaches 

71 nm. Moreover, It can be noticed that by controlling the nanoparticle height above the 

GaAs substrate, the absorption peak can be increased to reach 0.77. 
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1. Introduction  

Exhaustion of fossil fuels makes our community 

facing a lot of energy issues. It produces a lot of 

environmental problems and cannot meet the energy need. 

Sun is a plentiful energy source so the transformation of 

sunlight to electricity can reduce the energy crisis [1]. To 

make the solar cells more spreading, its cost needs to be 

reduced [2]. Advantages of plasmonic solar cells with a 

slim absorber layer are low production expenses and 

mechanically elastic. Disadvantage of the slim absorber 

layer is a poor absorption of the infrared part of the solar 

spectrum [3]. Nano-antenna structures have been used for 

light-trapping to raise the absorption of a plasmonic solar 

cell and, therefore, they allow the thickness of the 

absorber layer and the costs of the solar cell to decrease 

[1]. By appropriate engineering of the nanostructures, 

light can be condensed and bent into a slim absorber layer 

causing energy absorption raising [2]. There are three 

techniques using metallic nanostructures for light trapping 

in the absorber layers. First, immersed metallic 

nanostructures can be employed as nanoantennas due to 

their near-field strong effect. Second, metallic nano-

structures can be employed as scattering components 

leading to increases in the optical path extent. Third, 

metallic nanostructures of the bottom surface can convert 

sunlight into a surface plasmonic polariton (SPP) form 

[1,2]. The localized surface plasmon resonance (LSPR) 

phenomenon of metal nanostructures leads to their 

extensive usage in thin-film solar cells, sensing, terahertz 

application, metamaterials, etc [4]. Most recently, studies 

have shown that nanostructures raise the light absorption 

in solar cells over a wide spectral range. In Ref. 4, a 

silicon solar cell with enhanced light absorption and 

raised detection sensitivity has been designed using a 

diamond nanoantenna array. As presented in Ref. 5, metal 

nanoparticles can give an efficient mechanism for 

expanding the photon absorption below the semiconductor 

bandgap in the infrared range. An effective method to 

increase the absorption coefficients and controlling the 

resonance frequency has been demonstrated in Ref. 6. A 

gear nanoantenna for raising the absorption of amorphous 

silicon solar cells has been proposed in Ref. 7. In Ref. 8, a 

thin-film solar cell with a wideband enhanced absorption 

has been designed using a periodic array of metal strips. 

In Ref. 3, the nanoantenna has been used to turn a 

vertically propagating illumination to a guiding form *Corresponding author: minadawoud@yahoo.com 
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traveling into the lateral direction of the solar cell leading 

to enhanced absorption. In Ref. 9, an amorphous silicon 

solar cell with enhanced energy conversion efficiency has 

been designed using gold nanoparticles. A cuboid 

nanoparticle array for enhancing the absorption of a 

silicon layer in thin-film solar cells has been presented in 

Ref. 10. The nanoparticles can raise light absorption in the 

absorber layer due to their localized surface plasmon 

resonance [11]. Embedded nanoparticles for raising the 

absorption of various semiconductor materials have been 

presented in Ref. 12. The embedded nanoparticle can raise 

light absorption in the semiconductor materials due to the 

intensive near field zone surrounding it [5]. As illustrated 

in Ref. 13, light-trapping structures can give a more 

efficient performance compared with traditional anti-

reflecting coatings. As presented in Refs. 14 and 15, 

embedded dielectric nanoparticle structures can give an 

efficient technique for enhancing the absorption in a thin-

film solar cell. In Ref. 16, a thin-film solar cell with 

enhanced absorption has been designed using embedded 

lossless silica nanoparticles. A quasiperiodic photonic 

crystal structure for enhancing the absorption of the thin-

film silicon solar cells has been proposed in Ref. 17. As 

shown in the results, quasiperiodic photonic crystal 

structures can give a more fixed performance throughout 

the day, as well as over the year compared with that of a 

periodic photonic crystal. As presented in Ref. 18, 

plasmonic nanoparticle arrays can provide an effective 

method for improving the absorption of a perovskite solar 

cell in the infrared range of the solar spectrum. It is found 

that the perovskite layer supports the absorption in visible 

and ultraviolet parts of the solar spectrum, while it suffers 

from the poor absorption of the infrared band. As 

demonstrated in Ref. 19, the nanoimprinted pattern on the 

rear contact in thin-film solar cells can give a more 

improved efficiency compared with that of a flat back 

contact. The absorption enhancements of the absorber 

layer using metal nanoparticles have been studied by 

many types of research in Refs. 20, 21 and 22. In Ref. 23, 

the metasurface has been used to improve the photo-

generated current by means of the resonant effects. A 

dual-band metamaterial perfect absorber has been present-

ed in Refs. 24. In Ref. 25, a multi-layered graphene silica-

based has been used to achieve the perfect absorption over 

the infrared wavelength region. In Ref. 26, a broadband 

perfect absorber with polarization-independent has been 

designed to cover the spectrum from the visible to the 

near-infrared regime. In Ref. 27, a dual-band perfect 

absorber with polarization-independent has been designed 

to operate in the mid-infrared range. A terahertz 

bifunctional absorber has been presented in Ref. 28.  

The solar cell can be fabricated by depositing silver 

nanoparticles on the absorber layer surface, then the 

nanoparticles are coated with anti-reflecting coatings. 

Fabrication of nanoparticles has been presented in 

Refs. 29-32. Synthesize and deposit nanoparticles on the 

substrate are presented in Ref. 33. 

The paper presents a dual-band plasmonic solar cell. It 

is composed of silver nanoparticles precipitated on GaAs 

substrates and coated with ITO layers. In this structure, in 

addition to a dual-band absorption, resonance frequencies 

and absorption coefficients are also controlled. The 

geometry effect of silver nanoparticles on the resonance 

frequencies and absorption coefficients has been 

presented. A numerical investigation of the light 

absorption response of a proposed plasmonic solar cell by 

the finite element method (FEM) has been presented. 

2. Structure and Design 

A schematic diagram of the structure is illustrated in 

Fig. 1. The structure is composed of two layers, each layer 

from top to bottom: a silver nano-particle coated with a 

conductive indium tin oxide (ITO) coat, and a gallium 

arsenide (GaAs) substrate. Each nanoparticle consists of a 

cylindrical silver nanoparticle of the thickness h = 10 nm 

and an elliptical cross-section with the semi-major axis, 

RL, equalling one and three tenths of the semi-minor axis, 

Rs = 11 nm. The size of the unit-cell is of 80 × 80 nm2. 

Dielectric functions of ITO and GaAs are presumed equal 

to 4.67 and 12.86, respectively. The thickness of each 

layer is of 50 nm.  

 

   

  Dispersive properties of nanoparticles are specified by 
the  Drude  model. The  complex  dielectric  function  of 
silver nanoparticles vs. the frequency can be calculated as 
in Eqs. (1) and (2) [34]: 

 𝜀1 = [1 −
𝜔𝑝

2

𝜔2+𝛾2] (1) 

 𝜀2 = [
𝜔𝑝

2 𝛾

𝜔3+𝜔𝛾2], () 

where 𝜀1 is the real portion of the complex dielectric 
function, 𝜀2 is the imaginary portion. 𝜔𝑝 is the electron 

plasma angular frequency, and 𝛾 is the angular collision 
frequency within the nanoparticle material [35,36].  

The variance of dielectric function as a function of 

the wavelength λ for silver nanoparticles is illustrated in 

Fig. 2. For the whole of the analysis, a y-polarized plane 

wave is applied as an incident wave. The simulation 

results are achieved by the FEM method. As the proposed 

structure is periodic, thus the simulation domain is formed 

by a single unit of the structure with periodicity boundary 

conditions along the x-y plane. Tetrahedron mesh is used. 

The absorption 𝐴 can be calculated as in Eq. (3) [7]: 

 𝐴 = 1– 𝑇– 𝑅 () 

where 𝑇 =׀S212׀, is the transmittance and 𝑅 =׀S112׀, is the 

reflectance.  

 

Fig.1. Structure of the proposed unit-cell. The structure is 

composed of two layers, the first (yellow) and the second 

(green). 
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3. Results and Discussion 

The idea for bilayer thin-film solar cells is to basically 

stack two layers on top of each other. Each layer would 

have a different band gap, so as if part of the solar 

spectrum was not absorbed by the first layer, then the 

second would be able to absorb an additional part of the 

passing spectrum as shown in Figs. 3 and 4. The 

summation of the two absorbed parts forms two discrete 

absorption bands in the infra-red part of the solar 

spectrum as shown in Fig. 5. These layers can be 

optimized in order to produce a reasonable amount of 

power by controlling the resonance frequencies and 

absorption coefficients.  

The absorption response of the proposed dual-band 

plasmonic solar cell is presented in Fig. 5. The silver 

nanoparticle unit-cell is illuminated by incident light 

polarized along the semi-major axis RL. As illustrated in 

Fig. 5, it is clear that the proposed plasmonic solar cell 

appears as two separate absorption peaks existing around 

at 0.92 μm (λ1) and 0.98 μm (λ2), each with absorptions of 

around 62%. The absorption bandwidths, known as the 

full width at half maximum, are of 35 nm and 29 nm at λ1 

and λ2, respectively. As shown in Fig. 5, the proposed 

dual-band plasmonic solar cell structure can give a more 

efficient performance when compared to the structure 

without nanoparticles. 

Influence of the silver nanoparticle semi-minor axis 

and the thickness on the absorption coefficients and 

resonance frequencies is shown in Fig. 6. The silver 

nanoparticle unit-cell is illuminated by incident light 

polarized along the semi-major axis RL. Figure 6(a) 

presents the influence of varying the semi-minor axis, Rs, 

from 11 nm to 15.5 nm, for the nanoparticle settled 

dimensions of: h = 10 nm, L = 80 nm, and d = 0. It is 

obvious that the proposed plasmonic solar cell structure 

shows two discrete absorption peaks. Both absorption 

peaks decrease with an increase of Rs. The high-frequency 

absorption peak for Rs  = 11 nm was found at  λ = 0.92 μm 

with the maximum absorptivity of 0.63 compared to 0.44 

at λ = 0.98 μm for Rs = 15.5 nm. The low-frequency 

absorption peak for Rs = 11 nm was found at λ = 0.98 μm 

with the maximum absorptivity of 0.62 compared to 0.46 

at λ = 1.11 μm for Rs = 15.5 nm. The frequency of both 

absorption peaks shifts to lower frequencies with an 

increase of the semi-minor axis, Rs. The FWHM increases 

with an increase of Rs, which is referred to a wide 

 

Fig. 2. The real (𝜀1) and imaginary (𝜀2) portions of the silver 

dielectric function. 

 

 

Fig. 3. Electric (a) and magnetic (b) fields distribution at high-

frequency absorption peak. 

 

Fig. 4. Electric (a) and magnetic (b) fields distribution at low-

frequency absorption peak.  

 

 

Fig. 5. Absorption response of the proposed solar cell with (a) and 

without (b) nanoparticles. 
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absorption range of the solar spectrum. The FWHM of the 

high-frequency absorption peak is of 35 nm for 

Rs  = 11 nm compared to 71 nm for Rs = 15.5 nm while the 

FWHM of the low-frequency absorption peak is of 29 nm 

for Rs = 11 nm compared to 37 nm for Rs = 15.5 nm.  

Figure 6(b) shows the absorption response of the silver 

nanoparticle with the various thickness, h. Other 

nanoparticle parameters are Rs = 11 nm, L = 80 nm, and 

d = 0. It can be observed that the proposed plasmonic solar 

cell has two discrete absorption peaks for all different 

values of the nanoparticle thickness. It can be also noticed 

that both absorption peaks are approximately the same. 

The frequency of both absorption peaks shifts to higher 

frequencies with an increase of the nanoparticle thickness, 

h. The FWHM decreases with the increase of h. The 

FWHM of the high-frequency absorption peak is of 45 nm 

for h = 7 nm compared to 35 nm for h = 10 nm while the 

FWHM of the low-frequency absorption peak is slightly 

decreased from 33 nm for h = 7 nm compared to 29 nm 

for h = 10 nm. 

The effect of the silver nanoparticle height and 

periodicity on the resonance frequencies and absorption 

coefficients is exhibited in Figs. 7 and 8, respectively. 

Figure 7 reveals a reliance of the absorption response on 

the change of the nanoparticle height above the GaAs 

substrate from d = 0 to 1.25 nm. Other nanoparticle 

parameters are Rs  = 11 nm, h = 10 nm, L = 80nm. As 

shown in Fig. 7, when the height d increases from 0 to 

1.25 nm, the low-frequency absorption peak decreases and 

the high-frequency absorption peak increases. The high-

frequency absorption peak for d = 0 nm was found at 

λ = 0.92 μm with the maximum absorptivity of 0.63 

compared to 0.77 at λ = 0.803 μm for d = 1.25 nm. The 

low-frequency absorption peak for d = 0 nm was found at 

λ = 0.98 μm with the maximum absorptivity of 0.62 

compared to 0.45 at λ = 0.85 μm for d = 1.25 nm. The 

FWHM of the high-frequency absorption peak is 35 nm 

for d = 0 nm compared to 30 nm for d = 1.25 nm. It can be 

noticed that when the height d increases, the FWHM of 

the high-frequency absorption peak slightly decreases. 

Both absorption peaks move toward higher frequencies as 

the height d increases. As shown in the results, by 

controlling the nanoparticle height above the GaAs 

substrate, the absorption peak can be increased to reach 

0.77 which achieves a high current density. At these high 

frequencies, the photons have higher energies. 

Figure 8 discusses a reliance of the absorption 

response on the several periods L when it varies from 

60 nm to 80 nm. Other nanoparticle parameters are 

h = 10 nm, Rs = 11 nm, and 𝑑 = 0. It can be seen that two 

absorption peaks were found. It can be noticed that when 

the period L increases from 60 to 80 nm, both absorption 

peaks increase. The high-frequency absorption peak for 

L = 60 nm was found at λ = 0.92 μm with the maximum 

absorptivity of 0.54 compared to 0.63 at λ = 0.92 μm for 

L = 80 nm The low-frequency absorption peak for 

L = 60 nm was found at λ = 1 μm with the maximum 

absorptivity of 0.53 compared to 0.62 at λ = 0.98 μm for 

L = 80 nm. The FWHM of the high-frequency absorption 

 

Fig. 6. Absorption response of the proposed solar cell with 

different nanoparticle (a) semi-minor axis and (b) thickness. 

 

 

Fig. 7. Absorption response of the proposed plasmonic solar cell 

with different nanoparticle height.  

 

 

Fig. 8. Absorption response of the solar cell with nanoparticle 

periodicity. 
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peak is 49 nm for L = 60 nm compared to 35 nm for 

L = 80 nm while the FWHM of the low-frequency 

absorption peak is 36 nm for L = 60 nm compared to 

29 nm for L = 80 nm. It can be seen that when the period L 

increases, the FWHM of both absorption peaks decreases. 

As illustrated in Fig. 8, when the period L increases, the 

low-frequency absorption peak slightly shifts to higher 

frequencies and the high-frequency absorption peak 

slightly shifts to lower frequencies. 

4. Conclusions 

In conclusion, a dual-band plasmonic solar cell formed 

by two layers of silver nanoparticle deposited on GaAs 

substrate and covered with ITO layer is presented. It is 

found that the proposed structure shows distinctive dual 

absorption bands. The resonance frequencies and 

absorption coefficients can be controlled through varying 

the geometry of the silver nanoparticle. As shown in the 

results, the proposed dual-band plasmonic solar cell 

achieves a full width at half maximum, reaches 71 nm. It 

can be noticed that by controlling the nanoparticle height 

above the GaAs substrate, the absorption peak can be 

increased to reach 0.77. The proposed structure has 

potential applications in the absorption of the infra-red 

part of the solar spectrum. 
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