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Introduction 

The photovoltaics is considered as a clean energy source compared to fossil fuels. A solar cell (SC) is a solid state electrical 

device which converts the energy of sunlight into electricity by the photovoltaic effect [1,2]. The basic principle of solar cell 

is that the incoming photons or sunlight must have the right energy, called the band gap energy (for Si ~ 1.11 eV, GaAs ~ 

1.43 eV and CdTe ~ 1.49 eV), to knock out an electron. If the photon has less energy than the band gap energy, then it will 

pass through the material and if energy is more than the band gap energy then it is absorbed by the material. When photon is 

absorbed, its energy is given to the electron which excites the electron from valence band to conduction band leaving the hole 

behind that is filled by the electron from neighboring atoms and in this way, a hole can move through the semiconductor. 

Thus, photons absorbed in the semiconductor create mobile electron-hole pairs. Once the electrons and holes are separated, 

they will want to recombine since they are of opposite charge and this process is called recombination. If the electrons 

collected prior to this happening they can be used as a current for an external circuit [3]. 

 

The solar cells can be divided into three different generations. The first-generation cells, also called conventional or 

traditional cells, are made of crystalline silicon with a thickness of 200 μm to 300 μm [4]. Conventional solar cells have two 

main limitations: efficiencies and their expensive manufacturing cost. There is loss of around 70% of incident radiation 

energy into the cell [5]. In photovoltaic market the highest efficiency recorded in laboratory for mono-Si solar cell is about 
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25% [6]. The second-generation cells are thin film solar cells that include amorphous Silicon, Cadmium Telluride (CdTe) and 

Copper Indium Gallium Selenide (CIGS) cells and have thickness in the range of 1 μm to 2 μm, deposited on cheap 

substrates such as glass, plastic or stainless steel [4]. Thin film solar cells reduced the bulk material cost of photovoltaic 

devices but the absorption of radiations in such solar cells is quite weak. Hence, it is very important to trap maximum light 

inside the SC in order to increase the absorbance. The third-generation solar technologies use advanced thin-film cells [7]. 

They produce a relatively high efficiency even at low cost as compared to other technologies. A part of third generation solar 

cells is that the scattering from metal nanoparticles near their localized surface plasmon resonance (LSPR) is a promising 

way of increasing the light absorption in thin-film solar cells which constitute plasmonic solar cells (PSCs) [8]. 

 

Localized Surface Plasmon Resonance (LSPR) 

Localized surface plasmon resonance is the phenomenon in which conduction electrons collectively oscillating near a metal 

surface in an external electromagnetic field and can be excited on metallic nanoparticles such as aluminum, silver, copper and 

gold [4]. The surface plasmon resonance wavelength is dependent on material, size and geometry of nanoparticle arrays as 

well as refractive index of underlying media [9-11]. To utilize the light energy for highly efficient SCs the absorption of light 

is not important, but the scattering of the light by metal nanoparticles is important. 

 

Scattering and absorption by metal nanoparticles 

The basic principle for the functioning of plasmonic SCs includes scattering and absorption of light due to the deposition of 

metal nanoparticles. A thin semiconductor sheet does not absorb light very well. For this reason, more light needs to be 

scattered across the surface in order to increase the absorption of semiconductor material to convert it into the useful 

electrical energy [12,13]. It has been found that metal nanoparticles help to scatter the incoming light across the surface of the 

semiconductor substrate at resonance wavelengths. The scattering and absorption cross-sections are given by: 
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Where α is the polarizability of the particle, V is the particle volume, εp is the dielectric function of the particle and εm is the 

dielectric function of the embedding medium. If εp=-2εm, the particle polarizability will become very large. This occurs when 

the frequency is close to the surface plasmon resonance ωsp, allowing the light to interact over an area larger than the 

geometric cross section of the particle [14]. In the case of a spherical structure the surface plasmon occurs at ωsp=√3ωsp. 

 

The plasmonic particles improve the light absorption in the semiconductor by three mechanisms. Firstly, by placing the 

particles on the top of solar cell, the light will be forward scattered into semiconductor at LSPR. Secondly, the particles can 

scatter light into waveguide modes of the structures, which results in an increased path length [15-17]. Third, light can be 

trapped locally at LSPR that leads to high field intensities over small volume of the cell. In order to get maximum absorption 

in the semiconductor layer, the size and shape of scattering particles can be varied. Further, the resonant frequency can be 

shifted by changing the dielectric constant for the embedding medium in the desired electromagnetic spectrum [10]. In the 

plasmonic materials of interest, gold shows resonance frequency in visible range and is highly stable, also have broader 

resonance peak. Although, silver and aluminum are cheap as compared to gold but gets oxidized, which affects resonance 

frequency. Copper is cheaper than silver and more absorbent than gold. Hence, different materials with various shapes and 

size can be used to enhance the efficiency of thin film solar cells. 
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Plasmonic solar cells 

Plasmonic solar cells (PSC) are a type of thin film solar cells having thickness of 1 μm to 2 μm (FIG. 1). Plasmonic solar 

cells improve optical absorption by scattering light using metal nanoparticles of different material and configurations excited 

at their localized surface plasmon resonance (LSPR). The two mechanisms responsible in plasmonic solar cells are electric 

field enhancement and light scattering enhancement from metal nanoparticles [18-20]. In electric field enhancement, there is 

strong interaction between light and metal nanoparticles, which leads to increase in the electromagnetic field around the 

particles. The particles effectively concentrate the light into small regions. 

 

 
 

FIG. 1. Plasmonic solar cell (PSC). 

 

If a semiconductor is close to or surrounding the metal particles, this will increase the light absorbed by the semiconductor in 

that region. In light scattering enhancement, the light traps into the solar cell and get reflected by the bottom of the cell, this 

reflected light is further scattered into the semiconductor medium by metal nanoparticles placed on its surface i.e., the total 

path length or light trapping is enhanced in the semiconductor materials [21-23]. The design of metallic nanostructures for 

plasmonic thin film solar cells have received renewed interest lately due to the availability of new nanofabrication tools and 

better understanding of their optical properties [24-27]. Plasmonic nanoparticles can be integrated with a solar cell in three 

different geometries. (1) Nanoparticles at the top of the solar cell (FIG. 2a). (2) Embedded in the semiconductor (FIG. 2b). 

(3) At the bottom of the semiconductor [28] (FIG. 2c). Plasmonic Solar cells can also use multiple physical configurations 

(multi-junctions) to take advantage of various absorption and charge separation mechanisms (FIG. 3). To date, a variety of 

possible enhancement mechanisms of light trapping are being examined in almost all kind of thin film solar cells with 

nanoparticles such as silicon based solar cell [25], GaAs solar cell [27], CdSe solar cells [29] and it is also shown that by 

adjusting the surface plasmon resonance properties, a good broadband antireflection layers are developed [30-32]. 

 

 

 

FIG. 2. Plasmonic light trapping geometries in thin film solar cells. 



www.tsijournals.com | October-2016 

4 
 

 

 

FIG. 3. Multijunction plasmonic solar cell. 

 

Recent advancements in PSCs 

Incorporation of plasmonic nanostructures into thin-film solar cells has been extensively discussed in recent years. Pillai et al. 

[25] investigated that absorption of thin film c-Si solar cells can be enhanced by silver nanoparticles of small diameters less 

than 30 nm. They showed smaller silver metal nanoparticles can provide the maximum overall enhancement in visible and 

near-infrared region. The scattering of light from a single silver or gold nanoparticles with different material of nanoparticles, 

shape, size, and dielectric environment was theoretically studied [33] and showed that path length enhancements are higher in 

cylindrical and hemispherical nanoparticles is higher than spherical nanoparticles. Further, path length enhancement for silver 

nanoparticles is much higher than gold nanoparticles. For absorption enhancement, the distance of nanoparticles from the 

substrate is an important factor that is related to the excitation of gap modes [34-36]. 

 

To study the effect of higher-order modes on the enhancement 3D modeling was used [37]. They used silver nanoparticles for 

both size and coverage optimization and given two optimal configurations of silver nanoparticles with diameters of 30 nm 

and 80 nm and showed that optimal coverage was 33% for 30 nm and 11% for 80 nm for silver nanoparticles, respectively. 

 

Ferry et al. [38] report on the design, fabrication, and measurement of ultrathin film a-Si:H solar cells with nanostructured 

plasmonic back contacts, which demonstrate enhanced short circuit current densities compared to cells having flat or 

randomly textured back contacts. The primary photocurrent enhancement occurs in the spectral range from 550 nm to 800 

nm. They use angle-resolved photocurrent spectroscopy to confirm that the enhanced absorption is due to coupling to guided 

modes supported by the cell. Spinelli et al. [39] used silver nanoparticle array geometries to study the coupling of light into a 

crystalline silicon substrate by scattering light. After simulation and optimization, the best impedance matching for a spectral 

distribution was observed with spheroidal silver nanoparticles 200 nm wide and 125 nm high in a square array with 450 nm 

pitch on top of a 50 nm thick Si3N4 layer corresponding to the A. M. 1.5 solar spectrum. Horikoshi et al. [40] used silver 

nanoparticles of parabolic antenna-type and showed that the field intensity of the absorbing layer in a visible wavelength 

range (over 650 nm) is enhanced due to its simplified shape. Marco Notarianni et al. [41] showed that power conversion 

efficiency of a bulk heterojunction solar cell can be increased up to 10% by embedded gold nanoparticles. 

 

Sabaeian et al. [42] investigated by putting the nano-strips of different cross sections (triangle, rectangular and trapezoidal) as 

a grating structure on the top of the solar cells. The waveguide, surface plasmon polariton (SPP), and localized surface 

plasmon (LSP) modes were evaluated in transverse electric (TE) and transverse magnetic (TM) polarizations by exciting 

them with the help of nano-strips. TM modes are more effective than TE modes in optical and electrical properties 

enhancement of solar cell. The optical absorption, generation rate, and short-circuit current density enhancement for 
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trapezoidal nano-strips showed noticeable impact than triangle and rectangular ones. Zhou et al. [43] used different kinds of 

solar cells, such as amorphous silicon (a-Si) thin film solar cells, crystalline silicon (c-Si), organic solar cells, single nanowire 

solar cells and nanowire array solar cells and reviewed various current approaches. 

 

An experimental work by Park et al. [44] used optimized plasmonic silver nanoparticles and polycrystalline silicon thin film 

solar cells showed increased photocurrent of ~45%. Without a back reflector their absolute efficiency was 5.32% and with 

the back reflector was 5.95% which are the highest efficiency for metalized plasmonic solar cells reported to date [45]. 

Nanodisks [46], nanospheres [47,48], nanoplates [49] and nanowires [50]. Ferry et al. [51] used thin film Si and GaAs solar 

cells using a back interface coated with a corrugated metal film and reported their findings that sub-wavelength scatterers can 

couple sunlight into guided modes. Pala et al. [52] optimized the Ag strip geometries and reported that they could 

simultaneously take advantage of both effective coupling to waveguide modes of the semiconductors and high near-field 

concentration close to their SPs resonance frequency. Munday et al. [53] showed that optimized integrated structure can 

result in a 1.8-fold total integrated current improvement by combining plasmonic gratings with traditional antireflection 

coatings together under A. M. 1.5 G solar illumination. 

 

Muhammad et al. [54] studies the effects of the structure geometrical parameters on the absorption and showed that 35% 

absorption improvements are achieved over the conventional thin film solar cell without metallic nanoparticles. Zhang et. al. 

[55] simulated low cost and earth abundant Al nanoparticles found 28.7% photon absorption enhancement as compared to 

noble metal nanoparticles Ag and Au. Further, Al nanoparticles once combined with SiNx anti-reflection coating can produce 

a 42.5% enhancement which is 4.3% higher than standard SiNx due to the increased absorption in both visible and near- 

infrared regions. Zhang et al. [56] investigated surface plasmon resonance enhanced optical absorption in thin film Si solar 

cells with 3 × 3 array of Al nanoparticles and reported 40% absorption enhancement. 

 

Summary 

Plasmonic nanostructures incorporation into the thin film solar cells shows special promise both to enhance efficiency of 

solar cells over a large range of the electromagnetic spectrum and reduce the manufacturing cost. The plasmonic efficiency 

enhancement depends mainly on the geometrical configuration of metal nanoparticles. The enhancement is induced by the 

aggregation state which can generate the corresponding plasmon resonance. Further, plasmonic thin film solar cells would 

help to preserve the environment and provide a wide array of commercial applications due to its wireless capabilities. 
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