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Abstract

Several approaches have been adopted in the past for increasing the light absorption in photovoltaic solar cells. The introduction of a 
plasmonic layer of Ib metal nanoparticles (pure or embedded in a dielectric layer) has been recognized as a viable alternate approach for 
enhancing light absorption. The scattering from metal nanoparticles near their localized plasmon resonance seemed to be a promising way of 
increasing the light absorption in thin-film solar cells. Enhancements in photo current have been observed for a wide range of semiconductors 
and solar cell configurations. In this short note, a review of the experimental and theoretical progress that has been made in recent years, the 
basic mechanisms, and an outlook on future prospects in this area is presented.

Introduction
A number of methods [1-3] have been adopted in the past 

for increasing the light absorption in photovoltaic solar cells. 
But, acceptance of the above methods became debatable in the 
context of optimizing cost and ease of their adaptation related 
to scalable technique demanded by the industries. The biggest 
problem for thin film solar cells is that they do not absorb 
as much light as the current generation bulk solar cells do. 
Methods for trapping light on the surface, or inside the solar 
cells are crucial in order to make thin film solar cells viable. 
A method being explored over the past few years [4-14] is to 
scatter light using metal nanoparticles, excited at their surface 
plasmon resonance frequency. This method allows light to be 
absorbed directly without traversing through the relatively thick 
additional layer required in other types of thin-film solar cells. 
There have been quite a few pioneers working with plasmonic 
solar cells. One of the main focuses has been on improving the 
performance of the thin film solar cells through the use of metal 
nanoparticles distributed on the surface. In this system the 
increased light scattering provides more photons to become 
available to excite surface plasmons which cause electrons to 
be excited and travel through the thin film solar cells to create 
a current. Enhanced efficiencies for organic ultra-thin film solar 
cells due to the presence of 5nm diameter silver nanoparticles 
were also reported. Thus, plasmonic solar cells are recognized 
as a class of photovoltaic devices that would convert light into 
electricity by using plasmons. Plasmonic solar cells are a type 
of thin-film solar cells which are typically 1-2μm thick. They 
can use substrates which are cheaper than silicon, such as glass, 
plastic or steel. 

Currently, there are three different generations of solar cells. 
The first generation (those in the market today) are made with 
crystalline semiconductor wafers, typically silicon. Current solar 
cells trap light by creating pyramids on the surface which have 
dimensions bigger than most thin film solar cells. Making the 
surface of the substrate rough (typically by growing SnO2 or ZnO 
on the surface) with dimensions on the order of the incoming 
wavelengths and depositing the solar cells on top has been 
explored. This increases the photocurrent, but the thin film solar 
cells then have poor material quality.

The second generation solar cells are based on thin film 
technologies such as those presented here. These solar cells 
focus on lowering the amount of material used as well as 
increasing the energy production. Because thin-film solar cells 
are only a few microns thick, standard methods of increasing 
the light absorption, which uses surface textures that are 
typically around 10 microns in size, cannot be used. Plasma etch 
techniques, which can be used to etch submicron-sized features, 
can damage the silicon, thereby reducing the cell efficiency. 
Another alternative to direct texturing of Si is the texturing of the 
substrate. However, this also results in increased recombination 
losses through increased surface area. Though in practice, it 
has been experimentally proven to be very difficult to reduce 
recombination losses beyond a certain limit. Theoretically 
energy conversion efficiency of above 24% even for 1μm cells 
can be achieved. This highlights the need to incorporate better 
light-trapping mechanisms that do not increase recombination 
losses in thin-film solar cells to extract the full potential of the 
cells.
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Third generation solar cells are currently being researched. 
They focus on reducing the cost of the second generation solar 
cells. To achieve this, a new method for achieving light trapping 
in thin-film solar cells by the use of metallic nanostructures 
supporting surface plasmons, has been evolved. This involves 
excitations of the conduction electrons at the interface between 
a metal and a dielectric. By proper engineering of these dielectric 
structures, light can be concentrated and ‘folded’ into a thin 
semiconductor layer, thereby increasing the absorption. Both 
localized surface plasmons excited in metal nanoparticles and 
surface plasmon polaritons (SPPs) propagating at the metal/
semiconductor interface are of interest. Although there is now 
considerable experimental evidence that light scattered from 
metal nanoparticle arrays increases the photocurrent spectral 
response of thin-film solar cells, many of the underlying 
physical mechanisms and their interplay have not been studied 
systematically. The full potential of the particle scattering 
concept, taking into account integration with optimized anti-
reflection coatings, is being studied by several research groups. 
In recent years, it has been indicated [15-22] that both shape 
and size of metal nano particles are key factors determining 
the coupling efficiency. Moreover, the plasmon energy can be 
efficiently collected and transferred to an underlying waveguide 
as part of a solar cell. The cells performance would indicate an 
enhanced yield of power generation.

Surface Plasmon Resonance
When light strikes a metal sample, it can initiate electrical 

disturbances in the surface, either as localized excitations called 
surface plasmons or as moving waves called surface plasmon 
polaritons. The plasmons can be considered as a sort of proxy for 
the light, except at a shorter wavelength. A flurry of experimental 
and theoretical activities over the past few decades [15-26] was 
devoted towards the understanding of the size and shape effects, 
broadening, effect of surrounding matrix, etc., on the surface 
plasmon band of gold, silver and its nano composites. The 
surface plasmon resonance largely depend on the particle size, 
shape, and of course the metallic material and its surrounding 
environment.

Although metal doping in another exotic dielectric medium, 
diamond like carbon (DLC) films, prepared by chemical/
physical vapour deposition techniques had been the issue of 
obtaining a new class of materials [15-26] but the difficulty 
of dispersing the metal particles homogeneously in the DLC 
matrix by the techniques used by the researchers was found 
to be difficult. Since DLC is a large band gap material, metal 
inclusion in nanocrystalline form should also reveal interesting 
optical properties like surface plasmon resonance in these 
classes of composite materials which have not been explored yet 
systematically.

A number of theoretical models were proposed [27-35] 
and several experiments were carried out to understand the 
effect of particle size on the surface plasmon effect and to 

justify the observed peak shift (either blue-shift or red-shift) 
and its broadening with decreasing size. Critical dependence 
of various intrinsic properties of metal particles on size, inter 
crystalline distance and their integrated effect on the plasma 
band shape and position were dealt with by Kreibig et al. [27]. 
The observed blue-shift was attributed to several phenomena 
viz. contraction of lattice induced by surface stress [32], effect of 
surface potential [33], changes in optical inter-band transitions 
between the discrete energy levels, changes of electron band 
structure etc. Effects of deviation from a perfect spherical 
shape and irregular size distribution were found to produce 
large inhomogeneous broadening [34]. Maxwell-Garnett (M-
G) and Bruggeman obtained the effective dielectric constant of 
a composite system by considering the interaction of external 
electric field with metal particles acting as interacting dipoles 
with an effective polarizability given by Drude relation while 
the dielectric constant of the composite material was obtained 
through Clausius-Mossotti relation [35]. In the Maxwell-Garnett 
approach, the metal inclusion in the host material (fm) is very 
small and particle dimension (d) and inter-particle separations 
are very small compared to the wavelength of light (l). The 
effective dielectric constant is then given by,

Where ec, em, e0 are the dielectric constants of the composite, 
the metal and the host matrix respectively. k is the screening 
parameter determined by the shape as well as the orientation 
of the nanoparticles with respect to the external electric field. 
For spherical particle k=2. ec and em are complex in nature and 
is related to the refractive index n and extinction coefficient k 
given by,

Where e’ and e’’ are the real and imaginary part of the 
dielectric constant respectively. The Bruggeman geometry 
consists of a random mixture of two dissimilar materials. The 
effective dielectric constant is obtained through,

    

The above relations are widely used to obtain the effective 
dielectric constant and in turn, the extinction coefficient of a 
composite system. But both the above relations suffer a serious 
drawback as they do not take into account the size and shape 
distribution of the nanocrystalline. To take into account the size 
as well as the shape effect simultaneously, a size dependent 
depolarization factor was introduced into the Maxwell-Garnett 
theory and the modified theory (dynamical Maxwell-Garnett 
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theory) was used to evaluate the optical properties of the gold 
nano composite material [36,37]. The depolarization factor 
played a crucial role in determining the optical absorption 
features. Recently, Gao et al. [30] introduced a shape distribution 
into the Maxwell-Garnett and Bruggeman type of geometry and 
calculated the effective dielectric constant of a two- component 
system. The particles having a kind of shape distribution 
were assumed to be ellipsoidal and the distribution function 
that was introduced into the theory to correctly describe the 
depolarization coefficient is given by,

Where A (=1/p) and L (0<L<1) are the normalization 
constant and equivalent depolarization factor respectively. The 
two extreme values of L i.e. L --> 0 and L-->1 determine a needle-
like (prolate) and plate-like (oblate) shape of the particles. The 
depolarization factor depends critically on the axial ratio of the 
ellipsoidal particles. Introducing the shape distribution as in 
equation (8), Gao et al. [30] obtained the dielectric constant in 
the limit of Maxwell-Garnett approximation as:

   

The shape distribution incorporated into the Bruggeman 
type of geometry relates the composite dielectric constant with 
that of the individual components as,

They also formulated a differential effective medium 
approximation, considering a shape distribution of small 
particles distributed in a previously homogeneous matrix and is 
given by,

   

Current Status
Silicon solar cells

Silicon is the favorite semiconductor used in photovoltaic 
cells. Still, one would like to reduce the amount of Si needed 
for large-area devices. Furthermore, silicon is a poor light 
emitter and absorber, and therefore solar cell efficiencies have 
generally been poor. The efficiency of thin-film Si cells is even 
poorer than for wafer-thick Si cells. How to make the cells 
cheap (using thin films) but also increasingly absorptive is an 
important goal. In conventional thick Si solar cells, light trapping 

was typically achieved using a pyramidal surface texture that 
causes scattering of light into the solar cell over a large angular 
range, thereby increasing the effective path length in the cell. 
Such large-scale geometries are not suitable for thin-film cells, 
for geometrical reasons (as the surface roughness would exceed 
the film thickness) and because the greater surface area would 
increase minority carrier recombination in the surface and 
junction regions.

Solar cell design and materials-synthesis considerations 
are strongly dictated by the opposing requirements for optical 
absorption thickness and carrier collection length. Plasmonic 
structures can offer at least three ways of reducing the physical 
thickness of the photovoltaic absorber layers while keeping 
their optical thickness constant. First, metallic nanoparticles 
can be used as sub-wavelength scattering elements to couple 
and trap freely propagating plane waves from the sun into an 
absorbing semiconductor thin film, by folding the light into a 
thin absorber layer. Second, metallic nanoparticles can be used 
as sub-wavelength antennas in which the plasmonic near-field is 
coupled to the semiconductor, increasing its effective absorption 
cross-section. Third, a corrugated metallic film on the back 
surface of a thin photovoltaic absorber layer can couple sunlight 
into SPPmodes supported at the metal/semiconductor interface 
[4]. 

For wafers, the enhancement was by a factor of 7 for light 
with a wavelength of 1200nm. Silicon normally absorbs light 
only weakly in this part of the spectrum, so the enhancement 
is significant. Across all wavelengths, the photocurrent 
enhancement for the 1.25 micron film and the wafer samples 
was, respectively, 33% and 19%. Pillai et al. [6] observed that 
optimizing the nanoparticle size should bring additional 
improvements [5,6]. In this article, suitability of localized surface 
plasmons on silver nanoparticles for enhancing the absorbance 
of silicon solar cells has been investigated. It was found that 
surface plasmons can increase the spectral response of thin-
film cells over almost the entire solar spectrum. At wavelengths 
close to the band gap of Si, a significant enhancement of the 
absorption for both thin-film and wafer-based structures was 
observed. They reported a sevenfold enhancement for wafer-
based cells at ~1200nm and up to 16 fold enhancement at 
~1050nm for 1.25μm thin silicon-on-insulator (SOI) cells, and 
also compared the results with a theoretical dipole-waveguide 
model. They also reported a close to 12 fold enhancement in the 
electroluminescence from ultrathin SOI light-emitting diodes 
and investigate the effect of varying the particle size on that 
enhancement.

Pillai et al. [5,6] have also investigated the effect of surface 
plasmons on silver nanoparticles as a means of improving the 
efficiency of thin-film and wafer-based solar cells. The results 
suggest that surface plasmons offer a promising way to improve 
the efficiency of thin-film solar cell structures, avoiding the 
problem of increased recombination which occurs when silicon 
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is textured directly. This method also has the scope of further 
reducing the thickness of Si to below 1.5μm with good light 
trapping provided by the metal nanoparticles. The results show 
that for front surface application, smaller metal particles provide 
maximum overall enhancement in the visible as well as the near-
IR for solar cell applications, but that larger metal particles 
would be more beneficial for light emission from both thin and 
thick Si LEDs.

An engineered enhancement in short-circuit current 
density and energy conversion efficiency in amorphous silicon 
p-i-n solar cells was achieved via improved transmission of 
electromagnetic radiation arising from forward scattering by 
surface plasmon polaritons modes in Au nanoparticles deposited 
above the amorphous silicon film by Derkacs et al. [7]. The total 
Mie extinction is a sum of contributions from absorption and 
from scattering associated with each supported surface plasmon 
polariton mode of the particle. For small particles supporting 
only dipolar modes, the total extinction cross section consists of 
a large absorption cross section and a smaller scattering cross 
section. For larger particles, with diameters of ~100 nm or larger, 
the opposite is true: although the total extinction cross section 
remains dominated by dipolar contributions, the scattering cross 
section is much larger than the absorption cross section. For Au 
nanoparticle density of ~3.7x108 cm−2, an 8.1% increase in short-
circuit current density and an 8.3% increase in energy conversion 
efficiency are observed. Finite-element electromagnetic 
simulations confirm the expected increase in transmission of 
electromagnetic radiation at visible wavelengths, and suggest 
that substantially larger improvements should be attainable 
for higher nanoparticle densities. Si p-n junction diodes were 
fabricated by Schaadt et al. [8] by diffusion of boron at 900 °C for 
30min into an n-type Si (001) wafer with resistivity~10−2 Ohm-
cm. Based on the diffusion conditions employed, the boron depth 
profile was computed analytically andyielded a p-n junction 
depth of 80nm, with the boron concentration at the wafer surface 
estimated to be ~1.1x1020 cm−3. Ohmic contacts to the p-type 
surface were formed by opticallithography followed by thermal 
evaporation of~150nm Al. A large-area Ohmic contact to the 
n-type underside of the wafer was formed by a second thermal 
evaporation of ~150nm Al. Au nanoparticles were deposited by 
placing a drop of Au colloidal solution containing Au particles 
of uniform size onto the surfaces of fabricated devices that had 
been subjected to a prior exposure to a poly-L-lysine solution to 
facilitate immobilization of the Au nanoparticles on the device 
surface.

Compound semiconductor solar cells
Konda et al. [10] have engineered a device consisting of 

n-CdSe/p-Si (001) junction diode with spherical Au nanoparticles 
deposited on CdSe semiconductor surface, it is noted that a 
significant enhancement in the photocurrent was observed in 
Au/CdSe/p-Si compared to CdSe/p-Si using white light. These 
results clearly show that while the white light is the highest 

source of absorption for the generation of the photocurrent due 
to wide spectrum of absorption wavelengths available from the 
Au nanoparticles and clusters due to plasmon resonance, the 
light with a certain band of wavelengths is less effective. The 
enhancement in absorption within the semiconductor results 
in an increased photocurrent response in junction diode that 
corresponds closely to the nanoparticle plasmon resonance.

Konda et al. [10] reported on the significant enhancement 
of photocurrent in p-n hetero junction diode, consisting of 
n-CdSe/p-Si substrates, in situ deposited with Au nanoparticles 
on the surface by the pulsed-laser deposition technique. This 
is attributed to the large enhancement in electromagnetic 
field that occurs in the vicinity of the metal surface, causing 
surface plasmons. The large enhancement in Raman and 
photoluminescence intensity was observed due to surface 
plasmon resonance. Their results suggest that the photo-
detectors and optoelectronic devices, such as high-performance 
thin-film solar cells, optical communication, and sensing devices, 
including bio- and molecular sensors, can be fabricated with 
improved functionality.

Surface plasmon enhanced antireflection coatings for GaAs 
solar cells [11] have been designed theoretically. The reflectance 
of double-layer antireflection coatings (ARCs) with different 
suspensions of Ag particles is calculated as a function of the 
wavelength according to the optical interference matrix and 
the Mie theory. The mean dielectric concept was adopted in the 
simulations. A significant reduction of reflectance in the spectral 
region from 300 to 400nm was found to be beneficial for the 
design of ARCs. A new SiO2/Ag-ZnS double-layer coating with 
better antireflection ability can be achieved if the particle volume 
fraction in ZnS is 1%-2%. The performance of the modified ARC 
system is simulated by calculating the system reflection from 
the standard optical theorem and the Mie theory with different 
structural parameters, including the complex refractive indices 
of the medium and the volume fraction of the metal particles. 
When the particle volume fraction in a ZnS medium is 1%-
2%, and the diameter of particles is larger than 100nm, the 
calculated enhancement of the antireflection is significant in the 
near-UV region for GaAs solar cells. The nanoparticles also have 
the potential to increase the near band absorption for extra-thin 
GaAs cells. The simulation contributes to the design and the 
fabrication of high-quality antireflection coatings of GaAs solar 
cells.

Organic Solar Cells
Improved optical absorption and photocurrent for 

polythiophene–fullerene bulk hetero junction photovoltaic 
devices is demonstrated by Yoon et al. [13] using a unique 
self-assembled mono layer of Ag nanoparticles formed from a 
colloidal solution. With the presence of suitable nanoparticle 
in organic capping groups, the particle-to-particle spacing can 
be tailored. Transmission electron microscopy reveals the self-
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assembled Ag nanospheres are highly uniform with an average 
diameter of ~4nm and controllable particle-to-particle spacing. 
The localized surface plasmon resonance peak is ~465nm 
with full width at half maximum (95nm). In the spectral range 
of 350-650nm, where the organic bulk hetero junction photo 
active film absorbs, an enhanced optical absorption is observed 
due to the increased electric field in the photo active layer by 
excited localized surface plasmons with in the Ag nano-spheres. 
Under the short-circuit condition, the induced photo-current 
efficiency(IPCE) measurement demonstrates that the maximum 
IPCE increased to ~51.6% at 500nm for the experimental 
devices with the self-assembled layer of Ag nanoparticles, while 
the IPCE of the reference devices with out the plasmon-active 
Ag nanoparticles is ~45.7% at 480nm. For the experimental 
devices under air mass 1.5 global filter edilluminations with 
incident intensity of 100mW/cm2, the increased short-circuit 
current density is observed due to the enhancement of the 
photo-generation of excitons near the Plasmon resonance of 
the Ag nano particles. Morpha et al. [38] included plasmon-
active silver nanoparticle layers in solution-processed bulk-
hetero junction solar cells. Nanoparticle layers were fabricated 
using vapor-phase deposition on indium tin oxide electrode. 
Owing to the increase in optical electrical field inside the 
photoactive layer, the inclusion of such particle films lead to 
increased optical absorption and consequently increased photo-
conversion efficiency. The resulting solar energy conversion 
efficiency of a bulk hetero junction photovoltaic device of 
poly (3-hexylthiophene)/(6,6)-phenyl C61butyric acid methyl 
ester was found to increase from 1.3%±0.2% to 2.2%±0.1% 
for devices employing thin plasmon-active layers. Based on six 
measurements, the improvement factor of 1.7was demonstrated 
to be statistically significant.

Rand et al. [39] investigated the optical properties of silver 
nanoparticles used in tandem ultrathin-film organic photo 
voltaic cells. Experimental results indicate that the enhancement 
of an incident optical field persists into an organic dielectric for 
distances of up to 10nm from the center of array of approximately 

5nm diameter nanoparticles. Furthermore, this enhancement 
exists far from there so nanoparticle surface-plasmon excitation 
energy. They proposed a model to explain this long-range 
enhancement and investigated the role that cluster spacing, 
shape, and an embedding dielectric medium with a complex 
dielectric constant play in determining plasmon enhancement. 
This effect is shown to increase the efficiency of tandem organic 
solar cells, and the implications for further solar cell efficiency 
improvements are discussed.

An interesting possibility to improve the conversion and cost 
efficiencies of photovoltaic dye sensitized solar cells is to exploit 
the large optical cross sections of localized (nanoparticle) 
surface plasmon resonances (LSPRs). Hagglund et al. [40] 
have investigated this prospect for dye sensitized solar cells. 
Photoconductivity measurements were performed on flat TiO2 
films, sensitized by a combination of dye molecules and arrays 
of nanofabricated elliptical gold disks. An enhanced dye charge 
carrier generation rate was found and shown to derive from 
the LSPR contribution by means of the polarization dependent 
resonance frequency in the anisotropic, aligned gold disks.

Possibilities in carbon based solar cells
Research on thin film carbon based solar cells by simple 

electro deposition technique is initiated by Ghosh et al. [41], but 
the efficiency of this type of solar cells is still not comparable 
to those discussed above. They have deposited a thin DLC film 
on Si substrate by low voltage electro deposition technique at 
room temperature followed by top (Au) and back (In) contact 
by thermal evaporation. The attained best cell efficiency was 
~3.7%. Thus, the problem would be simpler for carbon based 
solar cells to introduce a plasmonic layer using a nano-Ag/A 
plasmonic layer for improving the efficiency further. One has to 
play with the size, shape and the effective dielectric constant of 
the plasmonic layer (i.e. metal loading) to make the plasmonic 
layer compatible with the above cell structure. The author has 
already started working on carbon based plasmonic solar cell. 
The proposed cell structure is shown in (Figure 1).

Figure 1: Proposed carbon based solar cell structures: a) without plasmon; b) with Plasmon.
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