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Abstract—While photovoltaic cells have become increasingly
available commercially over the last few decades, their relatively
low efficiencies leave much room for improvement. Plasmonic
nanostructures have been used to enhance the optical and
electrical activity within PV cells. However, while plasmonic
nanostructures have been placed above the surface of the cell, the
effect that nanostructures embedded within the cell can have on
its energy conversion has not been extensively studied. This study
analyzes the effect of plasmonic nanostructures embedded within
a thin-film amorphous Si solar cell on the efficiency of the solar
cell, and hopes to provide a relationship between the physical
parameters of the nanostructures and the optical and electrical
enhancement within the solar cell. The parameters considered
were the size of the nanoparticles and the distance between
neighboring nanoparticles. The metal chosen for the nanospheres
is silver (Ag). The analyses performed were — plasmon resonance
analyses, absorption enhancement, short circuit current density
and near field enhancement imaging. Through this study, it was
found that although there is no linear increase in optical and
electrical activity with respect to particle size, the largest particle
(diameter of 500nm) studied resulted in the highest enhancement.
Furthermore, the closer the particles were, the greater the
enhancements obtained.

Keywords— plasmonics; solar cell; thin-film solar cell; metal
nanoparticles; silver nanoparticles; nanostructures.

[. INTRODUCTION

Photovoltaics provide the most feasible alternative to non-
renewable sources such as fossil fuels [1]. Considering the
constantly depleting nature of the latter and its adverse
contribution to climate change, it is vital that a suitable
alternative be found. In order to gradually move away from
fossil fuels, solar energy has to be a more viable alternative.
The technology necessary to harness solar energy is solar cells

or photovoltaic (PV) cells [1]-[3]. These convert solar energy
to electrical energy via the generation of electron-hole pairs
due to energy provided by photons in the sunlight [1]-[3].
While this should technically be an attractive alternative, the
relatively low efficiencies of solar cells prevent it from being
commercially viable alternatives, especially in developing
countries. Because silicon is widely available and
economically feasible, it is considered to be the most suitable
material for the production of solar cells [3]. However, present
Si based solar cells have very low efficiencies, with the highest
recorded to be 25% [4], while those commercially available
can barely reach 15%-18% under optimum conditions [3]-[4].
While there are several methods utilized to enhance solar cell
efficiencies, including the utilization of quantum dots [5]-[6]
and mesoscopic nanostructures [7]-[8], this study focuses on
plasmonically enhanced solar cells [9]-[10].

The authors of this study have previously analyzed the
efficacy of plasmonic nanostructures placed periodically on top
of Si substrate [10]-[14]. The physical parameters of the
nanostructures were altered, and a relationship between those
parameters and the optical absorption and electrical current
generation enhancement of the Si substrate were established
[10]-[14]. 1t is only natural, therefore, that the next analyses be
done on plasmonic nanostructures embedded within the Si
substrate itself. However, previous literature search has yielded
that very little research has been done in this respect [15]-[27].
Hence, this study hopes to provide the basis for a fundamental
understanding of this technique through simulation-based
studies. A rudimentary relationship between key physical
parameters of the nanostructures and the energy conversion
efficiency of the thin-film solar cells is established. The
nanostructures have been chosen to be spherical in shape, and
the parameters that have been analyzed are nanoparticle size
and the interparticle distance. The type of plasmonic metal was



kept constant with silver (Ag), as this has been previously
found to yield the best results by both early investigators and
the authors as well [10]-[14], [19]-[21]. The analyses that were
performed to stipulate our observations are plasmon resonance
analysis, absorption enhancement analysis, short circuit current
density analysis and near-field enhancement analysis.

II. MATERIALS AND METHODS

A. Simulation Setup

The simulations performed were done using the solvers —
(1) FDTD Solutions [28], a commercial-grade simulator that
uses the finite-difference time-domain method to perform the
calculations, for the optical enhancement analysis, while (ii)
CHARGE (DEVICE) [29], a commercial-grade simulator
eigenmode solver and propagator, was used for the electrical
analysis portion, i.e. calculation of short circuit current density
(Jsc) for all configurations. The solvers were developed by
Lumerical Solutions, Inc. All of the simulations were
performed under the following conditions: temperature of
25°C, incident radiation intensity of 1000 W/m?, and a solar
spectral irradiance of AM1.5G [30].

B. Procedure

Before we began our analysis, we had to first identify the
physical parameters that were of interest to us. To that end, we
chose silver (Ag) as the plasmonic metal that we wished to
analyze. The diameters of the nanospheres we chose were D =
50nm, D = 100nm D = 200nm and D=500nm as we induced
that this would provide us with a sufficient amount of data to
establish an acceptable conclusion. Furthermore, we also chose
four different pitches (distance between the ends of successive
or neighboring particles) to be P=10nm, P=20nm, P=50nm and
P=100nm.

The entire analysis can be broken down into four major
sections: (a) plasmonic resonance analysis of individual
nanoparticles, (b) absorption enhancement analysis of the PV
cell, (c) short circuit current density (Jsc) analysis, and (d) near
field enhancement analysis

Our first task was to observe and analyze the plasmonic
resonance phenomenon of each metal nanoparticle inside the Si
substrate, and identify the wavelength range where the
resonance of each nanoparticle occurred. Thus, we chose to
calculate the extinction, scattering and absorption spectra of
incident radiation for each nanoparticle. To this end, we placed
the metal nanoparticle of interest in our simulation region, and
directed a total field scattered field (TFSF) source towards it
from all directions. Field monitors were placed close to the
particle to measure absorption, and outside the particle beyond
the source to measure scattering. The extinction spectrum was
generated by adding these two quantities.

We then placed a horizontal array of each metal
nanoparticle periodically inside (0.5pm below the surface) of a
2um thick Si substrate, and then directed a plane wave
orthogonally towards the PV cell. Field monitors were placed
right at the metal nanoparticle array and Si interface, and
0.5um perpendicularly below the nanoparticle array. The

Direction of propagation of incident radiation

Ag nanoparticles Surface monitor

2um

Si substrate

Figure 1. Absorption enhancement analysis setup.

absorption within the cell was calculated by subtracting the
output values of the upper monitor from the lower monitor.
The setup has been shown in Figure 1. For each metal
nanoparticle array, we needed to analyze the optical
enhancement within the Si substrate for each array. To that
end, we identified the quantity absorption enhancement factor
(g) as the most appropriate. This was calculated using the
following formula:

Absorption across Si with metal nanoparticles (1)
9= Absorption across bare Si

In order to keep variations from other factors in check and
calculate the enhancement with respect to just one parameter,
we kept the other parameters constant, e.g. if we wanted to
measure the enhancement due to a metal nanoparticle of
diameter D = 50nm, we kept the diameter constant at 50 nm,
and only varied the pitch size.

The electrical enhancement was then calculated by the
short circuit current density (Jsc) for each configuration of Ag
nanoparticle array inside the substrate, and compared with the
Jsc of a bare Si substrate.

Finally, the interaction of the electromagnetic fields within
the PV cells was analyzed by generating near-field images of
each of our respective metal nanoparticle structures. This was
achieved by placing a field monitor along the vertical cross-
section of three units of the cell, i.e. the section of the Si
substrate with three Ag nanoparticles inside. The near field
images would allow us to properly link the optical and
electrical enhancements with the enhancement in the
electromagnetic fields with the PV cell due to the presence of
the metal nanoparticle array. It would also show us how the
nanoparticles interact with each other within the substrate.

III. RESULTS AND DISCUSSIONS

The results and discussions have been divided into separate
sections for each respective analysis.
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A. Plasmon Resonance

For the initial simulation, we analyzed the extinction
spectra of Ag plasmonic metal nanoparticles of diameters D =
50nm, D = 100nm, D = 200nm and D=500nm, respectively.
The particles were separately and individually placed inside the
Si substrate, and this entire structure was then placed in the
simulation region. The absorption, scattering and extinction
spectra were then obtained using the appropriately placed
monitors. The resultant spectra from the simulations are shown
in Figures 2(a) through (d).

The analysis was done across a wide wavelength range of A
= 400nm to 1100nm as Ag nanoparticles have been known to
demonstrate plasmon resonance in this region. For all four
particles analyzed, it can be seen that there are multiple
resonance peaks that occur at relatively similar wavelengths.
The most pronounced peak is found to be around 810nm for
each nanoparticle, while the second sharp peak shifts for each
particle — approx. 950nm, 980nm, 1000nm and 1010nm for
D=50nm, D=100nm, D=200nm and D=500nm, respectively.
The results will be fundamentally different because Si is highly
dispersive (and absorbing) material in this frequency range.
This poses a challenge because the Si may in fact be absorbing
and/or otherwise modifying the incident radiation. This can be
one reason behind the formation of multiple resonance peaks as
shown in Figures 2(a-d).
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Figure 2. Absorption, scattering and extinction spectra for (a) Ag nanoparticle of D = 50nm, (b) Ag nanoparticle of D = 100nm (c) Ag nanoparticle of D =200nm, (d) Ag
nanoparticle of D = 500nm.

B. Absorption Enhancement Analysis

For the absorption enhancement analysis, the simulation
was setup as previously shown in Figure 1. The metal is kept
constant (Ag) while the diameter of the nanoparticles
periodically dispersed at a constant end-end pitch of 10nm
inside the Si substrate are varied, and the absorption
enhancement factor (g) for each configuration is calculated
across their respective incident radiation spectra. This is
repeated for all four sizes of nanoparticles. The pitch (end-end)
is then changed to 20nm, 50nm and 100nm, respectively, and
the above analysis is repeated for each Ag nanoparticle size.
The absorption enhancement analysis for Ag nanoparticles
embedded within the Si substrate for all sizes and pitches are
shown in Figure 3. Once again, the graphs show multiple
absorption peaks due to the dispersive and absorbing nature of
the Si substrate that the Ag nanoparticles are embedded in.
Because of this property, it is possible that the reflected
radiation from the Ag-Si interface interfered with the original
incident radiation and/or with each other, resulting in the
oscillating pattern that can be seen. It is noticeable that the
configurations with nanoparticle diameter of D=500nm
demonstrates relatively the highest absorption enhancement
when compared with the other configurations studied.
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In order to further understand these results, the total
absorption enhancement for the entire spectrum of each
configuration is calculated and the results are shown in Figure
4. A general pattern for all pitches arises from this graph — the
D=50nm nanoparticle shows the least total enhancement, and
then it increases for D=100nm, decrease for D=200nm and
then shows the highest total enhancement for D=500nm.
Additionally, the general trend of the data in Figure 4 show the
highest set of absorption enhancements for the smallest end-
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Figure 4. Total optical absorption enhancement for different configurations.
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Figure 3. Absorption enhancement factor spectra for (a) pitch (end-end) = 10nm, (b) pitch (end-end) =20nm, (c) pitch (end-end) =50nm, and (d) pitch (end-end) =100nm.

end pitch, i.e. P=10nm. This is because the nanoparticles are
closest together for this small pitch size, and are thus able to
better plasmonically couple with each other and also with the
incident and/or any scattered radiation.

C. Short Circuit Current Density Analysis

It can be expected that the increase in optical absorption
within the Si substrate as shown can result in a proportional
increase in electrical activity [10]-[14]. However, in real
conditions, this is not strictly so, as electricity generation
depends on a number of factors, including minority carrier
lifetime and carrier recombination rate. Thus, to coherently
identify the extent to which the increase in optical absorption
enhancement of the Si substrate due to the presence of the
metal nanoparticles has translated in terms of electricity
generation of the cell, the short circuit current density (Jsc) of
the cell was calculated for each respective configuration. The
results have been graphically illustrated in Figure 5. The
general trend in Jsc observed is very similar to that of total
absorption enhancement of Figure 4. Furthermore, the highest
Jsc is found to be for the smallest pitch (inter-particle distance).
The increase in the amount of Jsc generation is found to be
significantly greater to that of previous studies where
plasmonic nanostructures were placed on top of the Si substrate
[10]-[14].
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Figure 5. Percentage change in Jgc for different configurations.

D. Near-Field Enhancement Analysis

Near-field images would help elucidate the relationship
between transmission of the electric field within/around the
nanoparticle and the Si substrate at the resonant wavelength of
the particle, and the improved optical and electrical
enhancement that we have shown earlier. It would also show
the extent of plasmonic coupling that occurs between the metal
nanoparticles. To this end, we generated near-field plots for Ag
nanoparticle arrays of different size and pitches in order to be
able to properly compare and contrast the electromagnetic
interactions within the structures themselves. This will enable
us to build a more comprehensive link between the variation of
the physical parameters of the Ag nanoparticle (arrays) and the
improvement in electrical activity. First, we had to identify the
approximate wavelength at which the nanoparticles of all
diameters displayed surface plasmon resonance. This was
found to be wavelengths of approximately A ~ 810nm for all
nanoparticles. Three near-field images were generated for each
respective nanoparticle configuration — (a) the Si substrate
without the particle at the given wavelength (b) the Si substrate
with three of the respective metal nanoparticle particles
(embedded) at the given wavelength and; (c) the enhancement
image, which was calculated by dividing the raw data of the
second image (calculated in (b)) with the raw data of the first
image (calculated in (a)). For the enhancement image, the color
scale is in the log scale, and hence the areas which are dark red
in color have an enhancement of over 1 in the log scale that
corresponds to near-field enhancement of over x10 (over 10
fold). A selected set of near-field enhancement images are
provided in Figure 6. For these images, the near-field monitor
has been placed inside the Si, with only the Si substrate and the
nanoparticles within its region of analysis.

The enhancement within the substrate can be observed
clearly, and for smaller pitches (Figures 6(a) and 6(b)) it is seen
that the enhancements from each nanoparticle is spread across
neighboring particles, which can be indicative of strong
plasmonic coupling between neighboring metal nanoparticles.
There is a significant amount of enhancement noticeable both
above and below the particle. The enhancement above is high.
This can be attributed to the fact that radiation is constantly
being reflected back and forth between the Si-air interface and
the top portion of the Ag-Si interface, forming a cavity like
phenomenon that intensifies the electromagnetic fields due to
constant constructive interference. This may in turn result in
enhanced optical absorption within the substrate, and explain
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Figure 6. Near-field enhancement image for (a) D=50nm and pitch=10nm, (b)
D=100nm and pitch=10nm, (c) D=50nm and pitch=20nm, and (d) D=100nm
and pitch =20nm. The images generated are focused within the Si substrate.

the observations made in absorption enhancement and short
circuit current density portions of the analysis.

IV. CONCLUSION

An attempt at generating a fundamental simulation-based
understanding of the relationship between key physical
parameters of Ag nanoparticles embedded within an
amorphous thin-film Si substrate and the optical and electrical
enhancement generated from the same substrate has been made
in this study. The parameters studied were the size of the
nanoparticles and the end-end pitch of the nanoparticle array
placed inside the substrate. Through multiple stages of analysis
it was found that the largest particle size studies (D=500nm)
resulted in the highest optical enhancement within the
substrate. Furthermore, it was also found that the closer the
particles were to each other, the greater the amount of
enhancement it resulted in. A study of the short circuit current
density generated by each configuration showed that the trend
in optical enhancement was similar to that of the electrical
current enhancement. It is also shown that decreasing the pitch
size leads to a larger increase in the Jsc. Significant increases in
the Jsc by as much as 150% can be observed, which makes this
configuration of plasmonic solar cells amenable to further
analysis. This has been further verified by analyzing near-field
enhancement images which not only demonstrated the
enhancement in electromagnetic intensity due to the presence
of the metal nanoparticles, but also supported the claims of the
above aforementioned conclusion. The images also showed
that a larger amount of enhancement occurs above the
nanoparticle array than below it, possibly due to constructive
interference of radiation reflected from interfaces and the
incident radiation. This has allowed the authors to conclude



that the size of the nanoparticles and their pitches have a
significant influence over their capability to enhance the optical
and electrical activity within the substrate in which it is
embedded.

Of course, further analysis is necessary to establish a more
robust understanding of these relationships. Other electrical
parameters such as open circuit voltage (Voc), peak power, fill
factor and efficiency must also be analyzed to obtain a better
understanding of solar cell efficiency. Future work in this field
shall include the calculations and analysis of these additional
parameters, and the mathematical modeling of the complexities
of the shapes of the metal nanoparticles to explain more
exhaustively the reasons for which the largest metal
nanoparticle with the smallest pitch is showing better results
than the other configurations studied. It appears there is an
interesting scope to design/simulate plasmonic solar cells with
metal nanoparticle arrays placed both on top of the Si substrate
and also embedded within the Si substrate to obtain very high
levels of optical absorption enhancement and also short circuit
current generation. In such applications, further work must be
done to understand the effects of having the plasmonic metal
nanoparticles embedded within a dispersive and absorbing
media such as Si.
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