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ABSTRACT

In order to fulfill the growing demand for energy, human beings have exceedingly explored
and used the conventional sources of non-renewable energies such as oil, natural gases, and
coals. These resources are limited in storage and can lead to environmental pollution and a global
climate change. These challenges can be overcome by using solar photovoltaic energy, since the
solar power that strikes the earth is more than earth's requirements. The main challenges in
photovoltaics are either the cost or the insufficient efficiency of the photovoltaic modules. If a
thin absorbing layer is employed in solar cells, the cost of the solar cell modules decreases as less
material is employed for the development of the solar cells. On the other hand, as the thickness
of the semiconductor layer decreases, the absorption in the active layer decreases, which leads to
a decrease in the efficiency solar cells. In order to increase the absorption in the thin
semiconductor layer, several light trapping techniques have been introduced. The introduction of
plasmonic and photonic nanostructures into the solar cells allows for the possibility of reducing
the absorbing layer thicknesses, without compromising with the absorption of light. This can
enable the development of low cost and high-efficiency solar cells.

In this thesis, we employ the finite difference time domain (FDTD) method to study the
photovoltaic behavior of InGaN alloy-based solar cells and microcrystalline silicon solar cells
containing plasmonic and photonic nanostructures.

A lower indium content of an InGaN alloy leads to a large energy band gap of the InGaN
active layer. This results in the absorption of sunlight only for shorter wavelengths of light,
which leads to low-efficiency solar cells. Thus, in order to realize high-efficiency InGaN based
solar cells, the indium contents in the InGaN active layer must be increased to reduce the band

gap of the active material. The initial part of the thesis describes a numerical study using FDTD



simulations of the indium-rich InGaN thin-film solar cells. The performances of these thin solar
cells are enhanced by incorporating a periodic array of 1-dimensional and 2-dimensional
plasmonic and photonic nanostructures on the back side and/or on the front side of the solar
cells. We show significantly improved performances of these solar cells by employing a dual
nanostructure (i.e. a combination of plasmonic and photonic nanostructures) as compared to the
solar cells without nanostructures or having only photonic nanostructures or only plasmonic
nanostructures. Moreover, we examine the effect of the single and dual nanostructures on the
InGaN solar cells for various indium compositions in the active layer and demonstrate that the
dual nanostructure becomes more beneficial for the InGaN solar cells having greater indium
compositions and becomes less beneficial for the InGaN solar cells having lower indium
compositions. Furthermore, we study the performance of the indium-rich InGaN solar cells
containing various plasmonic and photonic nanostructures under oblique light incidence.

The later part of the thesis describes a numerical study of the improved performance of the
microcrystalline silicon thin-film solar cells by employing a periodic array of plasmonic
nanostructures on the back side of the solar cell. We then show these plasmonic nanostructure
arrays increase the absorption for the longer wavelength region, where most of the incident light
photons remains unharvested due to extremely low absorption coefficients of the
microcrystalline silicon material. We demonstrate that the enhancement in the performance of
the cells is attributed to the enhanced electromagnetic fields in the active layer due to surface

plasmon resonance based scattering and waveguide modes at these longer wavelengths.
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active-medium and the red solid lines represent the front side GaN-NG and the back side Ag-NG
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Figure 4.1. Schematic of the InGaN solar cells with and without plasmonic and dielectric
nanostructures: (a) a planar solar cell i.e. with no nanostructures, (b) a solar cell with a periodic
Ag nanodiscs (ND) array at the bottom, (c) a solar cell with a 2D periodic ITO ND array on the
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Figure 4.4. Absorption spectra of solar cells containing the integrated structure of a 2D array of
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nm, 100 nm, 120 nm, and 140 nm, respectively. The radius of the ITO NDs (R:) was varied from
50 nm to 100 nm. Optimized parameters of the bottom Ag NDs have been used for these plots
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ODTAINING thESE PIOTS. ..t 116
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NDs (radius Ry = 90 nm and height Hp = 50 nm) and for the top ITO NDs (radius Rt = 75 nm and
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Figure 5.1. The real and imaginary part of refractive indices as a function of wavelength for
microcrystalline silicon [17]. The inset focusses the small value of the imaginary part of
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Figure 5.2. Schematic of the micro-crystalline Si solar cell (a) with nano-structures showing its
constituents, (b) with the two dimensional (2D) periodic (in XY plane) Ag nano-rings, (c) with
the 2D periodic Ag nano-discs, (d) with the 2D periodic Ag nano-hemispheres, and (e) with the
2D periodic Ag nano-cubes. The volume of all the nanostructures has taken to be constant as V =
(150)% nm®. In FDTD simulations, the radius of nano-rings (mean radius of the ring) and nano-
discs were changed in order to maximize the Jsc of the solar cells by keeping the volume V
constant. The periodicity of the nanostructures was also been varied in order to maximize the Jsc.
In these solar cell configurations, the thicknesses of the Ag, AZO, n-uc-Si, i-uc-Si, p-pc-Si, and
ITO layers were taken to be 100 nm, 100 nm, 20 nm, 300 nm, 10 nm, and 20 nm, respectively.
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containing these plasmonic nanostructures (silver nanostructures) at the solar cell back surface.
The periodicity of the nanostructures must be greater than the size of the nanostructure.
Therefore, the curves in the plot (a) are starting at different periods. For the arrays of plasmonic
nanocubes, the edge dimension 'W' was taken to be 150 nm. For the arrays of plasmonic nano-
hemispheres, the radius ‘Rn’ was taken to be 117 nm. The volume of the plasmonic
nanostructures of all the geometries was taken to be constant as V = (150)° nm®. .................... 139

Figure 5.4. Absorption spectra versus wavelength, of the solar cells containing various
optimized nanostructures. For the arrays of plasmonic nano-rings, the values of ' R, and the
periodicity 'P' were taken to be 250 nm and 750 nm, respectively. For the arrays of plasmonic
nano-discs, the values of ' R¢' and the periodicity 'P' were taken to be 200 nm and 600 nm,
respectively. For the arrays of plasmonic nanocubes, the edge dimension "W' was taken to be 150
nm. For the arrays of plasmonic nano-hemispheres, the radius was taken to be 117 nm. For the
arrays of plasmonic nano-cubes and of plasmonic nano-hemispheres, the periodicities 'P' of the
nanostructures in the array were taken to be 650 nm and 600 nm, respectively. In these solar cell
configurations, the thicknesses of the Ag, AZO, n-pc-Si, i-pc-Si, p-pc-Si, and ITO layers were
taken to be 100 nm, 100 nm, 20 nm, 300 nm, 10 nm, and 20 nm, respectively. ............c.cc.co.... 141

Figure 5.5. Normalized electric field (EEO) distribution for the solar cells containing 2D periodic
array of plasmonic nano-rings (a) to (f) in the x-z plane and (g) to (l) in the x-y plane. The region
between two horizontal white dashed lines represents the active region in plots (a) to (f) and the
black dashed lines represent the plasmonic nano-ring structures. Plots (a) to (f) demonstrate the
field confinement in the active region of the solar cells due to localized surface plasmon (LSP)
based scattering at different wavelengths. The same color scale has been taken in all plots. The
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Figure 5.6. (a) Scattering cross section and (b) Absorption cross section for various optimized
nanostructures of the same volume. The nanostructures were placed on top of an AZO layer and
surrounded by microcrystalline silicon (pc-Si), similar to the proposed solar cell structure (as
shown in the inset). While calculating the cross sections, refractive indices of the micro-
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crystalline silicon and AZO were taken as 3.8 and 1.7, respectively. Note that, for other solar cell
simulations, the dispersive refractive indices for all materials were taken into account. The radius
of plasmonic nano-ring and nano-disc were taken to be 250 nm and 200 nm, respectively. For the
arrays of plasmonic nanocubes, the edge dimension 'W' was taken to be 150 nm. For the arrays
of plasmonic nano-hemispheres, the radius was taken to be 117 nm. In these solar cell
configurations, the thicknesses of the Ag, AZO, n-pc-Si, i-uc-Si, p-uc-Si, and ITO layers were
taken to be 100 nm, 100 nm, 20 nm, 300 nm, 10 nm, and 20 nm, respectively. ............c.cc.co..... 146

Figure 5.7. (a) Jsc (in mA/cm?) of the solar cells containing2D arrays of various plasmonic
nanostructures and (b) Jsc enhancement (in %) due to these nanostructure arrays, as a function of
the thickness of the AZO spacer layer t. The optimized nanostructures parameters (optimized
values of periods and radii of the nanostructures) have been used for these plots. For the arrays of
plasmonic nano-rings, the values of ' Ry and the periodicity 'P' were taken to be 250 nm and 750
nm, respectively. For the arrays of plasmonic nano-discs, the values of ' Rq' and the periodicity
'P" were taken to be 200 nm and 600 nm, respectively. For the arrays of plasmonic nanocubes,
the edge dimension 'W' was taken to be 150 nm. For the arrays of plasmonic nano-hemispheres,
the radius was taken to be 117 nm. For the arrays of plasmonic nano-cubes and of plasmonic
nano-hemispheres, the periodicities 'P' of the nanostructures in the array were taken to be 650 nm
and 600 nm, respectively. In these solar cell configurations, the thicknesses of the Ag, n-pc-Si, i-
ue-Si, p-pc-Si, and ITO layers were taken to be 100 nm, 20 nm, 300 nm, 10 nm, and 20 nm,
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Figure 5.8. Absorption spectra of the solar cells containing 2D arrays of various plasmonic
nanostructures for different AZO spacer layer t. (a) Planar solar cell i.e. reference solar cell with
AZO layer of 100 nm in thickness, (b) the solar cell containing nano-ring arrays with AZO layer
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