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Abstract

Solar cells provide a valuable mean to convert sunlight photons into useful electrical energy. Silicon is
the most widely used material in solar cell’s industry. Bulk crystalline silicon solar cells, the first solar cell
generation, are currently the most widely spread type of solar cell. Although this type of solar cell provides
high efficiencies, it requires high cost due to high material usage in addition to high cost of the complex
fabrication techniques used.

Motivated by the urgent need to develop affordable solar cells in order to be able to compete with current
conventional energy sources, thin film solar cells are gaining a huge interest. Thin film solar cells are not
only interesting due to the less material usage and thus the lower cost, but also because it enables the use
of low-cost materials with less quality such as amorphous silicon and conductive polymers. Amorphous
silicon and conductive polymers are two examples of semiconductor materials that have good optical
absorption properties and could be fabricated with low cost and simple fabrication techniques. However,
they suffer from poor electronic properties due the randomness of their structure causing electrons to have
low diffusion length and thus, recombine fast. Light trapping techniques are the most effective way to
increase the optical absorption without increasing the physical thickness of the absorbing layer. Hence, it
enables the use of materials with lower quality and bulk crystalline silicon with maintaining comparable
efficiencies.

The use of plasmonics for light trapping in organic solar cells has been widely investigated and novel
designs are still developing. However, all organic plasmonic solar cells reported are developed using metals.
Here, we suggest, for the first time, the use of refractory plasmonics such as titanium nitride and zirconium
nitride instead of metals in organic solar cells. Refractory plasmonics provide indispensable advantages
such as their lower cost, C-MOS compatibility, higher thermal stability and wider resonance response.
Several structures are numerically studied and compared. A thorough study for the scattering and absorption
of these refractory plasmonics in a polymer environment is implemented.

Amorphous silicon is another material that suffer from low absorption. Its high refractive index causes
a huge amount of light to be reflected from its surface. In addition, its small thickness causes further photons
to be transmitted without getting absorbed. Thus, the developing of several 2D and 3D surface texturing is
widely investigated in literature, Here, we develop a novel fabrication technique to fabricated nanocones
and nanowires from an amorphous silicon thin film with one step techniques using excimer laser. The
technique suggested here is fast, simple and easily scalable. In addition, we numerically developed a double
light trapping scheme for amorphous silicon solar cells that not only decrease the reflection due to addition
of surface texturing, but also decrease the light transmitted due to addition of metal gratings at the back

electrode. This design provides an efficient light trapping scheme that sandwiches the a-Si layer between
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two light trapping configurations resulting in huge enhancement in absorption.

Another factor increasing the cost of commercially available silicon solar cells is the complex fabrication
of a p-n junction. Thus hybrid solar cells that combine silicon with a polymer provide an efficient mean to
easily fabricate solar cell devices. Nanostructuring the inorganic material in hybrid solar cells plays an
important role in increasing the efficiency of such devices because it provides a larger interfacial area
between the organic and inorganic material resulting in the dissociation pf a larger number of excitons.
Here, we propose a structure based on silicon tapered nanowires coated with a low bandgap polymer. The
use of tapered silicon nanowires is chosen because of the high capabilities of this structure to trap and
absorb light efficiently. In addition, the choice of the low band gap polymer is thoroughly studied and
several polymers are compared. The choice of the polymer was made with the aim to increase the absorption
range of both materials to absorb the largest number of incident photons. This structure provides an almost
unity absorption throughout the whole visible and near infra-red range with only 5 um length tapered silicon
nanowires coated with 50 nm of the low band gap polymer, this design significantly reduce the amount of
materials used to achieve this high absorption.

All these designs are thoroughly analyzed in this thesis along with recommended fabrication techniques
for numerically proposed structures. All simulations developed in this thesis were implemented using a 3D

finite difference time domain (FDTD) tool (i.e. Lumerical).
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Chapter 1 : Introduction

1.1.Different solar cell’s designs overview

The continuous growth in the world’s production and sales is concurrent with a continuous growth
in the world’s energy demand. Oil, coal, natural gas and nuclear energy are currently the most widely
used sources of energy. These non-renewable energy sources are subject to many drawbacks. For
example, burning fossil fuels causes severe environmental problems. In addition, they are limited and
their availability is sometimes subject to political conflicts. Thus, exploring new energy sources is a
persistent task for governments, researchers and even some individuals.

Renewable energy is currently the most promising approach for meeting the world’s increasing
energy demand. It could be used as an assistant to conventional, limited resources such as fossil fuels.
Solar energy, as an example of renewable energy, is believed to be able to overcome this challenge by
converting the unlimited sunlight energy to useful electrical energy (i.e. photons to electrons
conversion)!. With 10,000 more energy than the world consumption is coming from sunlight (i.e. 3x10*
J/year), the energy produced from solar power can easily satisfy the whole world energy needs. Besides,
it does not consume any fuel, does not cause any pollution, and has high-power to weight generation.

The core of the photovoltaic system is the solar cell. Here we focus on developing new concepts that
could upgrade the performance of this device. Solar cells’ idea was driven by the photovoltaic effect
discovered by the French physicist A.E. Becquerel in 1839 where electric current in a material is created
upon exposure to light®. Then, this effect was explained by Albert Einstein in 1905 with the photoelectric
effect theory. Since then, a great interest is directed to the design and fabrication of solar cells. Many
solar cells configurations are designed afterwards, starting from the first silicon p-n junction solar cell
developed at Bell laboratory with 6% efficiency?, passing by the highly efficient silicon solar cells with
25% efficiency?, and ending by using novel materials for solar cells such as perovskites>®.

Three generations of solar cells are developed during the last decades. These generations are
summarized in Figure 1. The First generation contains the conventional bulk crystalline silicon solar

cells. This type of solar cells requires high cost pure crystalline silicon and is fabricated with large
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manufacturing costs. However, it is still the dominant type in the photovoltaic market. Motivated by the
need to obtain low cost solar cells, thin film elemental (e.g. silicon) and compound (e.g. GaAs, and
CIGS) solar cells are developed. This generation allows the use to other types of solar cells that does
not require high purity in fabrication such as amorphous silicon. After the discovery of conductive
polymers by Hideki Shirakawa, Alan Macdiarmid and Alan Heeger’, a third generation solar cells based
on organic materials is developed. This generation includes polymer based solar cells, dye-sensitized
solar cells, and perovskites. The third generation of solar cells also contains new concepts targeting the
enhancement of efficiencies beyond the Shockley-Queisser limit. These new concepts include the
addition of nanostructures inside the solar cell or nanostructuring the absorbing layer itself. The

development of these new concepts is the main focus of this thesis.

Solar cells
generations

: . Second . .
First generation generation Third generation
Bulk Elemental
semiconductor — Polycrystalline Silicon —  Multi-junction

(monocrystalline
Silicon)

Thin film elemental
semiconductor
(crystalline and

Organic (small
— molecules and

amorphous silicon) polymers)
Compound thin film Hybrid solar cells
— semiconductor (CdTe, — (DSSC and
CIGS) perovskites)

Compound single
— crystal semiconductor
(GaAs)

Figure 1: Solar cells’ generations.
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Although solar cells seem to be the most promising alternative to current limited energy sources,
solar energy still faces some challenges that prevent it from being widely used. The main challenge is
the relatively higher cost of solar cells compared to conventional energy sources. There is a great deal
of research currently going on in different aspects in order to overcome this challenge. Materials

research and cell design are the two main fields where researchers are working.

1.2.Fundamentals of solar cells

A solar cell is basically a p-n junction device. A p-n junction is a junction between a p-doped material
(with excess holes) and an n-doped material (with excess electrons). The detailed process that takes
place in a solar cell device is summarized in Figure 3. First of all, photons with energy larger than the
bandgap of the used semiconductor are absorbed inside the material. Photons with energy smaller than
the bandgap are transmitted and photons with energy much larger than the bandgap are excited above
the conudction band and lost in thermalization. Thermalization is the loss of energy in the form of
phonons vibrations or heat when the electron relaxes from higher energies to the conduction band edge.
In addition, the absorption coefficient, which determines how far light should penetrate into a material
before being absorbed, differ from a material to another. It mainly depends on the wavelength of the

incident light and the extinction coefficient of the material as given by its equation:

B 4k

=72

where k is the extinction coefficient (i.e. the imaginary part of the refractive index). Figure 2 shows the
absorption coefficient for some semiconductors. According to its band gap, each material cannot absorb

light with wavelengths larger than a specific wavelength corresponding to its band gap (Egp = hc/A).
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Figure 2: Absorption coefficient of some semiconductors (adopted from
http://www.engineerdir.com/dictionary/catalog/5180/).

Absorbed photons then excite free electrons in the conduction level leaving free holes in the valence
level (i.e. electron-hole pairs). The generation rate of electron-hole pairs in each point of the device
depends on the absorption coefficient by the following equation:

G =aNe™
Where N is the photon flux at the surface of the material and x is the distance into the material. Then,
these excitons are separated by the built-in electric field at the p-n junction and diffused inside the
material. They will then dissociate generating free carriers. These free carriers are then transported to
their respective electrodes and collected at the solar cell terminals. Charge carriers have a chance to
recombine before reaching the electrode. This is governed by their diffusion length (L) which depends
on the quality of the material and is given by:
L= Dt

Where D is the diffusivity and 7 is the charge carrier lifetime. Crystalline silicon, for example, has
much larger diffusion length than amorphous silicon due to its well-defined crystal structure compared
to the random crystal structure of amorphous materials. Each step in the process described in Figure 3
contribute to the overall efficiency of the solar cell. The lack to efficiently conduct any of these

processes affects the overall performance of the solar cell and reduce its power conversion efficiency.
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absorption generation diffusion dissociation generation transport

Figure 3: The detailed process that takes place in solar cell devices.

The electrical properties of the solar cell could be determined from its I-V curve. Short circuit current
(Jsc), open circuit voltage (Voc), and the fill factor (FF) are the main parameters characterizing the solar

cell and used to calculate its power conversion efficiency which is given by:

IscVoc FF
U
Where Pin is the input power and is typically 100 mW/cm? for 1 sun concentration for AM1.5
irradiance. The short circuit current is the maximum current passing through the solar cell when the
voltage across the solar cell is zero. The open circuit voltage is the maximum voltage across the solar
cell when the current passing through it is zero. Since at the maximum current the voltage is zero, and

vice versa, the power at these operating points is also zero. Thus, the maximum power is determined

through the fill factor parameter which is defined as

ImpVm
FFp = P VMp
Isc Voc

Where Imp and Vmp are the current and voltage at the maximum point, respectively. These points

are shown in a typical I-V curve in Figure 4.
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Figure 4: Typical solar cell I-V curve (adopted from https://www.re-innovation.co.uk/docs/pv-i-v-curve-tracer/).

The photon absorption efficiency is limited by the ability of the solar cell to absorb the incident
photons. Only the absorbed photons will contribute in generating electron hole pairs. Some of these
incident photons will be reflected due to mismatch in refractive index between air and the solar cell
material (e.g. Silicon). Additionally, in case of thin films, some of the incident photons could be also
transmitted after not being entirely absorbed due to the small thickness of the solar cell’s active layer.
This is due to the fact that absorbance is directly proportional to the path length as given by Beer’s law:

A= ebc
Where 4 is the absorbance, ¢ is the molar absorptivity (i.e. molar extinction coefficient), b is the path
length inside the material and c is the concentration. These limitations will affect all the subsequent
processes in the solar cell device and thus, severely affecting the overall efficiency of the solar cell.
Thus, this thesis is primarily concerned with increasing the absorption efficiency of a solar cell.

Materials used in solar cells are mainly either organic or inorganic materials; in some cases, a
combination of both is used. Figure 5 summarizes the efficiencies and trends of all types of solar cells.
Inorganic solar cells are generally more stable and have relatively better performance than their organic
counterparts. However, they require large absorbing layers to achieve decent absorption which make
their fabrication complex and thus, increase their cost. In addition, the material’s cost itself increases as
the thickness increases. Moreover, a higher probability of carrier recombination is obtained in bulk
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materials. Thus, thin film solar cells have attracted researchers. Their film thicknesses are in the range
of 1 to 2 um'. However, their low absorption makes their efficiency much lower than the bulk ones'.
For small thicknesses, a low absorption in the NIR part of the spectrum is always observed'. For large
thicknesses, the charge carriers recombine before hitting the surface of the junction where they should

be collected leading to loosing these carriers’ contribution to the output current.
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Figure 5: Efficiencies of vartious types of solar cells (adopted from
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http://www.laserfocusworld.com/articles/print/volume-49/issue-12/features/photonic-frontiers-photovoltaics-

progress-in-the-quest-for-photovoltaic-power-generation.html).

1.3.Challenges in current commercial solar cells
The increasing energy demand challenge stated previously, and summarized in Figure 6, is believed
to be solved with the help of renewable energy sources and more specifically photovoltaics. The primary
solar cell type dominating the photovoltaic industry is the bulk crystalline silicon solar cell. Bulk
crystalline silicon achieves the highest power conversion efficiency in silicon solar cells of 27.6%°.
Crystalline silicon has many advantages such as the high diffusion length that amounts to few hundred
micrometers which enables the fabrication of bulk materials ranging from 180-300 um. This large

thickness enables the absorption of most of the incoming photons. However, due to the large amount of
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material used, the main cost of a solar cell comes from the pure silicon material. Additionally, the
fabrication cost of a bulk crystalline silicon layer requires high cost and energy, in addition to the

complex fabrication of a silicon p-n junction.

Figure 6: Problem Statement

1.4.Thin film solar cells

Driven by cost reduction and the need for easily fabricated and affordable solar cells that could
compete with the current conventional energy sources, new materials are explored to achieve these
goals. Thin film solar cells have attracted a great deal of interest due to the less material usage and the
casier fabrication techniques. Moreover, it enables the usage of materials with lower diffusion length
instead of the ultra-pure high-cost crystalline silicon. Organic solar cells and thin film amorphous silicon
solar cells are the primary two examples for those emerging technologies. In addition, instead of the
complex fabrication of silicon p-n junction, silicon/polymer hybrid solar cells are studied. In addition
to the low cost of these materials, they could be fabricated at low temperature enabling the use of many
types of substrates including flexible ones. Flexible solar cells open up the door for a new generation

that could be integrated on flexible windows, portable power sources and others because of their light-

weight and mechanical flexibility.
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However, these advantages come on the expense of a small diffusion length due to the randomness
of the crystal structure. Thus, their thicknesses are limited to few hundred nanometers to be able to
collect the generated carriers before recombination. Since the absorption coefficient is directly
proportional with the material thickness, un-efficient absorption is found for these structures. this un-
efficient absorption result in low carrier generation and in turns low power conversion efficiency. This
problem is summarized in Figure 7. For bulk solar cells, increasing the absorption is typically done
through random texturing of the cell’s surface. This roughness decreases the reflection and increases
the light path length inside the cell'”. However, this technique is not suitable for thin film solar cells
because the rough area is generally larger than the film thickness leading to an increase in carrier

recombination.

Low carrier
mobility/ low
exciton diffusion
length

Thin
thickness of
active layer

Poor
electron
collection

Low carrier
generation

Low
absorption

Figure 7: Reasons behind low power conversion efficiency of thin film solar cells

It could be seen that there is a trade-off here: a large thickness is needed for efficient absorption and
a small thickness is required for efficient carrier collection. Here is where photon management play a
significant role.

When nanostructures are properly engineered, they could trap the light inside the active layer
increasing the light path length, and in turns increasing the absorption, without increasing the physical
thickness of the device. Thus, absorption could be enhanced without sacrificing the electrical properties
of the solar cell. Many light trapping strategies could be implemented using 2D and 3D photonic
nanostructures to increase the absorption efficiency of thin films solar cells. In the next section, different
light trapping strategies are discussed. The main focus of this work is to increase the optical path length
of incident light inside the material without increasing the physical thickness.

1.5.Different light trapping strategies
Thin film solar cells are based on a thin active layer. Thus, they need light management techniques

to be able to enhance the low absorption of this thin layer and increase the conversion efficiency of the
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solar cell. Light trapping is the proper form of light management that could enhance the absorption by
increasing the light path length inside the active layer. The main aim is to reduce the reflection at the
surface of the active layer and increase light scattering inside it. Thus, photons could be trapped within
the active layer and absorption could be enhanced which in turns will increase the overall power
conversion efficiency of the solar cell. This trapping mechanism could be achieved by incorporating
properly engineered photonic nanostructures. Large, broadband and wide angle absorption
enhancement and reflection suppression in the visible range are the main goals for these nanostructures
incorporation.

Several techniques could be used for light trapping inside the solar cells: incorporation of plasmonic
nanostructures inside or outside the active layer, incorporation of nanocones (NCs), nanowires (NW5s),
tapered nanowires (TNWs), nanodoms, nanopyramids, or random surface texturing (i.e. random
roughness). In the next sub-sections, the main three mechanisms which this thesis focuses on are
discussed: plasmonic solar cells, surface texturing including nanocones, and different nanowires
structures.

1.5.1. Plasmonic solar cells

When light interacts with a metal, the cloud of free electrons in the metal oscillates in its surface and
cause field enhancement. the rising field of plasmonics seems promising for all optoelectronic devices
as it has the ability to localize and guide light in the nanoscale; which was impossible with conventional
photonic devices due to the diffraction limit of light. Thus, this field is attractive for photovoltaic
designers due to its ability to increase the absorption of solar cells by localizing light in their active
layers. Using plasmonic nanostructures, optical thickness can be increased without an actual increase
in physical thickness of the active layer. Metallic nanostructures excite surface plasmon polaritons
(SPP) at the metal/dielectric interface or localized surface plasmons (LSP) around the metal
nanoparticles, which are basically the coupling of light electromagnetic waves with free electrons of
the metal, and thus trap light around them. Consequently, the absorption of light enhances which boosts
the current density without increasing the active layer thickness®.

There are many ways to use plasmonic nanostructures in solar cells, the main ones are summarized
10
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in Figure 8'. Metallic nanoparticles (NPs) with diameters in the subwavelength scale could be placed
on the surface of the structure to scatter the freely propagating light waves into the active layer (Figure
8 (a)).Because the particles are placed at the interface between two media, light preferentially scatters
in the medium with larger permittivity. Due to this scattering, light waves will hit the back electrode at
a certain angle and if this angle exceeds the critical angle, the light will totally reflect internally and it
will be trapped in the active layer leading to further increase in absorption. In Figure 8 (b), the near field
of the NPs is coupled to the active layer increasing its effective absorption. In this case, the NPs could
be placed inside the active layer, outside the active layer (i.e. inside a buffer layer), or at the interface
between them. Another well-known technique is shown in Figure 8 (c) where the metallic electrode is

nanostructured so that it can support SPP modes that couples to the absorbing layer.

RRILTITIT A

c

Figure 8 (a): Metallic NPs subwavelength structures placed to scatter light, (b) Near field of metallic NP couple
to the active layer, (c) Nanostructured metal electrode excite SPP that couple to the active layer™.

1.5.2. Surface texturing

For flat surface solar cells, a thick material is required to achieve decent absorption which will
sacrifice the carrier collection efficiency due the small diffusion length of the material. Having a texture
on the solar cell surface will reduce the reflection at a wide angle and increase the light scattering inside
the under layer.

Various 3D structures are used for surface texturing of thin film amorphous silicon solar cells, such
as nanodomes, nanopyramids, inverse nanopyramids, and nanocones. Nanocones (NCs) are found to be
the most effective strategy for light trapping due the graded change in refractive between the air the
active layer. Thus, extremely low reflections are measured for these structures at a wide angle of

incidence.
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1.5.3. Different nanowires structures

Thin films could be 1D, 2D or 3D nanostructured to be able to capture the same amount of light
captured by flat bulk materials. In addition, these nanostructures offer shorter carrier diffusion length
which results in more efficient carrier collection. Nanowires (NWs) are one of the widely investigated
shapes in many fields including solar cells. Structuring the semiconductor material in a NW shape has
many advantages. First, absorption will be enhanced due to the multiple light scattering between the
array of nanowires [Figure 9(c)] which will result in better light trapping inside the material and better
absorption. Second, reduced reflection will be achieved due to the graded change in refractive index
between the air the active layer. Finally, the use of a radial p-n junction will result in decoupling the
absorption direction and the charge collection direction as shown in Figure 9(a) . Thus, the length of the
NW will act as the absorption direction and will depend on the desired optical path length. The radius
of the NW will act as the charge collection direction and will depend on the diffusion length of the

material. Therefore, this enables the use of cheap low cost material with small diffusion length.

() (b) (c)
Abs ion
Charge collection direction

Figure 9: Schematic showing (a) nanowire’s configuration, (b) tapered nanowire’s configuration and (c) array of

nanowires.

Nanowires could have several shapes. One of the most interesting ones are tapered nanowires shown
in Figure 9(b). This structure has better refractive index matching resulting in further reduced reflection.

In addition, the sharp tip of the wire is a hot spot that is very efficient in trapping the light.
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1.6.Thesis scope and outline
Thin film amorphous silicon and organic solar cells are promising configurations for affordable energy
alternative that could compete with the current conventional ones. Incorporating nanostructures with
these thin films is a field that it extensively investigated to boost their conversion efficiencies and make
them competitive with current commercial solar cells. The main focus of this thesis is to use low-cost
material and fabrication techniques to boost the efficiency of these solar cells without increasing their
cost. The thesis objective and scope are summarized in Figure 10.

Chapter 2 is a literature review that summarizes the previous work related to each topic discussed in
the thesis. It contains three sections covering the literature of each following chapter in the thesis. The
first section summarizes previous work on plasmonic organic solar cells, while the second section
summarizes previous work on light trapping in amorphous silicon solar cells. The third section talks
about hybrid/silicon polymer solar cells.

Chapter 3 presents the new designs proposed for organic plasmonic solar cells. Optical simulations
showing the absorption enhancement obtained upon incorporation of refractory plasmonics in organic
solar cells are presented.

Chapter 4 explains the new fabrication technique used to form silicon nanocones and nanowires
from amorphous thin film layer. Enhanced absorption and reduced reflection at a wide angle is measured
for these structures. In addition, optical simulation of a novel double light trapping structure for thin
film amorphous silicon solar cells is presented.

Chapter 5 combines polymer based solar cells with silicon based solar cells in hybrid configuration.
A thorough optical analysis of tapered nanowires solar cells is presented with and without polymer
coating. Different polymers are added and comparisons between the performance of each in the solar
cell device are explained.

Chapter 6 summarizes the conclusions of each chapter along with the future directions that will be

taken for further analysis of the presented work.
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Figure 10: Thesis scope and objective
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Chapter 2 : Literature review on light trapping in thin film solar

cells

2.1.Light trapping in organic solar cells using plasmonic nanostructures

In the progress of achieving high efficiency thin film solar cells with low cost, organic solar cells
(OSC) play an important role in attaining affordable solar cells while maintaining comparable efficiency
to their inorganic counterparts'® '3, After the discovery of conductive polymers by Hideki Shirakawa,
Alan Macdiarmid, and Alan Heeger, this kind of materials became very interesting in many applications.
A huge interest was devoted to solar cells based on conductive polymers. Organic solar cells have many
advantages over their inorganic counterparts. They are fabricated from low cost materials and could be
solution processed instead of the complex fabrication techniques of silicon solar cells. They are mainly
painted on any substrate (e.g. rigid or flexible) making their fabrication lower in cost than many
inorganic materials.

Although OSC are promising type of photovoltaic devices, they still have to overcome some
challenges to be able to compete with the current commercial solar cells (e.g. silicon solar cells). The
main two problems are their instability and low absorption. OSC are simply composed of a polymer as
an active layer (i.e. absorbing layer), a front and back electrode, and typically a hole transport layer and
an electron transport layer to match the materials’ work functions. Due to the complex composition of
polymers, they have a low exciton (i.e. electron-hole pairs that are still bounded) diffusion length and
low charge carrier mobility®'®'® This problem limits the active layer’s thickness to be in the range of
the nanometer scale (30-100 nm), which in turn limit the absorption of these layers®. Thus, the carrier
generation becomes low and a small number of electrons are collected in comparison to the number of
the incident photons which causes low power conversion efficiency (PCE) for such cells’.

Absorption efficiency could be increased with different light trapping techniques such as surface

1921 photonic crystals®?, and plasmonic nanostructures?*°. Plasmonic solar cells are

texturing
promising configurations that have the ability to overcome the thin film low absorption challenge by
using metallic nanostructures. These nanostructures concentrate light inside the active layer resulting in
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larger optical path length and, hence, larger absorption efficiency®!. Most light trapping techniques
reported for OSC are based on metal plasmonic nanostructures®4,

Random nanostructures such as nanoparticles, nanowires, nanomeshes, and nanodisks are
incorporated in the OSC either inside or outside the active layer. Addition of nanostructures outside the
active layer excites localized surface plasmons (LSP). These LSP depend mainly on the size and shape
of the nanostructure. They scatter or concentrate light, according to their size, and trap it in the active
layer. It has been also reported that addition of nanostructures inside OSC buffer layer decreases the
series resistance of these layers which in turn leads to increased PCE’.

It has been reported by Aneesh ef al. that incorporation of Au NPs at the interface between a
transparent conductive oxide (TCO) layer and a buffer layer, in a P3HT:PCBM based solar cell, has
enhanced the short circuit current by 16% and PCE by 25%. The authors referred this enhancement to
the coupling of the LSP of Au to the active layer resulting in enhanced absorption in active layer. This
work was experimentally demonstrated and external quantum efficiency was measured confirming the
enhancement in absorption observed by the PL spectroscopy'®. In addition, the enhancement of short
circuit current has been attributed to the decrease of series resistance of the TCO and buffer layer after
introducing the Au NPs in them with almost no change in open circuit voltage.

The other common scheme is the addition of nanostructures inside the active layer. In this case,
nanostructures either enhance the near field or act as scattering centers for light depending on their
size**. Generally, small NPs are more likely to excite plasmonic modes around them resulting in near
field enhancement, whereas larger particles (>100 nm) scatter light more efficiently. A mix of small and
large nanostructures could also be used. In addition, incorporation of nanostructures inside active layers
improves the morphology of the organic layers increasing its stability and leading to enhanced
performance’. It was also reported that incorporation of Cu NPs inside the active layer shows an
enhancement in the photocurrent even if no enhancement in absorption was found. This is believed to
be due to the NPs ability to promote exciton dissociation leading to an increased number of charge
carriers’®.

On the other hand, one dimensional 1D and two dimensional 2D periodic structures could be used
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in metal electrodes to couple light to SPP modes leading to the confinement of light between the metal
electrode and the active layer. The 2D metallic nanostructures have three important advantages that are
very essential for high efficiency PV. First, they are polarization independent. The SPP are, in this case,
in different directions, thus, they couple to TE and TM light waves efficiently enabling them to
contribute in enhanced confinement. Second, they achieve broadband enhancement due to the exciting
of the broad bandwidth short range SPP using ultrathin metal films. Third, many 2D periodic structures
successfully achieved angle independent enhancement which is an important aspect for high efficiency
PV°.

One of the structures that incorporated 2D metal nanostructured back electrode in OSC is shown in
Figure 11. The structure consists of a glass substrate deposited on it ITO as the transparent conductive
electrode, then a buffer layer is placed (PEDOT:PSS) and on top of it the active layer is deposited.
Finally, a Ag back electrode is placed with the nanoholes array structure, the diameter and the period of
the holes are optimized using FDTD simulation tool (i.e. Lumerical)*’. They reported an enhancement
in the polymer’s absorption due the excitation of short range SPP. Figure 12 (a) shows the absorption
enhancement that happened due the addition of the nanoholes in the Ag back electrode. Figure 12 (b

and c) clarifies that this absorption is due to the localization of the light around the holes.

Figure 11: solar cell structure incorporating Ag nanopatterned back electrode®”
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Figure 12: (a) absorption enhancement due the nano-patterning of the back electrode, (b) Magnetic field
intensity inside the structure showing the localization of light around the holes¥.

This structure was further enhanced in another study by incorporating metal nanodisks inside the
buffer layer to excite LSPR leading to significant confinement of light between these two plasmonic
structures (i.e. inside the active layer). The modified structure is shown in Figure 13(a). Figure 13(b)
clarifies the enhancement of absorption obtained using this structure. It can be seen that incorporating
the nanodisks alone or the nanoholes alone leads to an enhancement. However, using both plasmonic
structures increases the obtained improvement in the absorption and demonstrates significant
enhancement over the reference cell. After the optimization of this structure, by changing the nanodisks
and nanoholes diameter and period, an enhancement of 128% in the total photon absorption was

obtained.
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Figure 13: (a) Modified structure after addition of Ag nanodisks in buffer layer in addition to the nano-hole

patterned back electrode. (b) Comparison between the absorption of each structure?’.
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It could be noticed that there are many ways for incorporating plasmonic nanostructures inside OSC.
However, the most commonly used materials are Ag and Au. This thesis will focus on using a new type
of plasmonic materials (i.e. refractory plasmonics) to overcome the limitations of metals. These new

designs are explained in details in chapter 3.

2.1.Light trapping in amorphous silicon solar cells

Amorphous silicon (a-Si) is a promising low-cost candidate that could overcome the high cost and
complex fabrication of their crystalline counterparts. Since the performance of the solar cell mainly
depends on their optical absorption as explained previously, thin film amorphous silicon solar cells
suffer from low power conversion efficiency because of their weak light absorption. The thickness of
a-Si layer could not be increased to enhance the absorption because of the random crystal structure of
the material resulting in poor carrier transport properties. The carrier diffusion length in a-Si is limited
to ~300 nm.

In this regard, many light trapping strategies are investigated to increase the absorption efficiency of
these thin film a-Si layers. Examples of different light trapping techniques are the use of plasmonic

structures such as back reflectors®®, periodic gratings®®-3°—*!

, and metal nanoparticles. These techniques
mainly depend on the excitation of surface plasmon polaritons waves or localized surface plasmons*.
The other technique used for light trapping in a-Si is surface texturing®’. This is usually done by
texturing the transparent conductive oxide layer (i.e. the front contact) and the texture propagates
through the layers and determine the morphology of the deposited a-Si layer. Periodic and random
textures have been explored**. The record efficiency of a single junction a-Si silicon cell was attained
in 2009 on a random morphology achieving 10.09% conversion efficiency®. The structure was
implemented on random pyramidal morphology with p-i-n cell configuration with thickness equals 250
nm. Other structures include texturing the ZnO interlayer between the back contact and a-Si*¢-!. In
other cases, the substrate is textured causing the deposited a-Si on top to have textured surface*>3.
In some cases, dual light trapping configurations are implemented in the same solar cell to achieve

efficient light trapping in the sandwiched a-Si layer. Lin et al. proposed a dual-layer nanostructured a-

Si solar cell achieving 42% improvement in efficiency®. The structure consisted of a PDMS nanopillar
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membrane on top and 3D nanodent array as back reflector on a flexible Ti foil. The structure is shown
in Figure 14(a). The deposition of a-Si on top of the nanodents resulted in nano-texturing the surface of
a-Si achieving higher absorption in the short wavelength range as shown in Figure 14(b). The back
reflector containing the nanodents also resulted in the excitation of SPP modes and photonics modes
achieving higher absorption in the long wavelength range. The addition of the nanopillar PDMS (n=1.4)

on top caused further increase in the absorption at short wavelengths due to better impedance matching

air and ITO (n=1.8)"".
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Figure 14: (a) Structure proposed by Lin et al. for dual light trapping in a-Si solar cell. (b) Absorption measured
for the prosed structure.

Silicon nanocones (NCs) and nanowires (NWs) are another configuration that gained increased
attention due to their unique optical properties>® 2. Nanocones have proven to be the most effective 3D
structure to capture incident sunlight due to graded change in refractive index provided by these
structures in addition to the hot spot provided by their sharp tips. Moreover, nanowires have unique
optical and electrical properties due to the decoupling of light absorption direction and carrier collection
direction. Thus, they provide efficient means to efficiently capture sunlight without losing a good
electrical performance.

Random a-Si NCs have been fabricated previously using reactive ion etching (RIE) along with
nanospheres template®-**, The fabrication involved the deposition of SiO, using PECVD to act as a hard
mask, the preparation of PS-PMMA nanospheres template by nanoscopic phase separation, and the

transfer of patterned template to a-Si by RIE. This technique resulted in the formation of random
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nanocone texture with low control over dimensions. In addition, no clear anti-reflection effect was
observed. This was attributed to the small aspect ratio of the structure (height = 150 nm, Diameter = 50
nm). On the other hand, well-defined periodic NC arrays was reported by Zhu ef al. using RIE etching®.
The etch mask was formed from closed packet SiO, nanoparticles assembled using Langmuir Blodgett
method. The NCs had an average length of 600 nm and base diameter of 300 nm. Amorphous silicon
NCs fabricated using the latter method showed much reduced reflection. More than 93% absorption
was reported between 400 and 650 nm wavelength. Moreover, this performance was maintained for
many angle of incidences (up to 60°).

Amorphous Silicon nanowires were also fabricated using the same method reported by Zhu ef al.%.
Although NWs also showed enhanced absorption compared to bare thin film with 75% absorption
between 400 and 650 nm, it showed less absorption than NCs. In addition, their absorption showed a
decrease with increasing the angle of incidence. This was attributed to the better impedance matching
provided by the NCs. Dhindsa et al. also reported the fabrication of a-Si NWs using a lithographic
technique®®®’. Electron beam lithography was used with a PMMA photoresist. Periodic patterns were
written to the photoresist and developed in MIBK. Electron bean evaporation of Aluminum was
implemented as a hard mask. Then, a-Si was etched using RIE. 400 nm long nanowires were obtained
using this method and showed increased absorption.

Although the previous methods showed enhanced absorption due to the formation of a-Si NCs and
NWs relative to the bare a-Si layer, they require multiple fabrication steps and the use of expensive
techniques such as lithography and RIE. In addition, they involve the removal (i.e. etching) of the some
of the deposited a-Si layer.

In this thesis, we developed a new technique involving the formation of controllable NCs and NWs
using one step fabrication technique that is fast, easily scalable and does not require any special
conditions. The irradiation of a-Si thin films with excimer laser resulted in the formation of either NCs
or NWs depending on the excimer laser conditions without etching any of the deposited a-Si film. This
method along with the optical results are explicitly discussed in chapter 4. In addition, a novel design

for double light trapping schemes in a-Si solar cells is numerically presented in chapter 4.
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2.2.Hybrid solar cells

In the previous sections, the importance of nanostructuring the active layer was discussed and their
impact on increasing the absorption is explained. Using the previously discussed light trapping schemes,
the efficiency of thin film solar cells could be increased which will result in a significant decrease in
the solar cell cost due to the less material usage and the less complex fabrication. This will allow the
total cost of solar modules to be decreased while maintaining high efficiency. However, the quality of
the material and the complexity of fabrication of bulk crystalline silicon solar cells are not the only
reasons behind the high cost of solar modules. The formation of the p-n junction also requires complex
fabrication that significantly contribute in increasing the cost of solar panels. Thus, another
configuration is proposed that does not require this complexity in fabrication.

Hybrid solar cells provide an efficient mean for forming the junction in solar cell devices in addition
to combining the advantages of both materials (i.e. organic and inorganic materials). Inorganic and
organic semiconductor materials each have their advantages and drawbacks. Hybrid solar cells combine
organic and inorganic materials with the purpose of utilizing the stability, industry domination and good
electronic properties of the inorganic materials with the low-cost, easy processable and high optical
absorption capabilities of organic materials®®’. In addition, the combined absorption band of each
material will result in a broader absorption spectrum taking more benefit of the incident photons.
However, many factors should be carefully designed in these structures to be able to achieve high
efficiencies.

Generally, conductive polymers have mobility higher for holes than for electrons™. Thus, p-type
polymers are combined with n-type semiconductors in order to donate the electrons to the inorganic
material giving them a better charge transport pathway. In a pure organic solar cell, a fullerenes acceptor
(i.e. typically PCBM) is added to the donating polymer. Fullerene derivatives are almost transparent
and their contribution in light absorption is minimal”. In the hybrid structure, the organic acceptor is
replaced by an n-type absorbing inorganic material. When an electron donating polymer is added to the
inorganic material, charge separation takes place at the interface between both materials where electrons

move to the inorganic material while the holes stay in the conductive polymer.
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Many factors affect the charge separation in a polymer/inorganic interface. First factors are the
interface area and the morphology of the interfaces. Thus, a well-designed structure with large
interfacial area will result in better charge separation and hence, better charge collection. In addition,
the differences in energy level across the interface should enhance electrons and holes transport in their
respective direction. Thus, the choice of materials to be combined together must be carefully
implemented. Moreover, the mixture homogeneity also affects the charge separation as well as the
crystallinity of each material.

Figure 15 contains a schematic showing the charge separation and transport mechanism intro a
hybrid structure. Upon light excitation, electron and hole pairs are generated where the donating
polymer donates the electron to the acceptor inorganic material and the holes remains in the polymer.
The importance of choosing each material is obvious at this stage. Band gap alignment should be taken
into consideration to allow the transport of electrons and holes efficiently since the free carrier
generation depends on the band alignment at the interface between the donor and acceptor. After charge
dissociation at the interface, electrons and holes move to their respective electrodes. Here, the transport
of charge carriers to the respective electrode depends on the band alignment of that electrode with the

donor or acceptor material. Thus, the choice of electrodes materials should also be carefully designed.
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Figure 15: Schematic showing charge separation and transport mechanism upon light excitation of
polymer/silicon solar cells.

As mentioned previously, the interfacial area and the morphology of the interface play a significant
role in this mechanism’!. The charge separation at the interface is the most important step on which all
the remaining process depends. Larger interfacial area allows more excitons to be separated before
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recombination. This will result in more carriers reaching the electrodes and higher power conversion
efficiency. Nanostructuring the components of the hybrid system allows for larger interfacial area
between both materials due to having many interfaces instead of the single interface if both materials
are only deposited subsequently. This will give the chance for a larger number of excitons to be
separated.

Several schemes could be done to allow for this large interfacial area. Only the inorganic material
could be nanostructured and added to a polymer matrix. For example, the addition of inorganic
nanostructures such as nanoparticles, nanorods or quantum dots in a polymer matrix’"”2, Cadmium
based quantum dots such as CdS and CdTe, lead based quantum dots such as PbS and PbSe, in addition
to silicon and TiO, nanoparticles are all examples of inorganic nanoparticles incorporated into hybrid
solar cells.

Coating a well-defined inorganic nanostructure with a polymer is another scheme that guarantee a
large and a well-defined interface between both materials’>®2. Spin coating the polymer on inorganic
nanowires, adding the polymer inside nanotubes of the inorganic material, or filling an inorganic porous
material with the polymer are all example of the latter scheme. Sometimes Ag nanoparticles are added
to this structure for better light confinement in the absorbing layers upon the excitation of localized
surface plasmons®#¢,

Another scheme includes nanostructuring both materials for better interface morphology. A high
power conversion efficiency was achieved by Ren et al. using this scheme by adding CdS quantum dots
to P3HT nanowires®’.

Since charge transport between the components of the hybrid system is of great importance, it is
believed that the well-defined structures such as nanowires and nanorods have a better opportunity to
achieve higher current densities®. In these structures, charge carriers have a continuous path to their
respective electrodes. On the contrary, in case of random nanoparticles or quantum dots, charge carriers
have to hop between nanostructures in order to reach their respective electrodes. Thus, in this thesis we
suggest a structure containing well-defined silicon nanopillars coated with a low band gap polymer.

Spin coating a p-type polymer on silicon nanowires is a well-known technique in hybrid solar cells.
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The addition of many conductive polymers, absorbing and non-absorbing on silicon nanowires are well-
reported in literature. However, the choice of the polymer is crucial in this case. PEDOT:PSS is a
conductive polymer that is typically used in organic solar cells as a hole transport layer. It is also used
in silicon/polymer solar cells as a p-type material with n-type silicon nanowires’80:82:86.88-90
PEDOT:PSS have excellent electronic properties, however, it is transparent to incident sunlight. Thus,
it does not contribute in the absorption and all photons are mainly absorbed in the silicon material.
P3HT:PCBM is another conductive, absorbing polymer that is typically used in organic solar cells and
in hybrid solar cells”>77281.8391 "However, its maximum absorption range is in the same maximum
absorption range of silicon. Thus, they compete over the absorption of the incident photons in this range
leaving the lower energy photons un-absorbed. In our opinion, the use of low band gap polymers is the
most promising for incorporation with silicon nanowires®>. It was suggested in a review by Liu that an
optimal bandgap of the conductive polymer should be in the range of 1.5 eV to harvest the larger portion
of sunlight. In our work, we studied few polymers having a bandgap of this range.

Moreover, the structure of the inorganic material is vital for the performance of the device. In case
of using silicon nanowires as the inorganic semiconductor nanomaterial, the morphology of the
nanowires affects the electro-optical properties of the solar cell device®*. Thus, in our proposed

structure, tapered nanowires are chosen for their remarkable light trapping properties®>“¢. A thorough

optical analysis of these structures are given in chapter 5.
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Chapter 3 : Light trapping in organic solar cells using refractory

plasmonics

3.1.Introduction

Plasmonic devices have recently attracted enormous interest due to their unconventional optical
properties. These unconventional properties arise from the resonance oscillation of free electrons in
metals upon excitation by electromagnetic waves resulting in surface plasmons®. Great deal of interest
has been directed to utilize these unusual properties in order to design highly efficient solar cells with
low cost!"1%%32, Plasmonic solar cells paved the way for new generation solar cells with optically thick
and physically thin active layer achieving high absorption without sacrificing the electronic properties
of the device. More specifically, ongoing intense research in plasmonic organic solar cells is carried out
due to the unique properties of these devices!?>32101.102,

Organic solar cells (OSC) have already reached 10% power conversion efficiency and beyond*>'*
15.10.103.1L.12 "Thys, with further increase, they could be in direct competition with currently commercial
solar cells. They are intrinsically thin because they suffer from low carrier diffusion length and small
carrier mobility>>!%1%5 which make their incorporation with plasmonic structures very promising. Ag
and Au, the most widely used materials for plasmonic applications, have been extensively studied in
solar cells! 19510679107 However, they suffer from few limitations such as their lack of robustness, high
cost and incompatibility with current fabrication technologies®'® 1%, Ag has been used in many OSC

devices and achieved enhanced absorption, but its chemical instability'®

along with the previously
mentioned limitations hold back the commercialization of these devices.

Another set of plasmonic materials that recently gained increased attention are the transition metal
nitrides®19110-112_ Specifically, titanium nitride (TiN) and zirconium nitride (ZrN) are known for their
unique properties of being refractory and similar in behavior to metals®. The zero crossing of their
dielectric permittivity is in the visible range®. In addition to being plasmonic in the most important
range for solar cells, they also exhibit outstanding advantages such as their abundance, low cost, CMOS

compatibility, thermal and chemical stability, and resistance to corrosion®.
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In addition, TiN has a nonstoichiometric behavior, meaning that its properties are varied according
to its deposition conditions!'?. For example, the work function of TiN film made by DC sputtering is
reported to differ between 4.4 and 4.9 eV by varying the nitrogen gas flow during the reactive sputter
deposition'31%, This is important to know since the open circuit voltage scales with the difference
between the work functions of the two electrodes for non-ohmic contacts; as in the proposed device!'S.
Thus, TiN could be fabricated with a low work function to achieve high open circuit voltage for solar
cells. Moreover, the resistivity of TiN differ with the method of deposition and deposition parameters
such as N, flow rate, TiN evaporation rate, film thickness and substrate temperature. It was reported
that TiN fabricated using ion beam assisted deposition has resistivity of 30x10®* Q.m'"". Similarly, the
resistivity of ZrN varies with the N, flow ratio and could reach 21x10¢ Q.m''®, These resistivity values
are less than typical of materials use as for solar cells electrodes such as Cu!'*'?°, Thus, a thin layer of
Cu back electrode could be used underneath the TiN layer.

In this chapter, 3D finite difference time domain (FDTD) simulations have been carried out to
examine the performance of TiN and ZrN in OSC and their behavior is compared to Ag. Two dimensions
(2D) periodic patterns have been assessed due to their ability to make polarization independent
structures as opposed to 1D periodic strcutures®’. The proposed structure in this chapter consists of
nanopatterned back electrode with 2D periodic nanoholes. Comparisons between TiN, ZrN and Ag are
discussed with analysis of the electric and magnetic field.

The analysis is done for two OSC with different active layers to generalize these designs and ensure
that they could be used for different polymers to obtain similar enhancement. The first one consists of
electron-donor material regioregular poly(3-hexylthiophene) (P3HT) and the electron-acceptor
fullerene derivative [6,6]-phenyl-C71 butyric acid methyl ester (PC70BM), and the second one consists
of the low band gap polymer poly[3,6-bis(40-dodecyl-[2,20]bithiophenyl-5-yl)-2,5-bis(2-ethylhexyl)-
2,5-dihydropyrrolo[3,4-]pyrrole-1,4-dione] (pBBTDPP2):PCBM.

3.2.Excitation of surface plasmon polaritons using ceramics in organic solar cells

3.2.1. Simulation method

3D finite difference time domain (FDTD) simulations are performed to analyze the proposed
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structures. Since all the structures presented in this chapter are periodic symmetrical structures, periodic
boundary conditions are used in the lateral boundaries of the simulation region and symmetry was
applied to reduce the simulation time. Perfectly matched layer boundaries (PML) are applied to the
vertical boundaries. The light source is simulated as a plane wave source with wavelength range from
400 nm to 900 nm. The permittivity data of PHT:PC7BM'?!, PEDOT:PSS and ITO!?* are used in the
FDTD tool for full-electromagnetic 3D simulation.

The absorption (A(A)) was measured by calculating the difference between the power incident and
the power transmitted through the active layer at each wavelength. Thus, absorption by other layers in
the structure was not taken into consideration in the following calculations. Absorbed power and short
circuit current calculations are done using post scripting. The absorbed power (AP) is measured using
post scripting by integrating this difference over the desired range of wavelengths (i.e. from 400 nm to

900 nm) and weighting it by the AM1.5 solar intensity (Ippm1.5) as follows:

Az
M=fAmmmM (Eq. 1)
M

Then, the short circuit current (Js.) is calculated as a function of the absorption by the following

equation'!?;

)\Ze

A
Jse = — AQ) Iymys dA (Eq. 2)
i hc

where e is the electron charge, h is Plank’s constant, and c is the speed of light. It should be noted
here that the Js; calculations assume that each absorbed photon will result in an electron-hole pair (i.e.
internal quantum efficiency equals 100%).

Enhancement in absorbed power (APg,p) is calculated using
A A
f;\lz AO\) Iam1s dA - f;\lz Aref()\) Iam1s dA

- %100 (Ea- 3)
f7\1 Aref(}\) IAM1.5 dA

APenh (%) =

Similarly, enhancement in short circuit current (Jgc_ . ) is calculated using

red A2 €A
i e AQ) Lawss A~ 7 Fe Ared®) lawrs 1 (Eq-4)

]Scenh (%) = J'}‘z e

M he Ares(A) Iam1 s dA
where A(A) is the absorption in the polymer after the addition of the nanostructure and Ap¢¢(2) is the
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absorption in the polymer without the nanostructure. A;and A, are taken here from 400 nm to 900 nm

as this is the range where the polymer has high optical responsivity.

3.2.2.  Optical simulations of organic solar cells with nanopatterned back electrode

The proposed structure consists of a glass substrate, deposited on it a 20 nm indium tin oxide (ITO)
layer, then a 10 nm poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) buffer
layer used as a hole transport layer, then a 30 nm active layer consisting of P3HT:PC7BM. Finally, a
nanopatterned electrode with a 2D periodic hole array is placed. The entire band diagram of the
proposed structure is drawn in Figure 16'%*1?*, The band alignments in the band diagram confirms that
the proposed structure offer a feasible direction for electron transport as well as hole transport. A
schematic of the whole structure is shown in Figure 17(a). The cell is illuminated from the glass

substrate side with AM1.5 illumination.

Electron transport direction

—_—
=3:2¢V.
-43eV TiN
P3HT -4.4eV
ITO PC;,BM
-5.1eV -5.1eV
-6.1eV

P
-

hole transport direction

Figure 16: Band diagram of the proposed solar cell structure

First, TiN is placed as back electrode and the structure is optimized. The optimization is done by
varying the TiN thickness from 10 to 80 nm and varying the nanoholes’ diameter from 50 to 300 nm at
each TiN thickness with keeping the period (P) equals to double the diameter (D) first and then keeping
P=1.5D. AP is measured for each case and the highest one was found at D =230 nm, P = 345 nm and
TiN layer thickness = 35 nm.

An enhancement peak is observed in the absorption of the polymer around A=750 nm as shown in
the red dashed line in Figure 17(b). In Figure 17(b), absorption of previously published data for similar
structure with Ag back electrode with 150 nm hole diameter and 300 nm period is also plotted'®. For

the Ag case, a large absorption enhancement occurred around A=700 nm. This enhancement was
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attributed to the excitation of short range surface plasmon polaritons (SRSPP) modes resulting in less

amount of light transmitted through the nanopatterned metal layer than through the flat metal layer!%.

= With flat TiIN Py = \Nith flat ZrN
Gget =02 |ees With nanopatterned TiN | 06F .’l' ".' """" With nanopatterned ZrN 1
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] ]
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Figure 17: a) Schematic diagram of the solar cell with nanopatterned back electrode b) and c) Absorption of the
cell with nanopatterned TiN/ZrN back electrode (red dashed line), with flat TiN/ZrN back electrode (black solid
line) and with nanopatterned Ag back electrode (blue dashed line) for P3HT:PC7BM.

The performance of TiN is almost similar to Ag but with even broader resonance peak (i.e. over
larger number of wavelengths). This agrees with the broad peak observed for the field enhancement of
TiN''125 The broadband enhancement obtained using TiN makes it a possible solution for the narrow
absorption peak of polymers in OSC. The optimized cell showed 14.5% enhancement in AP and 18.7%
enhancement in Js. than a reference cell (with flat TiN back electrode) in addition to 9% and 13.7%
enhancement in AP and J,, respectively, over the structure with Ag nanopatterned back electrode due

to the broader enhancement peak'%.

ZrN has similar SPP quality factor to TiN suggesting that it would induce comparable effect'S.

Thus, ZrN nanopatterned back electrode was optimized and similar enhancement was obtained with

Ol Ll Zyl_ﬂbl
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20% increase is AP and 23.8% in J over the reference cell (with flat ZrN electrode). This enhancement
could be visualized in Figure 17(c) where an increase is found in the absorption around 2=680 nm.
The organic active layer is then changed to pPBBTDPP2:PCBM; a low bandgap polymer. The cell
from top to bottom is composed of glass substrate, 20 nm ITO, 10 nm PEDOT:PSS, 40 nm
pBBTDPP2:PCBM active layer, and TiN or ZrN back electrode. The absorption of the optimized
structure using TiN and ZrN are shown in Figure 18(a and b), respectively, compared to the absorption
of the reference cell. It is shown in the figure that a large enhancement appears in the absorption range
of pPBBTDPP2:PCBM, from 650 nm to 900 nm, which is expected to contribute significantly in the
power conversion efficiency of the solar cell. The optimization was done with the same process
explained previously and resulted in 26% enhancement in AP and 29% enhancement in J,. for TiN. For
ZrN, 36.5% and 40.8% enhancement in AP and Js, respectively, was achieved. Using ZrN
nanopatterned back electrode in pPBBTDPP2:PCBM based solar cell showed the highest absorption

enhancement reported for this structure.

@ y v (b) , .
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Figure 18: (a) and (b) Absorption of the cell with nanopatterned TiN and ZrN back electrode (red dashed line),
respectively, and a reference cell with flat TiN and ZrN back electrode (black solid line) for pPBBTDPP2:PCBM

In order to understand the theory behind the obtained absorption enhancement, the electric and
magnetic field intensities are plotted for the P3HT:PC7BM based structure at the wavelength where

most of the enhancement took place (i.e. 720 nm for TiN in P3HT:PC70BM based solar cell). Figure 19
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(a) shows the x-y plane of the electric field for TiN back electrode with nanoholes. As expected, the
electric field is localized around the holes. The magnetic field is also plotted at the same wavelength in
the x-y plane and x-z plane as shown in Figure 19(b and c), respectively. The x-y plane shows that the
plasmonic mode is confined in the TiN regions, around the holes. The x-z plane shows that the field is
mainly localized in the organic active layer which explains the enhancement in the AP at this specific
wavelength. This justifies the ability of TiN to support SRSPP waves similar to that of Ag and validates
its usage as back electrode for potentially commercial plasmonic OSC. The fields for the

pBBTDPP2:PCBM and for ZrN showed the exact similar behavior.
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Figure 19: (a) x-y plane of the electric field. (b) and (c) x-y plane and x-z plane of the magnetic field,
respectively, for the cell with P3HT:PC7BM active layer and TiN back electrode at A=720 nm.

For SRSPP, the resonant wavelength (Agp,) is directly proportional to the period of the nanohole

array (P) from the expression'®:

2T 2TTm

Kspp = ooy P (Eq. 5)

where m is an integer. Thus, according to the mechanism of coupling sunlight to SRSPP, it is
expected that as the period of the array increases the Ay, red-shifts. This could be observed from Figure

20 where a 2D map of the optical absorption enhancement as a function of the hole diameter and the
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wavelength for the OSC with P3HT:PC7BM active layer is shown. Other parameters in the cell
remained constant and the period is fixed as P=1.5 D while changing the diameter from 50 nm to 300
nm. In agreement with Eq. 5, a red shift in the absorption enhancement peak is observed as the
diameter/period increases. In addition, a strong enhancement is achieved over a wide range of diameters
(from 200 nm to 300 nm) which gives a good fabrication tolerance and relaxes the constrains related to

synthesizing such devices making them more feasible for commercialization.

300 max
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Figure 20: 2D optical absorption enhancement map as a function of the hole diameter and the wavelength for
P3HT:PC70BM OSC.

The fabrication of this structure could be realized using simple 2D colloidal crystals'?’. In this
method, 2D silica colloidal crystals will be spin coated on the sample and the layer to be patterned (i.e.
TiN) will be deposited on the silica crystals using, for example, atomic layer deposition (ALD) or DC-
magnetron sputtering. Finally, the silica crystals will be removed using ultrasonication in water leaving
a TiN layer with nanoholes array on the top of the polymer.

3.3.Excitation of surface localized surface plasmons using ceramics in organic solar
cells

This part highlights a new category of materials that could be used to achieve a broadband absorption

enhancement in OSC and overcomes the limitations of metals, such as interband losses, high cost,

incompatibility with C-MOS technology'?®, and chemical instability. Refractory plasmonics have
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gained increased attention recently due to their ability to excite surface plasmon polaritons (SPP) and
localized surface plasmons (LSP) *-10%:112.125.129-134 "Iy the previous chapter, TiN and ZrN has proven to
have similar behavior to Ag regarding the excitation of SPP. Here, we investigate these same ceramics
for LSP applications.

Out of these refractory plasmonics, Zirconium Nitride (ZrN) has proved to be a good candidate for
LSP applications due to having a high localized surface plasmon resonance (LSPR) quality factor
comparable to plasmonic metals (i.e. Ag and Au)'?®.

In this part, we analyze several TiN and ZrN plasmonic nanostructures in a polymer environment
and in a complete OSC device. The main objective of this work is to use the light trapping capabilities
of TiN and ZrN while reducing the parasitic losses inside the plasmonic nanostructure to achieve highest
absorption enhancement in the active layer. These nanostructures are nanospheres (NSs), nanowires
(NWs), nanocubes (NCs), spherical nanoshells (SNSs), cubical nanoshells (CNSs), and nanodisks
(NDs). While several plasmonic metallic nanoshell structures have been studied before in different solar

cells 24,31,135-139

, we study refractory plasmonics nanoshells for the first time, to the best of our
knowledge, and their effect in enhancing OSC performance.

The analysis in this work is done by calculating the Mie efficiency for TiN and ZrN nanostructures
in a polymer environment. In addition, an OSC that incorporates a square periodic pattern of each
nanostructure is simulated. A comparison between these structures is thoroughly analyzed and their
impacts on trapping the light in the OSC device are evaluated and compared. Increasing the absorption

of OSC using a cheap and abundant material such as these refractory plasmonics could considerably

contribute in the commercialization of such devices.

3.3.1. Simulation method
The objective of adding TiN and ZrN nanostructures is to trap the light inside the active layer and
hence increase the solar cell’s absorption. Thus, the aim is to obtain large scattering efficiency with the
minimum absorption efficiency for the nanostructures. Absorption inside TiN and ZrN nanostructures
is considered parasitic losses because it does not contribute in the solar cells’ output current®!33:140,

Mie scattering and absorption cross section efficiencies are calculated to know the optimum radius
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for maximum scattering and minimum absorption. The simulation is done using 3-D finite difference

time domain (FDTD) tool by placing a total field scattered field (TFSF) source that surrounds the

nanostructure. Perfectly matched layer (PML) boundaries are chosen around the structure with an x and

y span of 1.5 pm in order to prevent any boundaries’ reflection from affecting the calculations.

Absorption and scattering cross sections are calculated by measuring the net power flow into the particle

and the net power flow scattered from the particle, respectively, normalized to the source intensity
Power (W)

Cross section = Intensity (W/m?) (Eq. 6)

The Mie efficiency is calculated as the ratio between the cross section and the particle area. Then,
the nanostructures were incorporated inside the organic solar cell. The details of each configuration is
explained in the subsequent sections. However, in all organic solar cells simulations, the upper and
lower boundaries in the simulation region are PML while the lateral boundaries are periodic.

The technique with which the absorption is calculated in the previous chapter measures the
absorption in the whole layer without differentiating between the polymer and refractory plasmonic
nanostructure. Thus, a more accurate technique had to be used to identify whether this enhancement is
due to TiN or ZrN absorption or enhanced absorption in polymer. Here, the absorption inside the active
layer is measured using a 3D electrical field monitor. A 3D refractive index monitor is also added to
differentiate between the absorption inside the polymer and inside the TiN or ZrN by differentiating
between their refractive indices. Using post scripting, a comparison between the refractive index of the
polymer and TiN or ZrN is made and dependently the absorption in each material was calculated
separately. Thus, the absorption calculated in the rest of the chapter is attributed to the polymer active
layer only excluding any absorption in the nanostructures.

Absorbed power and short circuit current calculations along with enhancement in absorbed power
(AP¢pp) and enhancement in short circuit current (Jgc, ) are done using post scripting with the same
technique equations explained in the previous chapter.

3.3.2.  Optical simulations of organic solar cells with TiN nanospheres (NSs)

It was stated in literature that TiN is a suitable alternative plasmonic material for localized surface
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Plasmon resonance (LSPR) applications®!'%!25 Thus, a structure that investigates this property in
organic solar cells is implemented. The structure consists of a glass substrate, deposited on it a 20 nm
indium tin oxide (ITO) layer, then a 10 nm poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) buffer layer used as a hole transport layer, then a 30 nm active layer consisting of
P3HT:PC7BM and finally a TiN flat back electrode is used as shown in Figure 21. TiN nanospheres are
incorporated inside the 30 nm organic P3HT:PC7;0BM active layer. The optical absorption was
calculated for nanospheres diameter ranging from 10 nm to 200 nm and the period was varied between
15 nm and 300 nm for each diameter. The vertical diameter of the NS was kept less than 30 nm to fit in

the active layer. Period values less than the diameter were discarded.

\ A /

Figure 21: Schematic diagram of the cell with TiN NS incorporated inside the active layer

A large increase in the overall absorption was found. However, it was verified using the technique
used to measure the absorption, explained in the previous section, that the large enhancement found
was due to TiN absorption. It was reported previously that the maximum near field enhancement in TiN
NSs occur at 750 nm with D = 150 nm®*!'%, Thus, the absence of strong near field enhancement or
scattering of the TiN NSs in the structure is attributed to their small size. In order to verify this, TiN
NSs with diameter ranging from 10 to 150 nm were placed inside a 150 nm P3HT:PC7,BM then
pBBTDPP2:PCBM as shown in Figure 22(a). Due to the exciton small diffusion length of polymers
and small electron mobility, the active layer could not be increased more than 150 nm. For both
polymers, it was found that the absorption in TiN NSs increases as their diameter increases from 10 nm
to 70 nm, and then it starts to decrease. The polymer absorption was almost unaffected by the TiN

diameter change. This is believed to be due to the absorbing behavior of TiN (i.e. high parasitic
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losses)!*. This was proved by measuring the Mie scattering and absorption efficiencies for TiN NSs in
a polymer environment (P3HT:PC;,0BM) for different NS diameters. Generally, the environment
surrounding the NS affects its scattering and absorption”. It was found that absorption cross section
starts to decrease for TiN NS diameter equals 100 nm and larger (Figure 23 (a)), while scattering cross
section starts to increase for particle sizes larger than 100 nm (Figure 23 (b)). It could be concluded that
TiN NSs have the ability to localize light inside the active layer of the solar cell [Figure 22 (b)], but
their absorption competes with the one of the polymer resulting in very limited enhancement. Thus, an

optimum structure could be achieved by using TiN below the active layer as the one presented in the

first section.
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Figure 22: (a) Schematic showing the TiN NSs inside the conductive polymer active layer (b) Electric field
around TiN NS in a P3HT:PC70BM layer.
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Figure 23: (a) Mie absorption efficiency and (b) scattering efficiency for TiN NSs in a P3HT:PC;BM
environment

3.3.3. Optical simulations of organic solar cells with TiN nanowires (NWs)
Another structure is proposed in this section that could benefit from the absorption of TiN. It was
reported that TiN has the ability to generate photoelectrons upon light absorption'*!. Thus, the structure

is based on the ability to collect these photo-generated carriers by the back electrode. In the previous
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section, the TiN NS absorption is considered as losses because there is no path for electron collection.
In this structure, they are replaced by TiN short nanowires connected to the TiN back electrode so that
the generated electrons in TiN could be collected efficiently and transported directly to the back
electrode. Again, the structure was optimized by the same way the NSs were optimized. The length of
the wire is fixed to 25 nm and the diameter/period were chosen after the optimization as D = 60 nm and
P =90 nm. Using the combination of TiN and polymer significantly enhanced the absorption due to the

different absorption ranges of each material as shown in Figure 24(a).

— Reference Cell
@ L | With Nanowires | |
--------- in T|N °n|y
O in polymer only |

(d)“' -_— .

T M M

Figure 24: (a) Absorption of the cell with TIN NW (red dashed line) and reference cell with flat TiN electrode
and without the NWs (black solid line) for P3HT:PC;BM. The blue and black dashed line shows the separate
absorption in P3HT:PC7BM and TiN, respectively. (b) and (c) Electric field at 540 nm and 720 nm,
respectively, inside the active layer of the NW structure. (d) and (e) Magnetic field at 540 nm and 720 nm,

Absorption
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Wavelength (nm)

respectively.

The use of this hybrid combination enhanced the AP by 95% over the reference structure. The Js
was significantly improved by 123%. Separate absorption is calculated for each material using the filter
method described in the previous section. Figure 25 shows a side view (a and b) and a top view (c and
d) for the filter indicating the places were the organic material exists and the places where the TiN exists
using the index monitor so that the absorption of each material is calculated separately. As shown in the
absorption in Figure 24, the peak of the absorption of P3HT:PC7BM is at 520 nm (blue dashed line)

and that of TiN NW is at 740 nm (black dashed line).
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Figure 25: (a) and (b) side view for the nanowires showing the polymer’s areas and the TiN nanowires’ areas,
respectively. (c) and (d) Top view for the nanowires showing the polymer’s areas and the TiN nanowires’ areas,

respectively

To gain further insight on the localization of light in this structure, the electric field component of
the light at the peak absorption wavelengths of P3HT:PC7BM and TiN are shown in Figure 24(a and
b), respectively. In Figure 24(b), the light is mainly localized around the wires justifying the absorption
of the polymer at A=540 nm. In Figure 24(c), the electric field started to be more intense inside the wires
explaining the high absorption of TiN. The field is also localized around the NWs which clarifies the
absorption enhancement that appears in the polymer (blue dashed line) in this range over the structure
without the nanowires (black solid line). It is even more apparent in the magnetic field distribution
(Figure 24 (d and e)) that the light is localized in the polymer at 540nm and inside the wires at 720nm.

Regarding the fabrication this configuration, the TiN NW structure will be fabricated using e-beam
lithography and the active polymer (e.g. P3HT:PC7,0BM) will be spin coated on the patterned TiN. The
PEDOT:PSS will be deposited on ITO/glass substrate using spin coating. Finally, the
PEDOT:PSS/ITO/glass part will be coated on the P3HT:PC7BM/TiN part and fixed with a clip as
reported previously in similar structures®. TiN NSs could be also fabricated using e-beam lithography®.
NSs will be added on the back electrode with the periodic structure and the active polymer will then be
spun on the NSs after sintering to ensure that the NSs will keep their periodicity after spin coating.
Finally, the PEDOT:PSS/ITO/glass part will be coated on the P3HT:PC7BM/TiN part and could be

fixed with a clip similar to the NW configuration.

3.3.4. Optical simulations of organic solar cells with ZrN nanospheres (NSs) and
Nanocubes (NCs)

Zirconium Nitride (ZrN) has proved to be a good candidate for LSP applications due to having a
39

www.manaraa.com



high localized surface plasmon resonance (LSPR) quality factor comparable to plasmonic metals (i.e.
Ag and Au)'?®. DFT analysis has shown that ZrN and HfN have the highest localized surface plasmons
quality factory out of all refractory plasmonics (i.e. even higher than TiN) '?°. Hence, in this section and
the following sections, a prime focus has been given to several ZrN nanostructures with the permittivity
data taken from the published DFT analysis'*®.

Before incorporating ZrN nanostructures inside an OSC device, an isolated single nanostructure is
studied in P3HT:PC7BM environment. Figure 26 shows the Mie scattering and absorption efficiencies
for various diameters of ZrN nanoparticles. For nanospheres, it could be seen that scattering starts to
increase at diameter of 60 nm while absorption decreases as shown in Figure 26 (a) and (b). These
results agree with previously published data calculated by DFT for ZrN'2, However, the resonance peak
here is slightly lower and red shifted due to the higher refractive index of the environment. Additionally,
the scattering peak red shifts at larger radii causing it to deviate from the polymer’s absorption range
which is undesirable. Thus, it could be concluded that an optimum diameter would be from 70 to 140
nm. After D=140nm, although absorption cross section significantly decreases, the scattering peak starts
to appear after 900 nm which is outside the absorption range of the polymer and wouldn’t affect the

performance of the organic solar cell.
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Figure 26: (a) Scattering and (b) absorption efficiencies of ZrN NSs with different diameters in P3HT:PC7BM
environment. (c) Scattering and (d) absorption efficiencies of ZrN NCs with different edge lengths in
P3HT:PC7BM environment.
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Nanocubes (NCs) are another plasmonic structure that gained increased attention'#*~'#*, They have
the ability to cause a high near field enhancement due to the hot spots at their sharp corners. Scattering
and absorption efficiencies were also calculated for ZrN NCs with various edge lengths. At small edge
lengths, from 20 nm up to 60 nm, the NCs showed absorption efficiency larger than the NSs as shown
in Figure 26 (c¢). For larger NCs, absorption efficiency was decreased with more enhanced scattering
efficiency compared to their NSs counterparts [Figure 26 (d)].

Next, ZrN NSs are incorporated in a whole OSC device, shown in Figure 27 (a), consists of 20 nm
Ag back electrode, P3HT:PC7BM active polymer, 10 nm PEDOT:PSS, 20 nm ITO and finally glass
substrate. Figure 27(b) shows a cross section of the structure with the NS embedded inside the active

layer. The upper and lower boundaries in the simulation region are perfectly matched layer (PML) and
the lateral boundaries are periodic.
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Figure 27: (a) 3D structure of the proposed organic solar cell. (b) and (c) Cross sections of the structure
containing ZrN nanoshperes and nanocubes, respectively.

In order to calculate the optimum enhancement that could be achieved, the following optimization
technique was implemented. An initial coarse sweep over the diameter (D) was done with a minimum
D=50 nm and maximum D=T-10, where T is the polymer’s thickness. This was done for polymer
thicknesses from 60 to 150 nm. In agreement with the Mie efficiency analysis, absorbed power was
maximum at D=130 nm and then it started to decrease. The maximum enhancement was found when

the polymer’s thickness was 100 nm and D=90 nm. At lower polymer’s thicknesses (80 nm and less),

the diameter of the NS is restricted to maximum of 70 nm where the absorption efficiency of the
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nanoparticle starts to increase and thus overall enhancement is reduced. Several periods for each case
was simulated and it was found that the larger period (i.e. three times the diameter (P=3D)) shows
higher absorbed power than the smaller ones. In the case of 100 nm polymer thickness, the effect of
diameter variation on the absorbed power and short circuit current enhancement is shown in Figure 28
with P fixed as triple the diameter (3D). As expected, the larger particles cause a larger enhancement.
Thus, the optimized structure have D = 90 nm and P = 270 nm. The calculated APen is 22% and Jscenn

is 29%. This enhancement could be seen in Figure 29(a) where two peaks are observed at 730 nm and

620 nm (red dashed line).
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Figure 28: Enhancement factor of the absorbed power (red line) and short circuit current (black line) for various

ZrN nanospheres’ diameters in 100 nm P3HT:PC70BM active layer.
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Figure 29: (a) Absorption in P3HT:PC7BM with (red dashed line) and without (blue solid line) the addition of
ZrN NSs. (b) and (c) Electric field distribution inside the structure with NS at 620nm and 730 nm, respectively.
(d) and (e) Electric field distribution inside the structure with NC at 650nm and 850 nm, respectively. Units of

the bar code are V/m.
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The absorption profile in Figure 29(a) can be explained by analyzing the electric field distribution
at different wavelengths. At 620 nm, light localization around the NS could be observed confirming the
capability of ZrN to excite strong LSPR [Figure 29(b)]. At 730 nm wavelength, a much higher field was
observed in the space between the NS and the Ag back electrode [Figure 29(c)] justifying the strong
enhancement in absorption observed at this wavelength.

For NCs, the maximum scattering efficiency occurred at edge lengths between 70 and 90 nm. Thus,
a NC with an edge length of 90 nm was incorporated in the same device instead of the NSs. The period
was varied between 120 nm and 270 nm. At P=270 nm, an enhancement of 21.7% in absorbed power
was calculated and Jscenn Was 27%. This enhancement could be seen in Figure 29(a) (black dashed line).
Although NCs have higher scattering efficiency than NSs, overall APcyn and Jscenn are almost the same.
This could be attributed to two reasons. The first one is that the field enhancement in the case of NCs
has smaller area than in the case of NSs (i.e. only at the sharp corners of the cube as shown in Figure
29(d)). The second reason could be noticed from Figure 29(e) where the field enhancement between the
NC and Ag back electrode has a lower value than between the NS and Ag.

Transition metal nitride nanoparticles have been fabricated previously using both top down and
bottom up approaches”. Many non-lithographic techniques have been used to produce titanium nitride
(TiN) powder in a solution such as nitridation of Ti'* or TiO,'*. TiN nanocubes have been produced
using laser ablation of TiN powder target'*’ or from aqueous solution of commercially available TiN
powders!!!. Due to the high similarity between TiN and ZrN structure and properties, same techniques

could be used to fabricate ZrN nanospheres and nanocubes.

3.3.5. Optical simulations of organic solar cells with ZrN Nanoshells
While metallic nanoshells have been studied and utilized before in several solar cells such as dye

24137139 " and perovskites'*®, we propose a nanoshell configuration

sensitized solar cells'®, Si solar cells
where the core consists of Si0», covered with ZrN shell. A systematic study for scattering and absorption
efficiencies of ZrN spherical nanoshells (SNS) and cubical nanoshells (CNS) have been implemented.

Isolated single nanoshell in a polymer environment is studied first to examine the effect of changing the

core diameter (core D) and shell thickness (shell T) on the scattering and absorption peaks. The
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refractive index of SiO; is fixed to 1.45 throughout the simulation range and the extinction coefficient
is zero.

For SNS structures, the resonance peak changes with changing both the core D and shell T?*, which
could be tuned to be in the polymer’s absorption range despite the type of the polymer used. This could
be confirmed by the scattering and absorption efficiencies shown in Figure 31(a and b) for fixed SiO»
core diameter of 50 nm and a variable shell thickness, respectively. The extinction efficiency, which is
the sum of the scattering and absorption efficiency, of SNS with variable shell T is shown in Figure
30(a). By increasing the shell thickness, the extinction resonance is slightly blue shifted, unlike the case
of solid NS?*. Interestingly, a very high absorption peak appears at thin ZrN shell thickness (5 nm), then
it decreases with increasing shell T [Figure 31(b)]. This is attributed to a strong light confinement at the
ZrN and SiO; interface. This field could be seen in Figure 32 for SNS with core D=50nm and shell
T=5nm at 870 nm . While the conventional plasmonic mode between the SNS and surrounding medium
is excited, similar to the case of NS, another plasmonic mode between the SNS and SiO> core is excited
and is stronger at small SNS thicknesses?*. Figure 31(a) shows the scattering efficiency which

experience an increase with increasing shell T.
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Figure 30: Extinction efficiency of spherical nanoshells with (a) various shell thicknesses and fixed core diameter

(core50nm) and (b) various core diameters with a fixed shell thickness (15nm).
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Figure 31: (a) Scattering and (b) absorption efficiencies of SNS with various shell thicknesses and fixed core
diameter (50nm), in comparison with solid NS with D=90nm. (c) Scattering and (d) absorption efficiencies of
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Figure 32: Electric field around spherical nanoshell with core D=50nm and shell T=5nm at 870nm. Notice the

localization of light at the interface between the SiO, core and the ZrN shell. Units of the bar code are V/m.

On the other hand, fixing the shell thickness and varying the core diameter showed a similar behavior
to conventional NSs where the resonance wavelength in the extinction efficiency is red-shifted with
increasing the core diameter [Figure 30(b)]. Although the extinction efficiency showed almost a fixed
amplitude for all core diameters, the scattering efficiency increased with increasing the core diameter
[Figure 31(c)] while absorption efficiency decreased [Figure 31(d)]. The decrease in the absorption
efficiency is probably due to the less usage of lossy ZrN material.

To compare between the behavior of NSs and SNSs, scattering and absorption efficiency of NS with
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D =90 nm have been added to Figure 31 (black dotted line). It could be seen from Figure 31(a) that,
except for shell T = 5nm, the Mie scattering efficiency of SNSs overcomes the one of the 90 nm diameter
solid NS. Mie absorption efficiency is less for SNS with shell T=20nm and T=15 nm. In case of varying
the core D, the scattering efficiency is less for the solid NS compared to all SNSs’ cores. Nevertheless,
the absorption efficiency is less than the solid NS in the case of SNS core D= 50 nm and 60 nm. The
high absorption efficiency for nanoshells is due to the mode between the SiO» and the ZrN shell layer.

Cubical nanoshells (CNS) are analyzed with the same method. Mie extinction efficiency has been
calculated for ZrN CNS with the same core edge length (L = 60 nm) and different shell T (Figure 33).
Similar to SNSs, a blue shift in the resonance wavelength of the extinction efficiency occurs while
increasing the shell T, with decrease in the absorption efficiency peak as shown in Figure 34(b).
However, for wavelengths below 900 nm, the absorption efficiency increases with increasing the shell
thickness. The absorption efficiency for the 90 nm solid NC is higher than all CNSs in the visible range.
Figure 34(a) shows that scattering efficiency peak slightly increases only from shell T=5nm to shell
T=10 nm and then it decreases. It could be noticed that small shell T in CNS also cause a significant
increase in the absorption efficiency analogous to what was found in SNS. However, this high
absorption peak in this case is outside the absorption range of the polymer. Shell T = 10 nm shows a
low absorption efficiency for wavelengths below 900 nm among the other CNSs and highest scattering

peak. Therefore, a CNS with shell T =10 nm has been integrated into the OSC device.

46

www.manaraa.com



T T T T T T

Shell T=5nm
15~ Shell T=10nm 1
Shell T=15nm

=
(@)

Mie extinction efficiency
(&)

200 500 600 700 800 900 1000 1100
Wavelength (nm)
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Figure 34: (a) Scattering and (b) absorption efficiencies of CNS with various shell thickness and fixed core edge
length (60nm).

To summarize the above results, it could be concluded that increasing shell T increases the scattering
efficiency for SNSs, which is favorable, and decreases the absorption efficiency (i.e. parasitic losses).
In addition, the resonance wavelength is blue-shifted for both SNSs and CNSs. Oppositely, increasing
the core D causes a red-shift in the resonance wavelength while increasing the scattering and decreasing
the absorption. Thus, an optimum shell T/core D could be found to achieve the desired condition of
maximum scattering and minimum absorption. The maximum scattering efficiency was found for the
CNS with the fixed core edge length of 60 nm and shell T = 10 nm. This structure also showed low

absorption efficiency in the visible range. Consequently, the dependence of the absorbed power on each
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parameter is taken into consideration while optimizing the nanoshells inside the OSC.

For SNS, the dependence of the absorbed power in the organic solar cell on the SiO; core D was
calculated and plotted in Figure 35(a) with fixed P =250 nm and shell T =20 nm. For all core diameters,
the enhancement in absorbed power was higher in the case of SNS than for NSs (i.e. with the same core
D of ZrN and no shell). Thus, for core D = 40 nm, an absorbed power enhancement map for the shell T
versus P is plotted to locate the highest absorption enhancement inside the polymer [Figure 36(a)]. An
important thing to note in the enhancement map is that the same enhancement could be found for a
range of P and D which significantly relaxes the fabrication constrains of this structure and facilitate its
commercial production. The maximum enhancement is found for the larger periods (i,e 220-300 nm)
and shell T (i.e. 20 and 25 nm). Thus, a SNS with core D = 40nm, shell T= 25 nm, and P = 280 nm is
simulated. Two resonant peaks similar to the ones achieved using ZrN NSs appeared. An increase in the
absorption relative to the reference cell occurred at these peaks resulting in 21% enhancement in

absorbed power and 28% in short circuit current. The electric fields at these two wavelengths are shown

in Figure 37(b) and (¢).
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Figure 35: (a) Enhancement factor for spherical nanoshells with different core diameters and shell T = 20nm
(black solid line) and for nanospheres with different diameters (red dashed line) for P = 250 nm. (b) Enhancement
Factor for cubical nanoshells with different core edge lengths and shell thickness = 10nm (black solid line) and
for nanocubes with different edge lengths (red dashed line) for P = 250 nm.
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For CNSs, the dependence of the enhancement factor on the core edge length was measured first
while keeping P =250 nm and shell T = 10 nm. Figure 35(b) shows this enhancement compared to the
one obtained for solid NC of same core edge length of ZrN and no shell. It could be seen that CNS show
better enhancement factor for small core edge lengths. However, for larger core edge lengths, solid NC
shows higher enhancement factor. Thus, a sweep over the period and shell T for a fixed core edge length
of 30 nm is implemented and shown in Figure 36(b). Highest enhancement occurred for shell T = 20
nm and a wide range of periods (i.e. from 180 nm to 300 nm). Absorption for the structure with core L
=30 nm, shell T =20 nm and P = 220 is plotted in Figure 37(a) (black dotted line). CNS achieved the

highest enhancement in all structures presented in this paper. The optimized structure containing CNS
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exhibited an enhancement in absorbed power of 25.6% and 34.7% enhancement in short circuit current.
Electric field for this structure is shown in Figure 37(d) and (e) at 700 nm and 825 nm, respectively.
The higher near field enhancement obtained for CNS compared to the solid NC is the reason for the
better enhancement. It could be seen that ZrN CNS have the ability to localize light better than solid
NC achieving higher absorption in the active polymer. It could be concluded that the two main
mechanisms responsible for this absorption enhancement in this work are the surface plasmon enhanced
scattering and the field enhancement due to the excitation of localized surface plasmons.

Regarding the fabrication of SNS and CNS structures, SiO» nanoparticles could be fabricated with
one of the well-known methods such as the Stober method!*®. The ZrN shell could be added using a
similar technique reported previously '#°. In this technique, they coated carbon nanotubes with TiN shell
by depositing TiO» precursors on the surface of carbon nanotubes. Conversion from TiO, to TiN
occurred when the samples were heat treated in ammonia gas. Thus, ZrN nanoshells could be fabricated
by the deposition of ZrO, precursors on the SiO; particles followed by heat treatment in ammonia gas.

3.3.6. Optical simulations of organic solar cells with ZrN Nanodisks (NDs)

The minimum diameter for ZrN nanoparticles, to achieve high scattering, restricts the reduction of
active polymer layer thickness to less than 100 nm. Hence, other nanostructures could be exploited for
thinner polymer layers. ZrN nanodisks (NDs) of 20 nm length was added into the same device but with
50 nm thick P3HT:PC7BM and 20 nm PEDOT:PSS. It is expected that ZrN NDs are also capable of
supporting LSP modes and will be able to increase the polymer’s absorption. The location of ZrN NDs
is varied to achieve highest absorption in P3HT:PC7BM. ZrN NDs were incorporated outside the active
layer [Figure 38(a)], at the interface between buffer and active layer [Figure 38(b)], and inside the active

layer [Figure 38(¢c)].
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The absorbed power was calculated for each structure for various ND diameters (D) and periods (P).
The enhancement map was plotted by measuring the enhancement factor of the absorbed power for
each D and P combination. For each ND location, the optimum D and P combination is identified and
marked with a white dashed square in Figure 39. It could noticed that there are multiple D and P
combination that gives high enhancement factor relaxing the fabrication tolerance of these structures.
It could be concluded from comparing between the enhancement maps that the lowest enhancement
happens when the ND is in the buffer layer. This is also obvious from its absorption spectrum in Figure
40(a). It could be easily seen that the absorption due to the presence of the ND in the buffer layer shows
the least enhancement. This is explained by looking at the electric field of this configuration in Figure
40(b). A high electric field enhancement could be observed which proves that ZrN NDs are capable of
supporting LSP modes. However, this strong near field is distributed latterly along the PEDOT:PSS

layer and does not penetrate strongly in the active layer limiting the increase in absorption in
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Figure 39: Enhancement map for ZrN nanodisks (a) inside buffer layer, (b) at the interface between buffer and

active layer, and (c) inside the active layer.
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For the other two configurations, the maximum enhancement observed in the absorbed power is

similar [Figure 39 (b and c¢)]. To know the exact enhancement achieved for each configuration, the APcny

and Jscenn were calculated for all three structures. In the case of ND at the interface and in the active

layer, AP are found to be 17.6% and 16.9%, respectively. In the case of ND in buffer layer, AP was

only 13.2%. The lateral localization of light directly affects the P3HT:PCBM layer when the ND is

directly placed in it [Figure 40 (d)]. When the ND is placed at the interface, an even stronger near field

enhancement is obtained at the lower edges of the ND that is directly inside the P3HT:PC+BM layer

[Figure 40 (¢)].
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Figure 40: (a) Absorption inside P3HT:PC7BM for all 3 configurations for the ZrN ND. (b), (c),

and (d)

Electric field for ND inside the buffer layer at 850nm, at the interface at 712 nm, and inside the active layer at

720nm, respectively. Units of the bar code are V/m.

ZrN nanodisks could be fabricated with electron beam lithography. Electron beam lithography has

been used previously to obtain TiN nanodisks after deposition of TiN films using dc reactive magnetron

sputtering'®. ZrN films could also be deposited using dc magnetron sputtering '3!

nanoparticles could be fabricated using electron beam lithography.

3.4.Conclusion

and array of

Localizing light using plasmonic nanostructures has the potential to overcome the absorption

limitations of OSC and improve their power conversion efficiency. It was proven that transition

metal nitrides have the potential to replace Ag and Au in certain plasmonic applications. In this

chapter, simulation results show that some transition metal nitrides such as TiN and ZrN have
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comparable performance to Ag in addition to providing indispensable advantages such as the
abundance, chemical stability, lower cost and broader resonance peak. We numerically
demonstrate absorption enhancement in organic solar cells (OSC) due to the incorporation of
TiN and ZrN nanopatterned back electrode. Up to 40% enhancement in short circuit current is
reported for organic solar cell based on pPBBTDPP2:PCBM active layer with ZrN nanopatterned
back electrode.

We numerically demonstrated also broadband absorption enhancement in organic solar cell (OSC)
using several ZrN nanostructures. Scattering and absorption efficiencies of ZrN nanospheres (NSs),
nanocubes (NCs), spherical nanoshells (SNSs), and cubical nanoshells (CNSs) in a polymer
environment have been calculated using FDTD tool. The highest absorption enhancement with 34.7%
increase in short circuit current is obtained in the organic solar cell with ZrN CNSs. In addition, it was
proved that ZrN NDs are also capable of localizing the light laterally achieving absorption enhancement
in ultra-thin active layers. Using ZrN nanoparticles with wide size distribution could help in making the
enhancement even broader by exciting multiple plasmon resonances. In addition, randomly distributed
nanoparticles with close proximity could be studied in order to make use of the plasmon near field
coupling resonance between the particles. Using plasmonic nanostructures for absorption enhancement
in OSC could overcome their major limitation (i.e. low absorption). Implementing this using a cheap
and abundant material such as ZrN could significantly contribute in the commercialization of such

devices.

3.5.Future directions

Future investigations will require more understanding for the electrical behavior of the structure to
know the internal quantum efficiency and take it into consideration while calculating the power
conversion efficiency. In addition, actual fabrication and characterization of these devices will help in

giving a deeper understanding of their behavior.
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Chapter 4 : Novel light trapping techniques in amorphous Silicon

solar cells

4.1.Introduction

The deposition of highly crystalline silicon layers requires very high energy, temperature and cost.
Thus, thin film amorphous silicon (a-Si) solar cells have gained increased attention due to the less
energy and cost needed for their fabrication compared to their crystalline counterparts*. It offers an
affordable alternative with shorter energy-payback time*. In addition, deposition of amorphous silicon
(a-Si) does not require high temperature or energy (i.e. typical temperature between 100 and 250°C). It
is a direct band gap material, which makes the excitation of electrons upon photons absorption easier
compared to indirect band gap materials such as crystalline silicon. However, amorphous silicon has
higher refractive index (4.32) and thus higher surface reflection due to the high mismatch between the
a-Si and air refractive indices. Additionally, it suffers from low carrier diffusion length due to the
randomness of its crystal structure which significantly limits its thickness to few hundred nanometers*’.
This small thickness reduces the absorption within the solar cell. Thus, several techniques have been

47,54,48,55,50,43

developed to overcome this limitation, such as surface texturing , anti-reflection coatings'!,

152-154 155

plasmonics , and photonic crystals One way to efficiently trap light inside the silicon active
layer is to introduce a surface texture that could scatter light inside the underneath silicon layer. In
addition, surface texturing significantly reduces the reflection at a wide angle®°.

Surface nanotexturing have been introduced on a-Si solar cells using several techniques. Usually,
the underlying substrate is textured using chemical techniques and the texture propagates through the
a-Si layer deposited on top*®4734364° - Among various 3D nanostructuring, silicon nanocones (NCs) are
considered as the most efficient light trapping configuration for solar cells because of their better
refractive index matching with air®®. Arrays of a-Si NCs have been fabricated using reactive ion etching
along with nanospheres template® %, Although it resulted in enhanced absorption in a-Si, this technique
is expensive and requires multiple fabrication steps.

Moreover, the unique one-dimensional structure of silicon nanowires (NWs) made it one of the most
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promising configurations to realize highly efficient solar cells with low cost!*. The decoupling of the
absorption depth and minority carrier diffusion length in the NW structures could solve the trade-off
between obtaining highly absorbing solar cells with decent electrical properties®!>"-158, Crystalline
silicon NWs have been extensively studied numerically and experimentally'*-'62. However, to obtain
the NWs structure, etching in the deposited material is one the most commonly used methods which
results in wasting some of the deposited Silicon material'¢!-162,

Driven by the promising optical and electrical properties of NWs, it is believed that NWs fabricated
from low cost a-Si materials using an easily scalable method and with enhanced optical properties,
would be a strong candidate in the photovoltaic market. Amorphous silicon nanowires have been
fabricated previously using lithography and reactive ion etching®*’. Although well controllable NWs
with enhanced absorption were reported, these techniques are expensive and require multiple
fabrication steps.

Here, we report a lithography-free one step fabrication method of large area a-Si NCs and NWs
using excimer laser. In this method, the silicon is not etched to produce the NCs or NWs as conventional
methods. However, the silicon mass is re-distributed within the sample forming the nanostructure and
thus, none of the deposited silicon material is lost. Furthermore, this method is fast, easily scalable and
does not require the use of a catalyst, special gases, vacuum, or clean room environment. This work
reports for the first time, to the best of our knowledge, the fabrication of Silicon NWs using excimer
laser. NWs with length up to 2.7 um are obtained. Large and broadband absorption enhancement is
obtained for nanostructured a-Si compared to the bare a-Si over the entire visible wavelength range.
Angle dependence analysis showed that the reduced reflection is stable for many angle of incidences.
The current work provides a detailed systematic study on the effect of changing excimer laser

parameters on the morphology and optical properties of a-Si.
4.2 Fabrication of amorphous Silicon nanostructures using excimer laser

4.2.1. Experimental details of fabricating amorphous Silicon nanocones and nanowires
All fabricated samples went through the same fabrication process shown in Figure 41. The

parameters of each stage in the fabrication process varied depending on the desired final structure.
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Amorphous Silicon films were deposited on glass slides substrates from a SiH4 source using plasma
enhanced chemical vapor deposition PECVD (Oxford instruments). Prior to deposition, glass slides
were cleaned using acetone, IPA and piranha. They were rinsed with acetone, IPA and DW, placed for
30 minutes in piranha solution (Sulfuric acid:H»O; 4:1), rinsed with DW again then immediately placed

in the PECVD for deposition. Cleaning and deposition were done in a clean room environment.

Deposition of a- Fabricating the N
Cleaning of Si using nanostructures %Q?nr acéeErll\;aslnodn
glass substrates PECVD ina using excimer L%V-Vi s
clean room laser

Figure 41: Fabrication process of laser annealed samples to form nanocones or hanowires.

Deposition parameters were fixed for all deposited a-Si films (pressure=1.5Torr, temperature=250
°C, and power=6 W). He gas was added to obtain uniform films with the percentage of SiH4:He set to
1:1'93164 The time was varied to give the desired thickness.

The deposited a-Si films were then irradiated by a KrF excimer laser (Lambda Physik, Compex205,
A = 248 nm, pulse duration = 24 ns). The irradiated spot area varied with the laser energy but was
typically few millimeters. Samples were mounted on a motorized computer controlled stage in a closed
chamber. The chamber is put under reduced pressure of 3.5 mbar during irradiation. The energy density,
frequency, and time of irradiation were varied and the effects of changing each parameter on the
morphology and optical properties of the films were systematically analyzed. Figure 42 and Figure 43
illustrate the whole fabrication process of Silicon nanocones and nanowires using excimer laser,

respectively.
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Figure 42: Sketch of the schematic fabrication process of Silicon nanocones
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Figure 43: Sketch of the schematic fabrication process of Silicon nanowires.

The samples were then characterized using Zeiss LEO field emission scanning electron microscopy
(FESEM) and Zeiss atomic force microscopy (AFM) for morphology analysis. For FESEM samples,
30 seconds Au sputtering was applied beforehand to make the surface conductive. All cross section
images are taken with 20° tilt. The absorption was measured using a spectrophotometer (Perkin-Elmer
Lambda, UV-VIS NIR) and the reflection at multiple angles was measured using the universal
reflectance accessory.

As mentioned before, all PECVD parameters were fixed for all samples except the time. The time
was varied to obtain the desired thickness of a-Si film. The time was set to 20 minutes for samples used

in the fabrication of nanocones and 50 minutes for samples used for the fabrication of nanowires. Using

57

www.manharaa.com




SEM, the thicknesses of the a-Si films after deposition was measured. A Sample of the SEM images for
the deposited a-Si for nanocones fabrication and nanowires fabrication are shown in Figure 44 (a and
b), respectively. The thickness of the deposited film was ~370 nm for nanocones samples and ~820 nm

for nanowires samples.

(@)

1pm

Figure 44: Amorphous Silicon films deposited at (a) 20 minutes and (b) 50 minutes

4.2.2. Morphology and optical properties of Silicon nanocones

Amorphous Silicon nanocones (NCs) are formed by gradually increasing the laser energy during
laser exposure time. The energy density was gradually increased from 45 mJ/cm? to a maximum energy.
The maximum energy density (Emax) was varied between 215 mJ/cm? to 520 mJ/cm?.The frequency (f)
was initially fixed to 10 Hz and the exposure time (t) was fixed to 40 seconds. It should be noted here
that this energy is measured on the sample stage in air and the actual experiment is done in reduced
pressure (3.5 mbar) as mentioned in the experimental details section. Thus, the actual energy density
reaching the sample in reduced pressure is slightly less that these measured values.

Arrays of random NCs were formed with different sizes depending on the reached maximum energy.
Silicon NCs were distributed throughout the laser spot. Figure 45 shows the NCs the center of the laser
spot at different energies. Figure 45(a) and (b) shows the NCs formed with Emax = 215 mJ/cm?. It could
be seen that only the upper part of the deposited a-Si layer contributed in forming the NCs while leaving
approximately 350 nm thick a-Si layer underneath. This indicates that the NCs are formed by
transferring the a-Si material from some parts to others not by etching any of the deposited a-Si.
Increasing the Enmax increases the size of the NCs; the length and the diameter. Figure 45(c)-Figure 45(h)

show the NCs formed with Emay equals 260 mJ/cm?, 300 mJ/cm?, and 350 mJ/cm?, respectively.
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Figure 45: SEM images of NCs formed with increasing the energy density from 45 mJ/cm? to (a,b) 215 mJ/cm?,
The length and diameter distribution for each case was measured. Figure 46 shows of the measured

(c,d) 260 mJ/cm?, (e,f) 300 md/cm?, and (g,h) 350 mJ/cm?. All images are taken with 20° tilt.
length and diameter distributions for all fabricated NCs. NCs formed with Emax equals 220 mJ/cm? had




an average length of 126 nm while the base diameter is 188 nm. Increasing the Emax to 260 mJ/cm?

caused a rapid increase in the length (265 nm) and diameter (417 nm) [Figure 45(b)]. Further increase

in Emax (300 mJ/cm?) increased the length to 393 nm and the diameter to 613 nm as shown in Figure

45(c). For Emax equals 350 mJ/cm?, the length of the NCs reached 450 nm and the diameter 650 nm as

shown in Figure 45(d). It could be seen that NCs with lengths larger than the deposited a-Si is obtained

confirming that the transfer in material is the mechanism forming the NCs. Clearly, both the length and

the base diameter of the NCs increase with increasing Emax. The effect of changing the Emax on the length

and base diameters is summarized in Figure 47.
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At 350 mJ/cm?*, most of the deposited a-Si was already consumed in forming the NCs. Thus, any
added energy resulted in forming irregular shapes as shown in Figure 48(a and b) for Emax equals 390
mlJ/cm?. Moreover, the layer started to be ablated with additional increase in energy as could be seen in

the larger voids between the structures in Figure 48(c and d) for Emax equals 520 mJ/cm?.

Figure 48: SEM images of NCs formed with increasing the energy density from 45 mJ/cm? to (a,b) 390 mJ/cm?,
and (c,d) 520 mJ/cm?. All images are taken with 20° tilt.

An important remark that could be noted here is that the formation of NCs does not significantly
depend on the thickness of the a-Si film. In other words, if a-Si is larger in thickness, a-Si NCs will still
be formed on top of the a-Si layer. This could be seen in Figure 49 where laser annealing is performed
for a-Si samples deposited for 50 minutes and having a thickness of ~820 nm. The Emax used in this case
was 300 mJ/cm? and the time increased to 60 seconds. It could be observed that NCs similar to the
precious ones are formed on thicker a-Si film. Thus, the thickness of the underneath a-Si film could be

adjusted by adjusting the original thickness of the deposited a-Si.
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Figure 49: SEM image of Silicon NCs fabricted with 800 nm thick Silicon

The energy is gradually increased during laser irradiation to avoid exposing the extremely thin layer
to high energy values at once. Expsoing the thin film to energy of 260 mJ/cm? directly caused the
formation of irregular shapes as shown in Figure 50(b) compared to the formation of well defined NCs
formed with gradually increasing the energy from 45 mJ/cm?to 260 mJ/cm?. It should be noted also
that the irregular shapes observed in Figure 50(b) are formed after 25 seconds only of laser exposure.
Thus, these irregular shapes are formed even if less exposure time is implemented. The same
observations are seen when the laser energy is set to 360 mJ/cm? as shown in Figure 50(¢) . If the time
is increased to 40 seconds, laser ablation starts to occur removing parts of the deposited a-Si layer as
showin in Figure 50( ¢ and f) for direct laser exposure with energy equals 260 mJ/cm? and 345 mJ/cm?,

respectively.
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Figure 50: Comparison between SEM images of (a,d) gradually increasing the laser energy density from 45
mJ/cm? to 260 and 345 mJ/cm? in 40 seconds, respectively, (b,e) constant energy of 260 and 345 mJ/cm? in 25
seconds, respectively, and (c,f) constant energy of 260 and 345 mJ/cm? in 40 seconds, respectively.

To examine the optical properties of these nanostructured a-Si films, spectrophotometer analysis has
been performed. A large, broadband increase in absorption has been detected for NCs compared to the
reference bare a-Si film without any nanostructuring. The as-deposited 370 nm a-Si has two absorption
peaks at 520 nm and 580 nm as shown in Figure 51(a). These peaks are attributed to the fabry perot
resonances in the thin film. For wavelengths beyond 650, the bare a-Si layer has very low absorption
of around 10%. At this small thickenss of a-Si, the losses at the long wavelength range become severe.
Introducing the NCs on top of the a-Si resulted in a significant increase in absorption over the entire
measured wavelength range as shown in Figure 51(a). Increasing Emax from 220 mJ/cm? to 260 mJ/cm?
resulted in further increase in absorption. Further increase in Emax resulted in increasing the absorption
in the short wavelength range while a slight decrease was observed at the long wavelength range. The
randomness of the produced NCs offers a variety of diameters that yields to this broadband absorption

enhancement.
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Figure 51: Absorption spectrum of a-Si irradiated by excimer laser with (a) different Emax while fixing f=10 Hz
and T=40 s, and with (b) different frequencies and times while fixing Emax=300 mJ/cm?.

In previous measurements, the energy was varied while keeping the time and frequency constant.
Next, the effect of changing the time and frequency is studied while fixing Emax to 300 mJ/cm?.
Decreasing the time in which the energy is gradually increased to 300 mJ/cm?, resulted in the formation
of smaller NCs with average length of 230 nm and diameter of 290 nm as shown in Figure 52(a). In
addition, the density of NCs are less compared to all other conditions with T=40 s. This indicates that
the NCs continue to form throughout the time of increasing the energy not only at the beginning of laser
pulses irradiation. For these reasons, this condition showed the least absorption as shown in Figure
51(b).

On the other hand, increasing the time to 60 s resulted in longer NCs with average length of 510 nm.
However, the average diameter is only 415 nm. Hence, the structure in this case is different and has a
length larger that the diameter. Figure 52(b) shows that this structure looks more like nanoparticles or

extremely short nanowires.
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Figure 52: SEM images for NCs formed at fixed Emax=300 mJ/cm? and (a) T=20 s, f=10 Hz, (b) T=60 s, f=10
Hz, (¢) T=25s, f=20 Hz, and (d) T=25 s, f=30 Hz. All images are taken with 20° tilt.

Regarding to varying the frequency, the frequency was increased to 20 and 30 Hz. For higher
frequencies samples, the time was reduced to 25 s in order to prevent the formation of irregular shapes.
Having a high frequency such as 30 Hz resulted in longer NCs, as shown in Figure 52(d), with average
length of 545 nm and diameter of 465 nm. Here, longer NCs are obtained without causing irregular
shapes as in the case of increasing the energy density. These long NCs resulted in the highest absorption
especially in the short wavelength as shown in Figure 51(b) for the NCs formed with 30 Hz in 25 s. The
slightly reduced absorption in the long wavelength range is maybe due to the more rounded tip of the
NCs compared to the sharp tip obtained with other conditions. It could be concluded that increasing any
of the laser parameters (Emax, T, or f) increases the length the NCs. The length and diameter distribution

for the samples where the time and frequency is varied were also calculated and shown in Figure 53.
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Figure 53: length and diameter distribution for for NCs formed at fixed Emax=300 mJ/cm? and (a,b) T=20's, f=10
Hz, (c,d) T=60 s, f=10 Hz, (e,f) T=25 s, f=20 Hz, and (g,h) T=25 s, f=30 Hz, respectively.

The enhancement in absorption in calculated using the formula:

AQA) — Arer(A
Enhancement factor(%) = ()A—()t;f() x100
ref

where A(Q) is the absorption in a-Si after nanostructuring and A,.¢(A) is the absorption in the bare
a-Si film. More than 100% enhancement in absorption is calculated over the whole measured
wavelength range as shown in Figure 54 for NCs fabricated with Emax=350 mJ/cm?, =10 Hz, and T=40
s and NCs fabricated with for Ema,=300 mJ/cm?, =30 Hz, and T=25 s. The NCs fabricated at 30 Hz
shows higher enhancement factor in the short wavelength range. Up to 350% enhancement is obtained
at the long wavelength range where the absorption in the bare a-Si layer were minimal due to the small

thickness of the film.
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Figure 54: Enhancement factor for textured a-Si with (a) Emax=350 mJ/cm?, =10 Hz, and T=40 s, and (b)
Emax=300 mJ/cm?, f=30 Hz, and T=25s.

The strong enhancement in light absorption is attributed to the reduced reflection of the textured a-
Si layer compared to the flat one. Introducing a NC structure on top of the a-Si caused a gradual change
in refractive index resulting in supressing the reflection. In addition, this surface texturing increase light
scattering in the underneath a-Si layer resulting in increased light path length and thus increased
absorption.

Another problem arises for many Silicon solar cells is the angle dependent absorption. Away from
the oblique light incidence, the reflection starts to increase causing a reduced absorption in the solar
cell. For the bare 370 nm a-Si layer, the refection at angles from 10° to 60° is shown in Figure 55(a). It
could be seen that the two peaks found in the absorption corresponds to two dips in the reflection due
to the Fabry Perot resonance in the thin film. Except at these two dips, the reflection in the whole
wavelength range is above 30% and increases with increasing the angle of incidence. The proposed
structure with NCs shows a much reduced reflection not exceeding 5% in the whole wavelength range
for angle of incidences up to 40°. At 50° and 60°, although the reflection slightly increases at longer
wavelengths, it does not surpass 10% in all cases. This wide angle anti-reflective properties are essential
in the new generation of thin film silicon solar cells and would play a significant role in the

commercialization of such devices.
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Figure 55: Reflection at angles from 10° to 60° for (a) bare a-Si and (b) textured a-Si with Emax=350 mJ/cm?.

To gain further insight on the phenomena happening at each time interval while increasing the energy
in 40 seconds, AFM is performed for 4 samples with gradually increasing the energy. The first sample
had an energy density increasing from 45 to 130 mJ/cm? in 16 s [Figure 56(a)], the second one from 45
to 175 mJ/cm? in 24 seconds [Figure 56(b)], the third one from 45 to 215 mJ/cm? in 32 s [Figure 56(c)]
and finally from 45 to 260 mJ/cm? in 60 s [Figure 56(d)]. In the first 16s, small NCs (i.e. 30 nm in
length) are formed. Then, the length of NCs starts to increase in some areas in the sample reaching 120
nm as shown in Figure 56(b). Additional increase in length (i.e. 500 nm) is observed with additional

increase in energy density and time. Further increase in energy density did not increase the length any

further. However, more NCs were formed.
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(d)

Figure 56: AFM images for each time interval for sample with Emax = 260 mJ/cm?. The energy density was
increased in (a) from 45 to 130 mJ/cm? in 16 s, (b) from 45 to 175 mJd/cm? in 24 seconds, (c) from 45 to 215
mJ/cm? in 32 s. and (d) from 45 to 260 mJ/cm? in 60 s.

Due to the lower thermal conductivity of silica substrate compared to Silicon, the absorbed heat due
to laser irradiation is mainly dissipated laterally. The liquid silicon then moves in the direction that the
melting/solidification front moves because liquid silicon (2.52 g/cm3) is denser than solid silicon (2.2
g/cm3 for a-Si). Thus, the thin film with a fixed mass expands to a greater volume pushing the liquid
silicon toward the center and upward'®>!¢ The cone formation in this work could then be attributed to

this lateral re-solidification where a mass transfer occurs'®’-168,

4.2.3. Morphology and optical properties of Silicon nanowires

Silicon nanowires at atmospheric pressure

For first trials, the excimer laser was performed while the chamber was open. Thus, no reduced
pressure was implemented and the irradiation occurred in air with atmospheric pressure. These samples
were performed on 400 nm a-Si deposited on 2 um SiO, with Silicon wafers as substrates. As in the
case of forming Silicon NCs, the energy was gradually increased during irradiation from 45 mJ/cm? to
a maximum energy in 40 seconds. Since the energy reaching the sample is higher in case of atmospheric

pressure than in reduced pressure, a different structure was obtained. In addition, the open chamber also
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reduced the losses resulting in a higher energy reaching the sample. Thus, instead of having the NCs
reported in the previous section, a nanowire (NW) structure is obtained. The effect of changing the
maximum energy density (Emax) on the fabricated NWs is shown in Figure 57. Figure 57(a to d) show
the NWs formed with energy densities 215 mJem™? to 565 mJem™. It could be observed that as the Epmax
increases, the length and diameter of the NWs increases. For Emax = 215 mJ/cm?, the average length of
the wires was 750 nm with 450 nm average diameter. Increasing the Emax to 350 mJ/cm? increased the
length to 1.5 um and the diameter to 600 nm. At 435 mJ/cm?, the length reached 2 um with 750 nm
diameter. Further increase in the energy caused the wires to bend and their overall length was decreased

to 1.7 um but the diameter was almost unchanged compared to the previous case.
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Figure 57: SEM images of Silicon NWs formed with maximum energy density (Emax) equals (a) 215 md/cm?, (b)
350 md/ecm?, (c) 435 mJ/cm?, (d) 565 mJ/cm?, (e) 435 mJ/cm?with 100 additional pulses, and (f) 435 mJ/cm?with
200 additional pulses. All images are taken with 20° tilt.

The effect of adding additional pulses at a constant energy after increasing the energy density from
45 mJ/cm? to Emax was also tried. Holding the energy at 435 mJ/cm? then adding 100 additional pulses
caused an increase in the length to 2 pm and adding 200 additional pulses caused an increase to 2.5 pum.
It could be noticed also that the roughness of the wires increase with increasing Emax or the number of
additional pulses. Moreover, it could be seen in Figure 57 that the NWs formed in air are not perfectly
vertical, some of them are bent and have irregularities along their length, especially at higher energies.
In addition, the aspect ratio is small and there is little control over their dimensions. Decreasing the

frequency to 5 Hz was also tried and no significant change in shape or dimension was observed.
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Keeping the energy density constant during irradiation in air did not result in the formation of
uniform wires, even if the energy is lower than the maximum energy reached in the previous case. This
is probably because a-Si films were subjected to very high energy at once causing non-uniformities to
occur. Figure 58 shows these observations. Figure 58 (a and b) show the wires formed at constant energy
E= 130 and 175 mJ/cm?, respectively. For these samples, the time of irradiation (t) was kept only 10
seconds. It could be seen that extremely short NWs were obtained with average length equals 150 nm
for E= 130 mJ/cm?. Increasing the energy to 175 mJ/cm? caused an increase in the length to 500 nm.

However, the length was non-uniform throughout the sample.

Figure 58: SEM images of Silicon NWs formed with constant energy density equals (a) E=130 mJ/cm? and t = 10
s, (b) E=175 mJ/cm? and t = 10 s, (¢) E=130 mJ/cm? and t = 40 s, and (d) E=175 mJ/cm? and t = 40.

Similarly, increasing the time to 40 seconds while having a constant energy of 130 and 175 mJ/cm?
resulted in a similar behavior as shown in Figure 58 (c and d), respectively. It could be seen the wires
are bent and irregular and non-uniform lengths are obtained. Thus, in the next section, these NWs are
formed in reduced pressure (i.e. 3.5 mbar) inside the chamber and the effects of changing the energy
density, time, and frequency were studied. In addition, thicker a-Si films were deposited in order to

give a chance to the deposited film to form well distributed nanowires. In the next section, all details
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related to the new fabricated nanowires are given.

Silicon nanowires at reduced pressure

Silicon nanowires are fabricated by laser irradiation using nanosecond excimer laser. The energy
density of the laser is fixed throughout the laser exposure time. Different energies, exposure times, and
frequencies are studied in order to see their effect on the morphology of the fabricated NWs and to
optimize the NWs to achieve the highest absorption in the visible range.

First, the frequency and exposure time are kept constant and the energy density was varied between
130 mJ/em?, 175 mJ/em?, 215 mJ/cm?, 260 mJ/cm?, 300 mJ/cm?, and 350 mJ/cm®. These energy
densities are measured in air. The actual energy density reaching the sample is slightly less than these
measured values due to the reduced pressure inside the chamber and the losses through the chamber
glass window. The frequency (f) was initially set to 10 Hz and exposure time (t) was 40 seconds. Figure
59 shows the obtained NWs for different energy densities. At small energy density, 130 mJ/cm?, small
NWs were obtained with the average length (~190 nm) almost equals the average diameter. This gave
some of them a nanoparticle-like structure as shown in Figure 59(a and b). Increasing the energy density
to 175 mJ/cm?, caused an increase in the average length (~720 nm) and the diameter (~320 nm) of the
NW. It could be seen in Figure 59(c and d) for 175 mJ/cm? that some of the NWs grow with a rate higher
than others. This could be observed because very small nanoparticles are still present in the sample
while the length of other NWs reached 720 nm.

Further increase in energy to 215 mJ/cm? and 260 mJ/cm? caused a further increase in both the
diameter and the length of the NW. Figure 59(e and f) and Figure 59(g and h) show the NWs formed
with energy density equals 215 mJ/cm? and 260 mJ/cm? respectively, and it could be seen that a more
uniform distribution in the NWs length is obtained with an average length of 1.62 pm and 1.8 um,
respectively. This length is larger than the thickness of the deposited a-Si layer (i.e. ~800 nm) indicating
that the NWs are formed by re-distributing the mass within the sample and not by etching some the
Silicon material. Any additional increase in energy caused the NWs to have irregular shapes. This is

probably because the deposited material was already consumed and the added energy caused the

73

www.manaraa.com



remaining residues of the material to re-deposit on the base of the NWs only forming these irregular

shapes as shown in Figure 60(a and b) for energy density equals 300 mJ/cm? and 300 mJ/cm?,

respectively.
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Figure 59: SEM images of Silicon NWs formed with energy density equals (a,b) 130 mJ/cm?, (c,d) 175 mJ/cm?,

(e,f) 215 mJ/cm?, and (g,h) 260 mJ/cm?. All images are taken with 20° tilt.
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Figure 60: SEM images of Silicon NWs formed with energy density equals (a) 300 mJ/cm?, and (b) 350 mJ/cm?.
All images are taken with 20° tilt.

To summarize the effect of changing the energy density on the morphology of the obtained NWs,
the distribution of lengths and diameters for each energy density in each sample was calculated. Figure
61 shows the length and diameter distribution for all fabricated nanowires. Their averages were
extracted and plotted in Figure 62. Changing the energy density from 130 mJ/cm? to 215 ml/cm?
increased the average length from ~200 nm to ~1.7 um. A rapid increase in length was observed at lower
energy densities (i.e. from 130 mJ/cm? to 215 mJ/cm?). Increasing the energy from 215 mJ/cm? to 260
mJ/cm? showed only a slight increase in length from 1.6 pm to 1.7 um. On the other hand, only a small
increase in diameter from ~120 nm to ~530 nm is observed for increasing the energy. As the energy

increases, more material is transferred from the edges to the middle forming NWs with increased length.
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Figure 61: length and diameter distribution for NWs formed at fixed (a,b) Emax=130 mJ/cm?, (c,d) Emax=175
md/cm?, (e,f) Emax=215 mJ/cm?, and (g,h) Emax=260 mJ/cm?, respectively.
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Figure 62: Average size (i.e. length and diameter) for NWs formed using excimer laser with different

In the previous measurements, the frequency and time were fixed for all samples. Next, the effect of
changing the laser exposure time (t) and frequency (f) is studied. A fixed energy density of 215 mJ/cm?
was set while the exposure time is changed from 20 seconds to 70 seconds. Similar to increasing the
energy, increasing the time increased the length of the NWs as shown in Figure 63(a to e) for t =20 to
70 seconds, respectively. This could be expected, as the sample is exposed for more time to laser energy,
more material is transferred forming longer NWs. The average length and diameter distributions for
these samples were also calculated and plotted in Figure 64. The effect of increasing the time on the
length of the NWs was not as strong as increasing the energy as could be seen in the blue square line in

Figure 65. In addition, changing the exposure time had almost no effect in changing the NW diameter
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Figure 63: SEM of NWs fabricated with fixed laser energy equals 215 mJ/cm? and frequency equals

10 Hz and time equals (a) 20 s, (b) 30 s, (c) 50 s, (d) 60 s, and (e,f) 70 s. All images are taken with 20°

tilt.
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Figure 64: length and diameter distribution for NWs formed with fixed laser energy equals 215 mJ/cm? and

frequency equals 10 Hz and time equals (a,b) 20 s, (c,d) 30 s, (e,f) 50 s, and (g,h) 60 s, respectively.
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Figure 65: Average size for NWs formed with fixed energy density (215 mJ/cm?). Green and purple lines are for

different frequencies and fixed exposure time fixed to 40 s. Blue and pink lines are for different exposure time and

fixed frequency equals 10 Hz.

Increasing the frequency had a significant effect on increasing the length of the NWs. lengths up to

2.7 um is reached without forming any irregular shapes. This length is more than triple the thickness of

the originally deposited a-Si film. Figure 66(a,b), Figure 66(c,d), and Figure 66(e,f) show the NWs

fabricated with 20, 30 and 40 Hz, respectively. It could be seen that as the frequency increases, the

length of the NW increases. Increasing the frequency had almost no effect on changing the diameter.
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This could be seen in Figure 65 where the effects of increasing the frequency on the average length and
diameter of the formed NWs are summarized after extracting these averages from the distribution
calculations in Figure 67. At 40 Hz, the longer NWs reported in this work in obtained with 2.7 pm

length and ~500 nm diameter.
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Figure 66: SEM of NWs fabricated with fixed laser energy equals 215 mJ/cm? and exposure time equals 30
seconds and frequency equals (a,b) 20 Hz, (c,d) 30 Hz, and (e,f) 40 Hz. All images are taken with 20° tilt.
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Figure 67: length and diameter distribution for NWs formed with fixed laser energy equals 215 mJ/cm? and
exposure time equals 30 seconds and frequency equals (a,b) 20 Hz, and (c,d) 40 Hz, respectively.
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Next, the optical properties of the fabricated NWs are analyzed. The effects of changing each laser
parameter on the absorption of NWs are investigated. The absorption of the bare 820 nm a-Si layer is
shown in Figure 68 (the black solid line). The peaks observed in the absorption is due to Fabry Perot
resonances in the thin film. A significant part of the solar spectrum is lost due the mismatch between
the refractive index of a-Si and air. In addition, at this small thickness, losses due to light transmission
is observed especially in the long wavelength range. Forming the NWs caused a significant increase in
absorption for all energy densities used. As the energy density increases, the absorption increases due
to obtaining longer NWs which increases the light path length inside the a-Si. The increase in absorption
is observed in the whole visible and near infrared wavelength range. The highest absorption is observed

for E=260 mJ/cm? as shown in Figure 68.
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Wavelength(nm)
Figure 68: Absorption of NWs obtained with different energies, fixed frequency (10 Hz), and exposure time (40
S).

Changing the exposure time from 20 to 70 seconds had a small effect of increasing the absorption.
Figure 69 shows the absorption for the NWs formed at different exposure times. Slight increase in
absorption for each 10 seconds increase is observed due to obtaining longer NWs. almost no change is
observed between exposure time equals 50, 60 and 70 seconds especially in the long wavelength range.

Alternatively, increasing the frequency caused an enhancement in the absorption along the whole
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wavelength range as shown in Figure 70. At 40 Hz, the absorption reached more than 90% between
A=400nm and A=600nm compared to absorption less than 50% for bare a-Si film. As mentioned
previously, the longest NWs reported here are obtained for the samples irradiated with 40 Hz frequency.
This explains the higher absorption obtained for this condition. As the path length inside the Silicon
increases, the overall absorption increases. Additionally, since the NW diameter almost does not change
with increasing the frequency, the increased aspect ratio obtained due to the increased length results in

better absorption in the short wavelength range™.
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Figure 69: Absorption of NWs obtained with different times, fixed energy (215 mJ/cm?), and frequency (10 Hz).
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Figure 70: Absorption of NWs obtained with different frequencies, fixed energy (215 mJ/cm?), and exposure time
(30 5).

Obtaining Silicon NWs with lengths more than the deposited a-Si thickness caused an increase in
the light path length inside the material. This increase in absorption is not expected to sacrifice the
electrical properties due to the decoupling of the absorption direction and the charge collection direction
in the NWs configuration. Thus, this increase in absorption is expected to be reflected in the power
conversion efficiencies achieving enhanced overall efficiency. In addition, the enhanced matching
between the refractive index in air and Silicon due to the graded change in refractive index had a huge
effect on decreasing the reflection, and thus enhancing the absorption inside the Silicon. Figure 71(a)
shows the reflection of bare deposited a-Si layer for different angle of incidences. The reflection is
above 30% in most of the measured wavelength range and increases to more than 50% for larger angle
of incidences. This means that a large portion of the incident solar spectrum is lost due to reflection.
The dips in reflection observed in Figure 71(a) corresponds to the Fabry Perot resonance peaks found
in absorption of bare a-Si layer in Figure 68. The reflection at different angle of incidences is measured
for the highest absorbing NWs fabricated at f=40 Hz. Less than 3% reflection across the whole measured
wavelength range is detected for angle of incidences up to 50°. For 60°, the reflection slightly increased
at the long wavelength range only and was still less than 4%. This extremely low reflection is a major

reason behind the enhanced absorption inside the Silicon.
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Figure 71: Reflection of (a) bare a-Si layer, and (b) fabricated NWs using the excimer laser with

energy density=215 mJ/cm?, f=40 Hz, and exposure time=30 s

Having this extremely suppressed reflection would result in almost unity absorption if no
transmission is present. This indicates that a portion of the incident solar spectrum is lost in
transmission. The samples made in this work is deposited on glass for demonstration purposes.
However, having a metal back reflector or plasmonic gratings at the back of the solar cell will
significantly increase the transmission and scatter back the remaining light. This will further increase
the absorption inside the NWs achieving higher overall efficiency'®. Another advantage of NWs
fabricated using this method is that they are not agglomerated together similar to NWs fabricated using
metal assisted chemical etching methods'®?. This will make them suitable for hybrid solar cells where a
conformal layer of polymer could be coated on it giving a clear interface between the Silicon and the

polymer which will enhance the optical and electrical properties!’%>%7,

4.3.Double light trapping configuration for amorphous Silicon solar cells
High efficient crystalline silicon (c-Si) solar cells efficiencies are getting close to the Shockley
Queisser limit. The Shockley Queisser limit is the maximum theoretical efficiency that could be
achieved using single junction solar cell. c-Si has the advantage of having high diffusion length of few
tens of micrometer®®. Solar cells of such thickness could absorb most of the incident photons. However,
the high cost of fabrication of these highly purified c-Si and the high required energy to make them

strict the large spreading of these devices to dominate the energy market. These limitations highly
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motivate the research to shift to other types of silicon where the quality is not as pure as c-Si such as
amorphous or nano-crystalline silicon. However, these less purified types of silicon suffer from low
diffusion length due to the randomness of the crystal structure®®. This small diffusion length restricts
the thickness of the silicon layer to few tens of nanometre in order to be able to collect the photo-
generated electrons before recombination. Thus, these devices suffer from low absorption efficiency.
This is where light trapping techniques play a major role.

Photon management and light trapping in this film solar cells, such as a-Si, play an important role
in increasing the overall efficiency in these devices?®!1523%3841:40 Increasing the optical thickness of the
device without increasing its physical thickness will enhance the absorption efficiency without
sacrificing the electrical properties. Light trapping techniques in silicon solar cells take several shapes
such as periodic gratings, back reflectors, plasmonic metallic nanostructures, periodic and random

texturing, and anti-reflection coatings?®-26:44:47.152:46.39.38:41,40,171.60.42

The wusage of plasmonic
nanostructures could be through the addition of metallic gratings to excite surface plasmon polaritons
(SPP) or metal nanoparticles to excite localized surface plasmons (LSP). The addition of these
plasmonic nanostructures proved to be an efficient way to enhance the coupling between the incident
sunlight and the thin active layer?***#14° However, the absorption enhancement achieved due to the
addition of plasmonic nanostructure usually happens at a specific wavelength.*-* Furthermore,
reflection losses from the surface of bare silicon is a major contributor in limiting the number of photons
reaching the device?. Thus, it places additional limitation to the optical efficiency of the solar cell.
Here, we numerically propose a structure that achieves a broadband absorption enhancement in thin
film a-Si solar cells. The structure is shown in Figure 73. Amorphous silicon layer is deposited on a 100
nm Au back electrode. Au gratings are added to the back electrode to localize light inside the a-Si layer
by exciting surface plasmon polaritons (SPP) waves and increase the light path length. Many of the
previous work associated with metallic gratings involve the addition of the gratings on top of the active
layer**#14%. This prevents a significant amount of the incident photons from reaching the active layer. It
was reported previously that the addition of Au gratings on top of a-Si resulted in negative gain in

absorption®’. Here, placing the Au gratings underneath the a-Si achieved a positive gain in absorption.
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In addition, surface texturing in the form of nanocones (NCs) are implemented on top of the a-Si layer
to reduce the reflection and increase the scattering inside the underneath a-Si layer. This sandwiching
of the a-Si layer between two light trapping configurations achieves a broadband absorption

enhancement in the device.

Figure 72: 3D schematic of a-Si film deposited on metal layer. The schematic shows the two major problem for
a-Si thin film solar cell: the high reflection from flat surface due to variation in refractive index and transmission
due to extremely thin layer.

Figure 73: Schematic of the proposed structure showing texturing on top in the form of nanocones to reduce the
reflection and metal gratings at the bottom to reduce the transmission

4.3.1. Optical simulations of amorphous silicon solar cells with periodic gratings

Simulation details

Three dimensional finite difference time domain (3D FDTD) simulations have been performed to
analyse the proposed structure. Due to the periodicity of the device, only one period was simulated and

the lateral boundaries were set to periodic boundaries while the vertical ones were set to perfectly
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matched layers (PML). The reference device consists of the bare a-Si layer on top of a Au metallic film.
A plane wave source is used to simulate the solar input. The whole simulation region of the reference
device is shown in Figure 74. The thickness of the Au film is set to 100 nm in all simulations. The

thickness of the a-Si film is varied in the optimization part.
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Figure 74: Schematic showing the simulation region for the reference solar cell: a bare a-Si thin film solar cell
deposited on Au metal without any nanostructuring.

First, the Au nanogratings (NGs) only were added underneath the a-Si layer and optimized. The
optimization accounted for all the geometric parameters involved in the design. More details about
optimization is given in the subsequent sections. They were added to the device by adding a strip of Au
in the middle of the simulation region in the x axis with a length taking the whole y as shown in Figure
75. The NGs are made Au and they are described by their width (W), height (H), and period (P). These

parameters are shown in Figure 76.

Figure 75: Schematic showing the addition of Au nanogratings only in the device.
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Figure 76: Schematic of the Au nanogratings showing all its parameters: width, period, and height of the
gratings.

All other the parameters in the simulation region was unchanged (i.e. lateral boundary conditions,
vertical boundary conditions, and light source location) as shown in Figure 77. Both TE and TM
polarized light are simulated and averaged to account for the unpolarized nature of sunlight.

The absorption is measured with the same technique for all structures. This technique includes the
addition of a power a monitor that surrounds the whole a-Si layer in addition to an index monitor
overlapping with the power monitor. The index monitor is added to differentiate between the refractive
index of a-Si and the refractive index of Au to differentiate between their absorptions using post
scripting. Thus, all the absorption measured in this chapter is attributed to a-Si only excluding any
absorption from Au gratings. Then, the absorbed power, short circuit current and the enhancement

percentage in both are measured using the same equations stated in Chapter 2.
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Figure 77: Schematic showing the simulation region for the solar cell with Au nanogratings only.
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Optimization and results

To begin with, enhancement maps were calculated to obtain the optimum geometrical parameters
for the NGs that achieve the highest absorbed power by tuning the light trapping properties in the visible
range. These enhancement maps were calculated by measuring the enhancement factor in absorbed
power for each simulated case. The enhancement factor in absorbed power is the ratio between the
absorbed powers of the solar cell with the nanogratings to the one of a reference solar cell without the
nanogratings. Initially, the a-Si thickness was fixed to 300 nm. The enhancement maps for the height of
the NGs versus the period are calculated for several NG widths from 50 nm to 300 nm. These
enhancement maps are calculated for TE and TM polarized light separately and the averaged to account
for the unpolarised nature of light. Figure 78(a-f) show all these enhancement maps for widths= 50 nm,
100 nm, 150 nm, 200 nm, 250 nm, and 300 nm respectively. The First column on the left shows the
enhancement maps for TE polarized light, the middle column shows the TM polarized light, and the
right column shows the average between them. The highest enhancement factor is extracted from those
enhancement maps and found at W = 300 nm, H = 50 nm, and P = 600 nm and marked with a white

square in Figure 78(f).
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Figure 78: Enhancement map to optimize the NGs geometrical parameters. These enhancement maps are
calculated for the height (H) versus the period (P) of the NGs for (a) W = 50 nm, (b) W = 100 nm, (c) W = 150
nm, (d) W =200 nm, () W =250 nm, and (f) E=300 nm. The First column on the left shows the enhancement
maps for TE polarized light, the middle column shows the TM polarized light, and the right column shows the
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average between them. The parameters showing the highest enhancement factor are marked with white circle
light in (f).

The next step in the optimization is to know the optimum a-Si film thickness that achieves the
optimum light trapping. Thus, a-Si thickness was varied from 60 nm to 300 nm and the enhancement
factor was calculated for each case. Figure 79(a and b) shows the enhancement factor as a function of
a-Si film thickness for absorbed power (AP) and short circuit current (Jg.), respectively. A modulation
pattern could be observed and the enhancement factor increases at certain a-Si film thicknesses while it
decreases at others. This is attributed to the cavity resonance in the a-Si thin film. The addition of the
Au gratings changes the effective thickness of the layer. When the thickness and the incident wavelength
satisfy the resonance condition, a high enhancement factor is obtained while at other thicknesses, a low
enhancement factor is calculated. In addition, it was found that the modulation depth decreases with
increases a-Si thickness and the enhancement factor is higher for thinner a-Si layers. This is because
the reference absorption of the bare a-Si solar cell (i.e. without the NGs) is already large for larger
thicknesses. Thus, the highest enhancement factor of ~1.25 was found for the 60 and 80 nm a-Si thick

solar cell. To visualize this calculated enhancement, the absorption inside the a-Si is plotted.
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Figure 79: (a) Absorbed power enhancement factor and (b) short circuit current enhancement factor for different
a-Si film thicknesses and the optimized grating parameters.

After the a-Si solar cell with the NGs was thoroughly optimized, the absorption inside the a-Si layer

was then calculated for the solar cell with the optimized parameters. A thickness of 80 nm for a-Si thin
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film as taken into consideration as it shows the highest enhancement for AP and J4.. Figure 80(a) shows
the absorption of the reference solar cell, the solar cell with NGs for TE and TM polarized light. It could
be seen that the reference absorption has a major peak around A=615 nm due to cavity resonance. It
could be also noted the absorption for the reference solar cell in the long wavelength range (after A=700
nm) is only ~10%. This is expected because the light losses at this small thickness at the long
wavelength become severe. integrating the Au NGs at the back of the solar cell showed a large increase

in absorption especially in the long wavelength range both for TE and TM polarized light.
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Figure 80: (a) absorption of the reference a-Si solar cell (black solid line), a-Si solar cell with NGs illuminated
by TE polarized light (red dashed line) and TM polarized light (blue dashed line). (b) Absorption of the
reference solar cell (black solid line) and the solar cell with NGs with unpolarised light (blue dashed line).

For TM polarized light, two well defined peaks at 725 nm and 820 nm could be observed. These
peaks are due to the excitation of surface plasmon polariton (SPP) propagating waves that are only
excited using TM polarized light. The average in absorption between TE and TM polarized light is
shown in Figure 80 (b) while the enhancement in absorption at each wavelength is calculated and shown
in Figure 81. It is clear that the absorption enhancement due to TM polarized light is higher reaching a

factor up to 10 at 820 nm.
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Figure 81: Absorption enhancement as a function of the wavelength.

To further understand this optical behaviour, a closer look at the absorption fields at specific
wavelengths is performed. Figure 82 shows these absorption fields at the three major wavelength were
a high absorption is calculated. At 615 nm, this is the on-resonance wavelength where the reference cell
already shows a large absorption. This is clear in Figure 82(a) where the light is localized inside the
whole a-Si film (marked with white dashed lines). Adding the NGs caused the light to be localized
around the Au gratings as shown in Figure 82(b and c). At 725 nm and 820, it is an obviously off-
resonance case for the reference a-Si thin film where light is extremely weak inside the layer. Adding
the NGs showed a much intense light localization inside a-Si for both TE and TM polarized light. For
TE polarized light, localized light around the NGs could be observed due to localized plasmons around
the vertical walls of the Au gratings as shown in Figure 82(e and h). For TM polarized light, propagating
SPP waves are present as shown in Figure 82(f and e) where light is also localized inside the a-Si thin

film.
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Figure 82:7Absorption fields at (a,b,c) 615 nm, (c,d,f) 720 nm, and (g,h,e) 820 nm for the reference solar cell,
solar cell with NG with TE polarized light, and with TM polarized light, respectively. Units of the bar code is
W/m3,

Thus, it could be concluded that adding the NGs caused the amount of unabsorbed light to get
trapped inside the a-Si thin film instead of being lost. To summarize the above observations, the
generation rate is calculated. The generation rate is the integration of the absorption at all wavelengths.
A comparison between the generation rates of a-Si solar cell without Au NGs, with Au NGs for TE, and
TM polarized light is shown in Figure 83(a, b and c) respectively. An obvious enhancement in the
amount of light absorbed in the a-Si after the addition of Au NGs could be seen from the generation rate

relative to the reference solar cell.
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Figure 83: Generation rate for (a) solar cell with NGs for TE polarized light, and (b) solar cell with NGs for TM
polarized light. Units of the bar code is number of absorbed photons/m3 s.

Thus, in this section, it was proved that absorption inside extremely thin film a-Si could be enhanced

by adding Au NGs. This is done by trapping the light inside the a-Si layer that would be otherwise lost
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in transmission. The enhancement is found for both TE and TM polarized light with TM polarized light
showing higher enhancement due to the excitation of SPP waves. However, the enhancement calculated
for the above structure is only in the long wavelength range. Additionally, a huge amount of incident
light is still lost in reflection on the top surface of a-Si due to the high difference in refractive index

between air and a-Si. Thus, the next section is concerned with minimizing this problem.

4.3.2. Optical simulations of amorphous silicon solar cells with nanocones

Simulation details

Here, another nanostructure is examined to increase light trapping inside a-Si thin film solar cells.
The configuration proposed here aims to reduce the reflection on top of the a-Si layer. The high
difference in refractive index between the air and a-Si (4.3) cause a huge amount of light to be reflected
from the surface and not even entering the a-Si film. Texturing the surface is one of the most efficient
technique to reduce this reflection. This texture could take several forms. Nanocones are one of the
most efficient texturing structure due to causing a graded change in refractive index between air and a-
Si resulting in better refractive index matching and less reflection. The nanotexturing presented in this
chapter consists of an array of periodic nanocones (NCs). They were added by replacing the top most
part of the a-Si layer by the periodic nanotextruing as shown in Figure 84. The texture is described by
a cone with a circular shaped base. The nanocones (NCs) were characterized by their height, period,
and opening angle as shown in Figure 85. The base diameter was changed by changing the opening

angle.

Figure 84: Schematic showing the addition of the array of periodic NCs only in the device.
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Figure 85: Schematic of the Silicon NCs showing all its parameters: opening angle, period, and height of the
NCs.

All parameters in the simulation region is kept unchanged. The NGs at the back of the solar cell
were removed the NCs were added on top keeping all boundaries the same. The simulation region for
this structure is shown in Figure 86. The absorption, absorbed power, short circuit current, and the

enhancement are all calculated with the same techniques used in the previous section.
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Figure 86: Schematic showing the simulation region for the solar cell with Silicon NCs only.

Optimization and results

To optimize the NCs, several parameters must be taken into consideration: the height, base diameter
in terms of the opening angle, and the period of the NCs. As a starting point, several opening angles
(Theta) has been tried for different NCs height and the enhancement factor for AP and Js. was
calculated. Remember that the enhancement factor is the ratio between the AP after adding the NC to

the AP before adding the NC. The thickness of the underneath a-Si layer below the NC was kept at 200

nm for all NCs heights and the period was kept at 300 nm. Figure 87(a and b) show the enhancement
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factor for AP and ], respectively. It could be seen that for each height, the enhancement factor increases

as the base diameter increases if all other parameters are kept unchanged. In addition, as the height

increases, the enhancement factor increases where the highest enhancement factor is for H = 100 nm

and Theta = 110°.
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Figure 87: (a) AP and (b) J,. enhancement factor versus the opening angle for the solar with NCs at different

heights

After knowing that larger heights cause the larger enhancement. The height in the next step was set

to 100 nm and the other parameters were optimized. An enhancement factor map was calculated for the

period versus the opening angle Theta. The period was calculated as a function of the angle

(P=n*Angle). The opening angle varied between 50 to 120 degrees and the period varied as a function

of the angle for each simulated angle. Figure 88 shows these enhancement map. The optimized

geometrical parameters of the NCs were extracted from the enhancement map. The NC height was fixed

to 100 nm for all simulations, the period was found to be 120 nm with cone base diameter of 115 nm.
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Figure 88: (a) AP and (b) J,. enhancement map for the period versus the opening angle Theta

Next, the effect of changing the a-Si thickness was studied by applying these optimized NCs on solar

cells with various a-Si thicknesses. Similar to Figure 79, the enhancement factor increased and
decreased depending on the effective thickness of the film. The larger enhancement factor was
calculated for the largest thickness of 300 nm. An enhancement of 36% was found due to adding the
NCs on 300 nm a-Si thick solar cell. Since the NCs structures are symmetrical in the X and Y directions,
they are polarization independent. Thus, no need for optimizing for both TE and TM polarized light

because both give the same result.
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The absorption inside the 300 nm a-Si solar cell with the optimized NCs on top is then
calculated. Figure 90 shows the absorption for the reference solar cell without the NCs and the
absorption for the one with the NCs. It could be seen that the reference has two major peak at ~615 nm
and ~750 nm due to the cavity resonance. Adding the NCs caused a large, broadband increase in the
absorption at the short wavelength range due to the much reduced reflection. The improvement in the
short wavelength specifically is expected, because the anti-reflection effects dominates light absorption

in the short wavelength range °.
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Figure 90: Absorption of 300 nm a-Si solar cells without NCs (blue solid line) and with NCs on top (black
dashed line).

Finally, random roughness on top of a-Si thin film is also simulated to compare between random
texture and periodic NCs texture. Figure 91(a) shows the absorption for TE and TM polarized light for
this structure. It could be seen that this random structure also seem to be polarization insensitive with

almost the same absorption achieved for both TE and TM polarized light.
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Figure 91: (a) Absorption of 300 nm a-Si solar cells with random roughness on top for TE and TM polarized

light separately and (b) for the unpolarised light.

A comparison between the absorption of a-Si solar cells with periodic NCs and with random
roughness is shown in Figure 92(a). Similar enhancement in absorption was achieved using the random
roughness, however, the periodic NCs had higher absorption at some wavelengths leading to higher
overall absorbed power. A part of the random roughness added in the simulation is showed in Figure

92(b).
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Figure 92: (a) Absorption of 300 nm a-Si solar cells with random roughness (cyan dashed line) compared to the
absorption of a-Si solar cell with periodic NCs (pink dashed line). (b) Part of the random roughness structure

used un the simulation.

Further analysis has been made to gain an insight on the absorption at each specific wavelength. The
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absorption fields at three wavelengths have been visualized: 450 nm, 600 nm, and 850 nm and plotted
in Figure 93. At 450 nm, a very minimal amount of light is absorbed by the reference solar cell. For the
structure with a texture, either random or periodic, light is seen to be localized mainly in the area where
the a-Si is textured and does not propagate well in the underneath a-Si film. Around the wavelength
where the reference solar cell has a cavity resonance peak (i.e. 600 nm), light fields are seen in the
reference cell. However, adding the texture significantly increased the intensity of light inside the
texture and inside the underneath film. For the periodic NCs, light localization is well defined and has
its maximum value inside the NCs and just below them unlike the random texture case where light
localization is random throughout the structure. It could be seen here that adding the texture on top of

a-Si films increased the scattering inside the underneath film causing the increased absorption.

(@) Reference Periodic NCs Rough Texture

Figure 93: Absorption fields at (a,b,c) 450 nm, (c,d,f) 600 nm, and (g,h,e) 850 nm for the reference solar cell,
solar cell with periodic NCs, and SC with random texture, respectively. All the figures are for TE polarized
light. Units of the bar code is W/m?®,

At 850 nm, an off-resonance wavelength for both the reference solar cell and the textured ones, it
could be seen that almost no light fields appear in the absorption fields. Thus, it could be concluded that
these textures are important for decreasing the reflection and increasing the light scattering inside the
a-Si films but this mainly happens in the short wavelength region. Light losses in the short wavelength
range still exists. Driven by the fact that adding the NGs in the first section caused an increased

absorption mainly in the long wavelength range, a double light trapping configuration is proposed that
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aims to achieve a broadband absorption over the whole visible/near infra-red range by adding both a
texture on top of a-Si films in addition to gratings at the back metal contact. The next section thoroughly

describes this structure and its optimization.

4.3.3. Optical simulations of the double light trapping structure

Simulation details

In this section, both the NCs and NGs were added in the a-Si solar cell to achieve a high, broadband
light absorption. The NCs are added to reduce the reflection and increase the absorption in the short
wavelength range, and the NGs were added to reduce the transmission and increase the absorption in
the long wavelength range. The already optimized NCs and NGs were used in this section. Thus, both
the NCs and the NGs were added in the simulation region and all other parameters are kept unchanged.

Figure 94(a) shows the simulation region for the proposed double light trapping structure.
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Figure 94: (a) Schematic showing the simulation region for the solar cell with NCs and NGs. (b) Schematic
showing the simulation region with the addition of the field monitor that measures the absorption.

The absorption is measured with the same technique used in the previous sections. In summary,
absorption field monitor is placed around the whole a-Si layer including the NCs and NGs as shown in
Figure 94(b). An index monitor is also added overlapping the absorption field monitor to differentiate
between the refractive index in Au and in a-Si to be able to calculate the absorption in a-Si separately.

The absorbed power, short circuit current, and the enhancements are calculated using the same equations

R fyl_llsl
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explained and used previously.

Optimizations and Results

Since the geometrical parameters of NCs and NGs were previously optimized, both the NCs and the
NGs were directly added on different a-Si thick solar cell. Figure 95 shows the enhancement factor for
AP and .. Since NGs were added again, a polarization sensitive structure, the absorption is measured
for TE and TM polarized light separately and the average between them is calculated. The optimum a-
Si thickness is found to be 280 nm with a 45% increase in absorbed power compared to the reference

cell.

(b)

Enhancement Factor
Enhancement Factor

average

160 180 200 220 240 260 280 300 160 180 200 220 240 260 280 300
a-Si thickness (nm) a-Si thickness (nm)

Figure 95: (a) AP and (b) Js. enhancement factor at different a-Si film thicknesses with the optimized NCs and
NGs parameters.

This huge enhancement could be visualized in Figure 96 where a large, broadband increase in the
whole wavelength range could be observed. The enhancement in the short wavelength range is due to
the replacement of the flat a-Si surface with the NCs structure as explained in the previous section. The
absorption in the a-Si NCs was much higher than their flat counterparts due to the graded change in the
refractive index leading to lower reflection. In addition, enhanced light coupling to the underneath a-Si

layer was achieved contributing in this large increase in absorption.
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Figure 96: (a) Absorption of 280 nm a-Si solar cells with periodic NCs on top and NGs at the back for TE and
TM polarized light separately and (b) for the unpolarised light.

The addition of the NGs extended this enhancement to include the red part of the spectrum as could
be seen in Figure 97 where a comparison between the absorption for the structure with NCs only to the
structure with NCs and NGs is plotted. This additional enhancement is due to the excitation of surface
plasmon polaritons waves. The high near field enhancement around the NGs was the main contributor
to the enhancement in this spectral range due to the ability to localizing the light inside the thin active
layer. The absorption shown in Figure 96(b) is the average between the absorption for TE and TM
polarized light. Figure 98 shows the same observation with random texturing instead of the periodic

NCs.
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Figure 97: Absorption comparison between the structure with periodic NCs only (pink dashed line) and the

structure with periodic NCs and NGs (red dashed line).
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Figure 98: (a) Absorption of 300 nm a-Si solar cells with random roughness on top and NGs at the back for TE

and TM polarized light separately and (b) for the unpolarised light.

Again, we looked at the absorption at specific wavelengths and plotted it in Figure 99. At 450 nm,

the absorption mainly happens in the NCs or random texturing. Thus, the enhancement at this

wavelength happens mainly due to the addition of the texture without any observed contribution from

the NGs. At 600 nm, the absorption increased compared to the reference solar cell. Light coupling to

the a-Si film is significantly better after the addition of the nanostructures. Both the NCs and the NGs

contribute in the absorption enhancement as could be seen in Figure 99(e and f). This observed because

light localization is observed around the NGs and inside the NCs. In addition, light is also scattered in
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the while a-Si layer due to the better light coupling. At 850 nm, almost no light is absorbed by the
reference cell and even the addition of NCs only did not help in increasing the light as observed
previously in Figure 93 (h and e). However, after the addition of NGs an increased light coupling at this
wavelength occurred mainly due to addition of NGs as shown in Figure 99(h and e) where the light
localization is mainly around the NGs.

Roughness + NGs
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Figure 99: Absorption fields at (a,b,c) 450 nm, (c,d,f) 600 nm, and (g,h,e) 850 nm for the reference solar cell,
solar cell with periodic NCs and NGs, and solar cell with random texture and NGs, respectively. All the figures
are for TE polarized light. Units of the bar code is W/m?®,

Finally, the generation rate for the structure of bare a-Si film, with NCs only, and with and NGs for
TE and TM polarized light are shown in Figure 100. It could be seen that replacing the top part of the
a-Si films with the NCs increased the absorption mainly in the top area and increased the light coupling
to the underneath layer [Figure 100(b)]. The addition of NGs increased the light localization inside the
NCs even further in addition to localizing the light around the NGs. Moreover, the light coupling to the

whole a-Si layer is further enhanced [Figure 100(c and d)].
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Figure 100: Generation rates for (a) Reference a-Si solar cell, (b) solar cell with NCs, (c) solar cell with NGs for

TE polarized light, and (d) solar cell with NGs for TM polarized light. Units of the bar code is number of
absorbed photons/m?3s.

To sum up the differences between all structures presented in this chapter, comparison between a-Si
solar cells structures with NGs only, NCs only, random texture only, and with both configurations have
been made. This comparison is made by measuring the AP enhancement factor for each structure for
different a-Si thicknesses. This comparison is shown in Figure 101. A 45% increase in absorbed power
was found for the structure with both NGs and periodic NCs with 280 nm thick a-Si layer compared to

only 32% for the structure with NCs only and 8% for the structure with NGs only with the same a-Si

thickness.
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Figure 101: Comparison between the AP enhancement factor of a-Si solar cells structures with NGs only (black
solid line), NCs only (red dashed line), random texture only (green dashed line), and with both configurations
(pink dashed line for NCs + NGs and blue dashed line for random texture + NGSs).
4.4.Conclusion

In summary, we report the fabrication of high, broadband, and wide angle absorption enhancement
in Silicon nanocones on top of a thin film a-Si layer using excimer laser. The fabrication technique
reported in this work is easily scalable, fast, and does not require any especial conditions or gases. The
effect of changing the laser parameters such as energy density, time, and frequency on the morphology
and the absorption are studied and a thorough comparison is made. In addition, we reported the
fabrication of Silicon nanowires from amorphous Silicon thin film using the same method. Excimer
laser is used to re-distribute the material within the sample forming nanowires with lengths equals triple
the thickness of the deposited amorphous Silicon thin film. The effect of changing the laser energy
density, exposure time, and frequency on the morphology and the size of the obtained nanowires are
also studied. Changing the time and frequency had almost no effect on changing the diameter, however,
they resulted in an increase in the length. The fabricated nanostructures showed broadband absorption
enhancement in the whole visible and near infra-red wavelength range. The highest absorption was
found for nanowires fabricated at f=40 Hz. In addition, less than 4% reflection is measured for angle of
incidences up to 60°. These indispensable optical properties along with the easy fabrication and the low

cost substrate used (i.e. amorphous Silicon) will help in increasing the overall efficiency of the
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nanowires based solar cells making them more competitive in the photovoltaic market.

An enhancement of 45% in absorbed power was numerically achieved through 3D FDTD
simulations in a-Si solar cell. This enhancement is due to the addition of periodic nanocones texture on
top of the a-Si surface which reduced the reflection and increased light coupling in the a-Si layer. In
addition, Au periodic nanogratings were added on the back electrode leading to increased light
absorption in the long wavelength due to the excitations of SPP waves and trapping the light inside the

a-Si layer.

4.5.Future directions
For further analysis of these structures, full p-n junction should be fabricated for the solar cell and

electrical simulations should be done.
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Chapter 5 : Hybrid Silicon/polymer solar cell

5.1.Introduction

Reducing the cost of Si solar cells is essential to make it competitive with conventional energy
sources. Most of the Silicon modules’ cost arise from the cost of the Silicon material and the fabrication
of the p-n junction”. Thus, substantial improvement in light absorption in Si is needed to obtain highly
absorbing cells with the least amount of Si used. Si nanowires (SiINWs) are believed to contribute in
solving this problem as they have huge capabilities in light trapping and the advantage of decoupling
the absorption direction and charge collection direction which maximizes the efficiency of the solar
cell>%?7,
The shape and geometry of the Si NW has huge effect on its optical properties. For solar cells,
vertical NWs on top of the Si substrate has proven to have superb antireflection and light trapping
properties'”*™, Furthermore, organic/inorganic hybrid structures have gained huge attention due to its
ability to form a Schottky junction between the Si and a polymer that could replace the expensive
fabrication processes for forming a p-n junction. This structures combines the advantages of both
materials (i.e. stability of Si and the easy processing of polymers)®”-’*!. Si films and SiINWs covered
with the conductive polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)

have been well studied in the literature8®-23°7-82

. In this structure, the absorption occur in the Si only
making the efficiency of such devices similar to conventional Si p-n junction devices”. Thus, thick Si
substrates are still needed to achieve decent absorption in the solar cell. poly(3-hexylthiophene):[6,6]-
phenyl-C61-butyric acid methyl ester (P3HT:PCBM) has been also used on top of Si nanostructures to
enhance the absorption in the device®>7>#:12. However, the maximum absorption of the polymer (i.e.
P3HT) and Si are in the same range (400-700nm) resulting in a competition between the absorption of
each material”.

In this chapter, we report a wide broadband absorption spanning the whole visible and NIR range of

the solar spectrum with only 5 Microns tapered Si NWs (TSiNWs) coated with the low band gap

polymer poly[3,6-bis(40-dodecyl-[2,20]bithiophenyl-5-yl)-2,5-bis(2-ethylhexyl)-2,5-
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dihydropyrrolo[3,4-]pyrrole-1,4-dione] (pBBTDPP2):PCBM.

5.2.Simulation method
Three dimensional (3D) finite difference time domain (FDTD) simulations are carried out to analyze
the optical performance of the proposed structure. Comparisons between the optical behavior of bare
SiNWs and TSiNWs are done with and without polymer coatings. The different structures simulated
for SINWs and TSiNWs are shown in Figure 102(a and b), respectively. While SINWs have the normal
cylindrical shape, a tipped cone in added for the TSiNWs in the simulations. In addition, different

polymers with different band gaps are added to the structure and their absorptions are compared.

(a) (b)

Figure 102: Schematic comparing between (a) conventional Silicon nanowires (SiINW) and (b) tapered Silicon
nanowires (TSINW)

A schematic showing the simulation region is shown in Figure 103. The whole structure consists of
periodic SINWs, thus, periodic boundary condition is applied on the sides of the NWs while perfectly
matched layer (PML) boundaries are applied above and below the simulation region. The NWs are
placed on top of a silicon substrate. Three monitors are added to measure the absorption and reflection.
The absorption is determined by calculating the difference between the power transmitted from
transmission monitor 1 and the power transmitted from transmission monitor 2 at each wavelength.
Thus, only the absorption in the nanowires are measured without taking into consideration the
absorption in the silicon substrate. Reflection monitor above the source is added to measure the
reflection. Transmission from the NWs could be calculated by calculating the light transmitted from

transmission monitor 2 only. The source is a plane wave light source placed on top the NWs. The
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polymer coating is added by placing a NW with larger diameter around the SINW resulting in having a
polymer coating surrounding the SINW with a variable thickness.

1 PML boundary,

B &
Ref. monitor;
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Y

Trans monitor 1:
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|
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' PML boundary*

Figure 103: Simulation region for the proposed design of tapered nanowires coated with polymer.

As a start, the diameter (D) of the wires is fixed at 400 nm and the period (P) at 600 nm. The whole
wire length is 5 microns. The polymer coating thickness (T) is varied from 10 nm to 100 nm. Before
optimizing the polymer coating thickness, a comparison between the absorption in 5 microns of the
conventional SINWs and TSiNWs is made. Then, a comparison between the enhancement in absorption
after adding P3HT:PCBM, the low bandgap polymer pBBTDPP2:PCBM and PDPP3T is carried out.

Next, a thorough optimization is done to find the optimum TSiNW diameter along with the optimum
polymer thickness. This is done by varying the TSiNW base diameter from 200 nm to 500 nm and
varying the polymer thickness from 10 nm to 100 nm for each case. The absorbed power in each case

is measured.
5.3.0ptical analysis of hybrid Silicon nanowire/polymer solar cells

5.3.1. Optical analysis

The tapering of the SINWSs can reduce the reflection at the Si surface due to the gradual change in
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refractive index between the air and the Si substrate. In addition, this gradual change should improve
the light scattering than the case of conventional NWs where an abrupt change is implemented'”*. This
could be seen in Figure 104 where the 5 pm long TSiNWs show much higher absorption than the
conventional NWs with the same length especially in the short wavelengths. the diameter and period
were fixed to 400 nm and 600 nm, respectively, for both NWs. A complete light absorption until 600
nm is achieved with only 5 pm TSiNWs without the need of any substrate. A 30% increase in AP is

calculated for the TSINW structure over the conventional SINWs.
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Figure 104: Absorption of conventional nanowires (cyan line), tapered nanowires (blue dashed line), TNWs coated
with P3HT:PCBM (pink dashed line), TNWs coated with pPBBTDPP2:PCBM (black line), and TNWs coated with PDPP3T
(red dashed line).

Next, several polymers are added as a coating for the TSiNWs to form the p-n junction and extends
the absorption of the NWs. The thickness for all polymers was fixed to 50 nm and the period was fixed
to 500 nm. As mentioned previously, P3HT:PCBM has a bandgap of 1.9 eV and, hence, absorbs mainly
in the same maximum absorption range of Si. Thus, a slight increase in absorption is observed only
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after 650nm as shown in Figure 104. However, huge light losses are still observed for wavelengths
larger than 700m. An 12% increase in absorbed power and 16% increase in Jg. was calculated after
adding P3HT:PCBM over the bare tapered nanowire without polymer addition.

On the other hand, when a lower band gap polymer is added with 1.4 eV bandgap (i.e.
pBBTDPP2:PCBM) is added, a large enhancement in absorption is found at longer wavelengths where
an almost complete light absorption is achieved till 850 nm. 26% and 36% increase in AP and g,
respectively, were calculated for adding pPBBTDPP2:PCBM over the bare TSiNWs. Moreover, when
PDPP3T is added, a 1.3 eV bandgap polymer, absorption was further extended to absorb the whole
visible and near infra-red range till ~1 um achieving 40% enhancement in AP and 57% enhancement in
Jsc. The enhancement percentage achieved after adding each polymer is summarized in Table 1. This
structure provides an efficient way to trap high percentage of the incident photons with only few microns
of Si covered with 50 nm of pPBBTDPP2:PCBM. This could significantly reduce the device cost without

the need of complex fabrication processes.

Table 1: Table comparing each polymer, their bandgaps, and the AP and J. enhancement percentage achieved
for adding each polymer on TNWs.

Polymer Bandgap | AP enhancement | J,. enhancement
P3HT 1.9 12% 16.4%
pBBTDPP2 1.4 25.8% 34.6%
PDPP3T 1.3 40% 57%
PDPP3T (after optimization) 1.3 53% 76%

This significant enhancement could also be observed by looking at the reflection of each structure
in Figure 105. Conventional NWs shows high reflection in the short wavelength range compared to
TNWs. Less reflection in TNW is attributed to the better impedance matching between air and Silicon
due to the graded change in refractive index. This impedance matching is further enhanced after adding

the polymer due presence of a polymer with refractive index values between air and Silicon. Thus,
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reflection is further reduced. Adding PDPP3T caused the reflection to be ~zero in the whole simulated
wavelength range. Thus, reflection losses is almost eliminated by using only 5 pm long TSiNWs coated

with a thin layer of PDPP3T.
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Figure 105: Reflection of conventional nanowires (cyan line), tapered nanowires (blue dashed line), TNWs coated
with P3HT:PCBM (pink dashed line), TNWs coated with pPBBTDPP2:PCBM (black line), and TNWs coated with PDPP3T
(red dashed line).

To thoroughly compare between the conventional nanowires and tapered nanowires and between the
effect of adding each polymer, absorption fields at specific wavelengths were visualized. First,
comparison between conventional SiNWs and TSiNWs was done at different wavelengths. for
conventional NWs, light is mostly concentrated on top on the nanowire at short wavelengths then it
starts to spread along the length of the NW at longer wavelengths (i.e. from 700 nm) as shown in Figure
106. Figure 107 shows the absorption fields at the same wavelength for TNWs. Similarly, at short
wavelengths (i.e. 400 nm), the light is mainly trapped on the top part of the NW for TNWs. However,

it could be seen that light is much more intense in the case of TNWs with more than one order in
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magnitude increase in light absorption. The sharp edge of the TNW creates a hot spot that is very
efficient in light trapping and absorption. For longer wavelengths (i.e. 600 nm), light is still mainly
localized in the top part for conventional NWs while it starts to spread along the wire for TNWs. At 700
nm, light starts to spread along the wire and get homogenously distributed along the NW in both cases
while being more intense in the case of TNWs. At 900 nm, outside the absorption range of Si NWs, the
light intensity inside both NWs starts to decrease. The light absorbed in the TNW is generally (at all
wavelengths) higher than the case of conventional NWs due the better impedance matching, less

reflection, and hot spot created at its sharp tip.
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Figure 106: Absorption fields for conventional NWs at (a) 400 nm, (b) 600 nm, (c) 750 nm, and (d) 900 nm.
Units of the bar code is W/m?®.
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Figure 107: Absorption fields for tapered NWs at (a) 400 nm, (b) 600 nm, (c) 750 nm, and (d) 900 nm. Units of
the bar code is W/m3,

Next, comparisons between bare TNWs and TNWs with P3HT:PCBM (1.9 eV bandgap polymer)
and with PDPP3T (1.3 eV bandgap polymer) are made at each wavelength. At 400 nm, no difference
could be observed between the bare TNW [Figure 107(a)] and the TNW with both polymers (Figure
108) because this is not the absorption range of any of the polymers. At 600 nm, Figure 109(a) shows
that light localized inside the TN'W starts to decrease after the addition of P3HT:PCBM while being
concentrated mainly in the polymer due the start of increase of the imaginary part of the refractive index
of P3BHT:PCBM. Thus, the light is not spread along the TNW as in the case of bare TNW. For PDPP3T,
light intensity inside the NW did not decrease, however, additional absorption inside the polymer is

observed.
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Figure 108: Absorption at 400 nm for TNW coated with (a) P3HT:PCBM and (b) PDPP3T
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Figure 109: Absorption at 600 nm for TNW coated with (a) P3HT:PCBM and (b) PDPP3T. Units of the bar
code is W/m®,

After the maximum of the imaginary part of the refractive index of P3HT:PCBM (i.e. 750 nm),
extremely small part of the light is absorbed inside the P3HT:PCBM polymer. In addition, this
wavelength range is longer than that of Silicon. Thus, very low absorption could be observed inside the
Silicon as shown in Figure 110. For PDPP3T, light trapping inside the polymer could be seen as shown
in Figure 110. Again, after the cut-off of the absorption range of P3HT:PCBM, almost no difference is
observed in the absorption between bare TSiNWs and TSiNWs coated with P3HT:PCBM. Since
P3HT:PCBM is almost transparent for the light at this wavelength, light penetrated to the SINW and
was homogenously spread along the wire as in the case for bare TNW. However, as mentioned
previously, the light intensity at this wavelength is reduced as it is outside the absorption range for both:
the SINW and P3HT:PCBM. On the other hand, for PDPP3T, Figure 111(b), light intensity is still strong

as this the range where the imaginary part of the refractive index of PDPP3T is maximum.
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Figure 110: Absorption at 750 nm for TNW coated with (a) P3HT:PCBM and (b) PDPP3T
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Figure 111: Absorption at 900 nm for TNW coated with (a) P3HT:PCBM and (b) PDPP3T. Units of the bar
code is W/md.

To summarize all the above observations, the generation rate for each structure is calculated. The
generation rate is the integration of the absorption over all simulated wavelengths. The enhancement
observed could be seen also in the generation rate of each structure. Figure 112 (a, b, c, and d) shows
the different generation rates for the conventional NWs, TNWs, TNWs coated with P3HT:PCBM, and
TNWs coated with pPBBTDPP2:PCBM, respectively. As expected, most of the generation rate occur at
the top the nanowire, especially in the TNWs where the generation rate is much more intense compared
the conventional NWs. While adding the P3HT:PCBM reduced the generation rate inside the SINW,
the addition of pBBTDPP2:PCBM did not affect the generation rate inside the NW. However, additional
absorption occurred in the polymer boosting the overall absorption and generation rate of the device.
The generation rate for TSiNWs coated with PDPP3T is shown in Figure 113. Adding PDPP3T caused

the higher generation rate because it has the lowest bandgap. As mentioned previously, the absorption

118

www.manaraa.com



range of P3HT:PCBM is similar to Silicon, causing the polymer to reduce the absorption inside the
Silicon. Adding lower bandgap polymer such as pPBBTDPP2:PCBM or PDPP3T did not cause this
problem because their absorption ranges are at longer wavelengths compared to Silicon due to their
small bandgap.

In addition, The tapering of the NWs will leave more space for the penetration of the polymer
between the wires to form the core/shell structure®”’. Placing the polymer as a shell on top of the
TSiNWs will overcome the problem of short diffusion length of the polymers while achieving high
absorption in the polymer due to orthogonalizing the absorption and charge separation directions.
Moreover, the conformal polymer coating provides a full coverage of the polymer on the nanowires

resulting in large junction area and making the charge separation more efficient.
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Figure 112: (a), (b), (c), and (d) Generation rate inside conventional nanowires, tapered nanowires, tapered nanowires coated
with P3HT:PCBM and tapered nanowires coated with pBBTDPP2:PCBM, respectively. Units of the bar code is number

of absorbed photons/m3 s.

119

www.manaraa.com



Z (microns)

-0.2 -0.1 0 0.1 0.2 0.3
x (microns)

Figure 113: Generation rate inside tapered nanowires coated with PDPP3T. Units of the bar code is number of

absorbed photons/m?® s.

The device was thoroughly optimized to achieve the highest absorption in the visible range.
This is done by changing the base diameter of the TNWs from 200 to 400 nm and examine the effect
of changing the coated polymer thickness (T) on the overall absorption for each diameter. The
thickness (T) is varied between 10 nm and 100 nm and the absorbed power is calculated in each case.
The thickness of the polymer coating is measured from the base NW as shown in Figure 114(a). The
period is fixed to be 200 nm more than the diameter of the NW for each simulated diameter. Thus, a
100 nm space is left on each side of the NW for the polymer coating. When T= 100nm, the spaces
between the wires are fully filled and the full area around the NWs are covered with the polymer as

shown in the inset in Figure 114(b).

(b)

(a)

Figure 114: (a) Schematic for the top view of the nanowire showing the thickness (T) of the polymer coating. (b) Schematic

of an array of the TNW coated with polymer with maximum thickness where the full area around the nanowires are covered.

It could be seen from Figure 115 that the absorption increases with increasing the polymer

thickness (T) for all TNW diameters. A steep increase in AP and ] is found for smaller polymer
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thicknesses (i.e. from 10 nm to 50 nm) then this increase starts to saturates. Even when the polymer
fully covers the bottom area of the nanowires as in the case of T=100 nm, the AP and . are
maximum. Thus, as long as the tapering is preserved, increasing the polymer thickness increases the

overall absorption.
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Figure 115: (a) Absorbed power and (b) short circuit current versus polymer coating thickness for several TNW

diameters.

The optimized structure was then simulated to calculate its absorption and reflection. Thus, a TNW
with D=200 nm is simulated with and without 100 nm thick PDPP3T coating. Figure 116 shows the
absorption of the 200 nm TNW with and without polymer coating. The significant increase in absorption
and extension of the absorption to the near infra-red after adding PDPP3T is obvious. A unity absorption
is achieved up to ~970 nm with only 5 um long TSiINW coated with 100 nm PDPP3T. 53% enhancement
in AP and 76% enhancement in J¢. are calculated for the TNW coated with PDPP3T relative to the bare
TNW of the same length and diameter. This significant enhancement in absorption is believed to be
reflected on the overall power conversion efficiency if the structure boosting the efficiency of NWs
based Silicon solar cells. Figure 117 shows the reflection of the bare TNW and TNW coated with
PDPP3T. Zero reflection is calculated for the TNW coated with PDPP3T compared to multiple

reflections appearing in the bare TNWs.
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Figure 116: Absorption of the optimized TNW with 100 nm thick PDPP3T coating (black solid line) and of bare
200 nm TNW (blue dashed line)

122

www.manharaa.com




0.12 U L L L L
- TNWs
TNWs with PDPP3T
0.1+ .-
A
Iy
'H
0.08- 1
pof
c Iy
O TR
a 0.06 ,: N
Q Iy 1
© Jvo
X 0.04|- )7
Iy
A A1y
] A n ,’| [/
0.02/- N n . fvloau
i A dlp o
n INIv !
1y ol /
I v ‘,‘ "‘ [V ' \’
0 —ttacmatsn? Yo han, NN
r r r r r
400 500 600 700 800 900 1000

Wavelength (nm)
Figure 117: Reflection of the optimized TNW with 100 nm thick PDPP3T coating (black solid line) and of bare

200 nm TNW (blue dashed line)

Finally, the importance of the used TSiNW/polymer configuration should be highlighted. When spin
coating the polymer on the TSiNWs, the polymer could fill gaps with different configurations. The air
gaps around the TNWs could be filled without coating each NW as shown in Figure 118 (b, ¢ and d).
The absorption for these configurations are calculated and shown in Figure 118(a). If the polymer is
half filled, slightly lower absorption is calculated compared to the one where the polymer is coating
each NW. If more polymer is spin coated filling more of the air gap, the absorption significantly
decreases especially in the long wavelength. When the polymer reaches the top of the NW, the

absorption further decreases in the whole wavelength range due to covering the tipped part of the TNW.
Thus, losing the graded change in Silicon refractive index significantly affect the performance of the
proposed structure. In addition, the hot spot in the sharp edge of the TNW is also lost which reduces the
light trapping capabilities of the structure. Thus, it could be observed that the optimum configuration is

to coat each NW when the polymer to achieve the highest absorption. The reflections for these structures
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are also calculated and shown in Figure 119.
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Figure 118: (a) Absorption of the optimized TNW with different polymer configurations. Schematic showing
when the polymer is (b) half filled, (c) 2/3 filled, and (d) full filled.
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5.3.2. Modal analysis

In this section, a 2D modal analysis for the TNWs with and without polymer coating is analysed in
different cross sections along the wire. Here, the diameter of the NW is 250 nm and polymer used for
coating is pBBTDPP2:PCBM. The first location used to study the modes is shown in Figure 120 (c). In
this location, the wire is not tapered yet and the modes are identical to the ones of a conventional NW.
For all wavelengths, the fundamental mode in this location did not change. The field distribution is
confined inside the NW and does not penetrate to the surroundings as shown in Figure 120 (a). Even
after the polymer is added, Figure 120 (b), the field was still tightly confined inside the NW. This
indicates that the coupling of the fundamental mode with the incident light is poor. Thus, this mode

does not significantly contribute in the absorption.

¥ (nm)

(b)

vy (nm)

-200 -100 0 100 200
x(nm)

Figure 120: Fundamental mode inside TNW (a) without polymer coating and (b) with polymer coating. (c) The
first location were the modes are calculated.

On the other hand, the key mode shown in Figure 121 is concentrated in the NW and in the air
between the NWs. Thus, it couples better to the incident light. It could be seen that adding the polymer

caused this mode to be confined in both the NW and the polymer. At 600 nm, the light is more confined

125

www.manaraa.com



in the NW after the adding the polymer in addition to being confined in the polymer as shown in Figure
121 (d). This indicates that this mode contributes strongly to the absorption. Thus, for this location in

the NW, only the key mode is studied. The key mode is shown for the same location at 700 and 900 nm

in Figure 122.

(b)

y (hm)
y (nm)

, (@)

y (nm)
y (nm)

-200 -100 0 100 -200 -100 100 200
X (nm)

Figure 121: Key mode in the first location along the TNW
polymer coating, respectively.

at (a,c) 570 nm and (b,d) 600 nm with and without
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Figure 122: Key mode in the first location along the TNW at (a,c) 700 nm and (b,d) 900 nm with and without
polymer coating, respectively.
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In the tapered part of the NW, the field distribution starts to change. This is the second location where
the modes are analyzed, shown in Figure 123 (e). At 600 nm, the fundamental mode is still confined
inside the NW. However, the key mode is mainly concentrated in the area between the NWs. The mode
confinement does not change after adding the polymer. These observations are shown in Figure 123.
The mode confinements at 700 nm shows a very similar behavior to the ones at 600 nm as shown in

Figure 124. At 900 nm, the fundamental mode starts to spread and become more confined in the polymer

as shown in Figure 125.
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Figure 123: (a,c) The fundamental mode and (b,d) the key mode in the second location along the TNW at 600 nm
with and without polymer coating, respectively.(f) The second location were the modes are calculated.
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Figure 124: (a,c) The fundamental mode and (b,d) the key mode in the second location along the TNW at 700 nm
with and without polymer coating, respectively.
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Figure 125: (a,c) The fundamental mode and (b,d) the key mode in the second location along the TNW at 900 nm
with and without polymer coating, respectively.

5.4.Conclusion

The structure reported in this chapter provides efficient absorption properties by spanning the

whole solar spectrum with the minimum amount of materials which could significantly reduce the
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cost of the cell. Using the tapered silicon nanowires structure significantly enhanced the absorption
at short wavelengths. The addition of the low band gap polymer pBBTDPP2:PCBM achieved
substantial increase in absorption at long wavelengths. Thus, broadband absorption is attained
without the need of thick Si substrates. In addition, the TSiNWs fully covered with polymer is

believed to have unique electrical properties with efficient charge separation.
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Chapter 6 : Conclusions

Thin film solar cells enable the use of low-cost materials with easy fabrication techniques. Thus,
the objective of fabricating affordable solar cells that could compete with current conventional
energy sources could be reached using this configuration, However, in order to achieve this objective,
the efficiency of this type of solar cells should be increased to enable their penetration in the
photovoltaic industry. To increase the efficiency of thin film solar cells, their primary challenge
should be overcome. Their primary challenge is their low absorption due to their small thickness.
Thus, light trapping techniques are essential for these types of solar cells to boost their efficiencies.

In this thesis, several types of thin film solar cells are studied such as organic solar cells and
amorphous silicon solar cells. Different light trapping techniques are studied for each type. In
addition, the combination between silicon and polymer in a hybrid configuration is studied.

Regarding organic solar cells, chapter 3 showed a thorough analyses of novel type of organic
plasmonic solar cells using refractory plasmonics. Absorption enhancement is obtained using TiN
and ZrN nanopatterned back electrode in the proposed organic solar cells. In addition, the addition
of ZrN nanostructures inside the polymer active layer showed significant absorption enhancement
with more than 30% increase in absorption due to the incorporation of ZrN cubical nanoshells in the
active layer.

Additionally, a novel technique for fabrication silicon nanocones and nanowires from amorphous
silicon is presented in chapter 4. Using excimer laser, a one-step fabrication process of nanocones
and nanowires is shown. Analysis and comparisons between the different excimer laser parameters
and their effect on the morphology and optical properties of the fabricated nanocones and nanowires
are studied, significant increase in absorption is reported for these structures with less than 5%
reflection for wide angles. Moreover, a double light trapping structure is numerically proposed in the
same structure that confine the light in a thin film amorphous silicon layer by sandwiching it between

Au gratings and surface texturing.
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Finally, a combination between silicon nanowires and low band gap polymers to form a solar cell
device is presented in chapter 5. This structure combines the excellent light trapping capabilities of
tapered nanowires with a low band gap polymer to extend the absorption range of the structure. With
only 5 microns length of silicon tapered nanowires and 100 nm polymer coating, full absorption of
the solar spectrum in the visible and near infra-red range in achieved.

To sum it up, this thesis presents several light trapping techniques of several types of thin film
solar cells. The techniques presented here showed significant enhancement in absorption in addition
to using low-cost materials with easy fabrication techniques. These presented structures aim to

achieve the goal of fabricating highly efficient solar cells that are affordable.
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