A FEASIBILITY STUDY FOR EXTERNAL CONTROL ON SELF-ORGANIZED
PRODUCTION OF PLASMONIC ENHANCEMENT INTERFACES FOR SOLAR CELLS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

MONA ZOLFAGHARI BORRA

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
MICRO AND NANOTECHNOLOGY

SEPTEMBER 2013






Approval of the Thesis:

A FEASIBILITY STUDY FOR EXTERNAL CONTROL ON SELF-ORGANIZED
PRODUCTION OF PLASMONIC ENHANCEMENT INTERFACES FOR SOLAR

CELLS

Submitted by MONA ZOLFAGHARI BORRA in partial fulfillment of the requirements
for the degree of Master of Science in Micro and Nanotechnology Department, Middle

East Technical University by,

Prof. Dr. Canan Ozgen
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Tayfun Akin
Head of Department, Micro and Nanotechnology

Assist. Prof. Dr. Alpan Bek
Supervisor, Physics Dept., METU

Assoc. Prof. Dr. H. Emrah Unalan
Co-Supervisor, Metallurgical and Materials Eng., METU

Examining Committee Members:

Prof. Dr. Rasit Turan
Physics Dept., METU

Assist. Prof. Dr. Alpan Bek
Physics Dept., METU

Prof. Dr. Mehmet Parlak
Physics Dept., METU

Assist. Prof. Dr. Emren Nalbant Esentlirk
Chemistry Dept., METU

Dr. Halil Berberoglu
Physics Dept., METU

Date: 03.09.2013



I hereby declare that all information in this document has been obtained and presented
in accordance with academic rules and ethical conduct. | also declare that, as required
by these rules and conduct, | have fully cited and referenced all material and results
that are not original to this work.

Name, Last Name: Mona Zolfaghari Borra

Signature



ABSTRACT

A FEASIBILITY STUDY FOR EXTERNAL CONTROL ON SELF-ORGANIZED
PRODUCTION OF PLASMONIC ENHANCEMENT INTERFACES FOR SOLAR
CELLS

Zolfaghari Borra, Mona
M. Sc. Department of Micro and Nanotechnology
Supervisor: Assist. Prof. Dr. Alpan Bek

Co-Supervisor: Assoc. Prof. Dr. H. Emrah Unalan

September 2013, 84 pages

The present study is about the improvement of the energy conversion efficiency of solar
cells in which plasmonic light-trapping approach has been investigated. In this study, metal
nanoparticles are allowed to form in a self-organized fashion on both flat and textured full
scale monocrystalline silicon solar cell. These metal nanoparticles with strong optical
interaction cross-sections at localized plasmonic resonance energies, improve coupling of
the incoming light into the active area of solar cells by wavelength tailored scattering. The
decoration of metal nanoparticle by the self-organized mechanism of dewetting is utilized as
a suitable method for plasmonic interface integration to large area full-scale solar cell
devices. In this bottom-up approach, the self-organization process of plasmonically active
metal nanoparticles on solar cell surface only requires metal evaporation and a gentle
thermal treatment step and is therefore a low cost fabrication technique. Formation of silver
nanoparticles was preferred due to strong plasmon resonance of silver in the solar spectrum.
Reflection measurements are performed both on flat and textured silicon cells in order to
investigate the local plasmonic resonances of the metal nanoparticles. The effect of particle’s
size, thickness of silicon nitride anti-reflection coating layer, and dewetting time are
investigated by reflection measurements and the shift of plasmon resonance peak position. It
is found that surface roughness, annealing time, annealing temperature and varying silicon
nitride’s thickness can be used as mechanisms to control the size distribution, shape of the
resultant nano-islands and solar cell efficiency. The findings on the most suitable
nanoparticle system production parameters by this method, depends on the applied substrate
properties which are expected to guide further applications of plasmonic interfaces and also
to the other kinds of device structures in the ultimate quest for attaining affordable high
efficiency solar cells.
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GUNES GOZELERI ICIN PLAZMONIK ARTTIRIM ARAYUZU URETIMINDE
KENDINDEN OLUSMANIN DIS ETMENLER ILE KONTROLU UZERINE BiR
FiZIBILITE CALISMASI

Zolfaghari Borra, Mona
Yiiksek Lisans, Mikro ve Nanoteknoloji Bolim
Tez Yoneticisi: Yard. Dog. Dr. Alpan Bek

Ortak Tez Yoneticisi: Dog. Dr. H. EmrahUnalan

Eylil 2013, 84 sayfa

Bu tez calismasinda plazmonlarla 151k hapsedilmesi yontemiyle gilines gézelerinde verimlilik
arttirma tizerinde ¢alisilmistir. Calisma esnasinda plazmonlar topaklanma yontemiyle diiz ve
yiizeyi sekillendirilmis giines gozesi lizerinde kendiliginden olusturulmustur. Metal nano
parcaciklar giines gozelerindeki aktif bolgede 1sikla giiglii sekilde etkileserek gelen 1s181n
yiizeyde verimli bir sekilde yayilmasina sebep olmaktadir. Topaklanma ile kendiliginden
metal nano parcacik olusumu genis alanlara kolayca uygulanabilirligi agisindan bagarili bir
yontemdir. Bu yontem, metal kaplama ve 1s1l islem uygulanmasiyla metal nano parcacik
tiretimine dayandigi i¢in ucuz iiretim tekniklerindendir. Bu calismada, gii¢lii rezonans
ozelligi gosterdigi icin glimiis tercih edilmistir. Yerel plazmon salinimlarini incelemek icin
diiz ve ylizeyi sekillendirilmis giines gozelerinde yansima deneyleri yapilmistir. Yansima
Olgiimleriyle pargacik boyutunun, topaklanma siiresinin ve yansima engelleyici katman
olarak kullanilan Silikon Nitrat (SigN4) kalinliginin plazmon rezonansi {lizerindeki etkileri
gozlemlenmistir. Yiizey plriizliligi, tavlama siiresi, tavlama sicakligi ve Silikon Nitrat
kalinlig1 degistirilerek giines gozesi verimliligi arastirilmig ve metal nano parcacik boyutu
kontrol edilmistir.Kullanilan yontemle olusturulan en uygun metal nano pargacik sisteminin
iiretilmesinin uygulana attaglarin Gzelliklerine bagli oldugu goriilmiistiir. Yiriitiilen
caligmanin diger arastirmalara ve yiiksek verimlilikte giines gozesi olusturmada yol gosterici
bir rolii olacaktir.

AnahtarKelimeler: Plazmonlar, Glines G6zeleri, Topaklanma, Verimlilik, Yansima,
Sagilma
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CHAPTER 1

INTRODUCTION

In this work, our aim is to study the means of feasible external control parameters on self-
organized production of plasmonic interfaces for full scale bulk silicon solar cells. The
experimental findings that are obtained from well-known bulk solar cells in this study can be
used to shed light toward applications of such self-organized production schemes to eventual
plasmonic thin-film solar cells. The prime reason for incorporation of plasmonic interface
layers in a solar cell device is to maintain a higher efficiency than the industry standard.
Plasmonic interfaces are nanostructured two dimensional metal layers, such as a two
dimensional array of metal nanoparticles (MNPs), that operate as an interface between the
incoming radiation and the active region of a PV device. Such interfaces can be regarded as
“impedance matching layers” between the solar radiation and a solar cell, by increasing the
coupling, or decreasing the reflection and giving rise to signal amplification (enhancement),
therefore act as “optical antenna”. In an equally valid alternate view, they can be regarded as
light trapping layers giving rise to better photon management. Trapping of light (helping
light stay longer in active solar cell layers) can lead to affordable solar cells with high
efficiency by increasing the absorption and generating more photocurrent. The two main
ingredients of nano-photonic light trapping for solar cells are plasmon polaritons, which are
coupled photons with collective oscillations of free electrons in noble metals, and high-
refractive-index dielectrics, which have strong scattering and impedance matching
capabilities. Plasmonic solar cell is one of the emerging solar cell technologies to enhance
the optical absorption. In this thesis, silver was chosen due to the superior optical extinction
properties than the other metals in the visible spectrum of light. Silver nanoparticles
(AgNPs) lead to increase of the light scattering into the substrate.

In this study, both flat and textured bulk silicon cells are investigated in the full scale. Both
kinds of cells are fabricated in multiplicity with varying dielectric anti-reflective coating
(ARC) thickness. The plasmonic interfaces that are studied are fabricated by using the self-
organized process of surface dewetting due to the ease of application and ease of integration
of this technique to the state-of-the-art bulk solar cell production facility. In this technique,
initially a several nanometer thick continuous silver film is deposited on a desired surface of
choice, and the solar cell is treated thermally at elevated temperatures such that the atoms
comprising the continuous silver film starts to diffuse and form holes, and dewet the surface.
These holes in the silver layer eventually merge, giving rise to formation of liquid droplet
shaped metal islands of a few to several tens of nanometer large sizes. As the process
continues, small islands tend to disappear and the larger ones tend to grow in size by
acquiring the atoms of the smaller ones, depicting a morphological coarsening process
similar to Ostwald ripening [1].



Several optical and morphological parameters are analyzed by varying the dewetting time,
the ARC thickness and annealing temperature. The effects of these variations are
investigated on the formation of AgNP and their plasmon resonance. Effects of these AgNPs
on the cell parameters such as fill factor, short circuit current, open circuit voltage and
efficiency of both flat and textured full scale monocrystalline silicon solar cell devices are
investigated.

1.1. History

Optical behavior of metals alters when their dimensions are in the range of nanoscale
structure than the bulk materials. Nowadays, MNPs are the important material used for
guiding electromagnetic radiation. In detail, presence of MNP enhanced the optical path
length of incoming light in the active cell areas. One of the most famous examples that
demonstrate the subtle optical properties of MNPs in ancient times is the Lycurgus cup of
Romans. The presence of the Au and AgNPs incorporated in the cup’s body, show unusual
optical behavior with different colors. The Au and AgNPs were used to color the glass
windows in medieval churches during the middle ages. The work of Michael Faraday came
out about 1500 years later, at 1857. He discovered the differences in the optical
characteristics of bulk and colloidal MNPs. In particular, he recognized the significant
dependence of the color of gold NPs (AuNPs) on their size [2].In 1904, a theory by Maxwell
and Garnett introduced the optical behaviors of MNP embedded in glass [3]. In parallel with
experimental work, in 1908 Gustav Mie proposed the theory of interaction of light with
MNPs by solving Maxwell’s equations, supposing MNPs as spherically symmetric particles
[4]. Mie theory is restricted to spherical MNPs. The developments in the controlled
formation of MNPs in other geometries such as metallic disks and cylinders, led to advances
in numerical methods for providing solutions applicable to these complex geometries. These
analytical methods such as Finite Difference Time Domain (FDTD) and Discrete Dipole
Approximation (DDA) have been developed rapidly with the advancement of computer
technology. There are many applications of MNPs such as surface enhanced Raman
scattering (SERS) and absorption of light enhancement that can be used to increase the
device efficiencies. The plasmonic behavior of MNPs especially became more popular after
invention of these applications [5]. A demand of MNPs for these applications has arisen
because of the large electromagnetic field enhancement associated with these metallic
nanostructures. The free conduction electron from a MNP oscillates in the presence of the
electromagnetic field. In the case of Raman spectroscopy, large improvement factors as high
as 10'* from the silver and gold nano-aggregate cluster structures could be obtained. These
large improvements allow Raman measurements of single molecules even under non-
resonant conditions [6].

1.2. Sate of the art

After the discovery of Raman scattering, plasmonic metal nanostructures became more
important issue to generate highly light sensitive devices which increase efficiency. One of
the first examples provided by Stuart and Hall, in which, they showed an enhancement in the
photocurrent of a factor of 18 for a 165 nm thick silicon-on-insulator photo-detector at a
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wavelength of 800 nm using AgNPs on the surface of the device created by dewetting
technique [7]. Schaadt et al. deposited AuNPs on highly doped wafer-based solar cells, in
which enhancements in the photocurrent up to 80% at plasmonic resonance wavelengths
around 500 nm were demonstrated [8]. Derkacs et al. deposited AuNPs on thin film
amorphous silicon solar cells, which improved short circuit current density and achieved an
8% overall increase in conversion efficiency [9]. Pillai et al. deposited silver particles on
thick silicon-on-insulator with 1.25 um silicon solar cells and planar wafer with 300 um
based cells, and reached overall photocurrent increases of 33% and 19%, respectively [10].
Applications and improvements by MNPs in other types of semiconductor solar cells than
crystalline silicon appear in the literature. Scattering from metallic nanostructures were used
to enhance the performance of amorphous silicon solar cells and conversion efficiency [11-
13]. Stenzel et al. reported an enhancement in photocurrent by up to a factor of 2.7 for
In:TiO, (ITO)-copperphthalocyanine-indium structures. West phalen et al. reported an
enhancement for silver clusters incorporated in an ITO and zinc phthalocyanine solar cell
[14]. Rand et al. have reported that incorporation of very small AgNPs in the range of
approximately 5 nm diameter leads to enhancement in the efficiencies of tandem ultra-thin
film organic solar cells [15]. Hagglund et al. show on flat TiO, films by combination of dye
molecules and utilization of Au disks enhanced charge carriers generation for dye sensitized
solar cells [16]. Hairen Tan et al. evaporated Ag layer with a thickness of 12 nm on thin film
silicon solar cell, which was followed by a 1 hour anneal at 400 °C in a vacuum. The AgNPs
were observed to form by self-assemblyon both of textured and flat thin film silicon. Hairen
Tan et al. achieved improved cell efficiency by using AgNPs as the plasmonic back
reflector. AgNPs have excellent light trapping because of their strong light scaterring
property. AgNPs annealing at 400°C can reduce the surface coverage and eliminate small
and irregular nanoparticles (NPs). As a result, by increasing the annealing temperature up to
400 °C, they obtained surface coverage smaller than 20% and particle size bigger than100
nm. In texturing silicon solar cell, the high roughness surface of substrates increases the
multiple reflections. Light trapping is a factor for improving the current density and cell
efficiency. However, the addition of plasmonic NPs on textured silicon can be parasitic and
result in large optical loss during multiple reflections. The presence of the AgNPs cause both
scattering and absorption of incoming light. However, the effect of absorption cannot be
denied as compared to the scattering. This absorption blocks the second order reflections
from the surface of textured silicon. Therefore, this situation causes the decrease in the
efficiency of solar cell, while in flat silicon with low roughness and smooth substrate,
plasmonic NPs themselves can introduce excellent light trapping that leads to improvement
of the current density and increase the cell efficiency with respect to the devices without
NPs [17-23].

1.3. Introduction to the photovoltaics technology

Nowadays a lot of research is being done on the topic of energy. Energy is critical due to the
fact that depleting energy such as fossil fuels, will be exhausted in a close future by
increasing in the exploiting and over usage of them. Even if we consider the population of
the world to be fixed, fossil fuel reserves will be depleted within 320 years. Besides, recently
using of fossil fuels caused the mother earth to be faced by serious problems such as global
warming which is mostly due to the CO, emission. Consequently, we need a suitable
alternative renewable energy such as solar energy. Solar cell and solar collectors can be
considered as a part of the solar energy research area. In the solar cells direct conversion of
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solar radiation into electricity is being done. This process can be described as a PV energy
conversion which is due to the PV effect. Photovoltaic technology is based on silicon
technology that contains both mono crystalline and multi crystalline forms of silicon.
Dominance of these two types of silicon crystals in PV technology in comparison with other
elements is due to abundance of the silicon in the earth crust and thorough information and
knowledge about the properties of silicon (e. g. semiconductor) those are result of three
decades research.

1.4. The Photovoltaics Market

Recently, despite the difficult economic times that world has been faced, photovoltaics (PV)
is considered as a dominant source of power generation for the world. As another word, PV
technology has grown over the past decade at a remarkable rate.

The world’s cumulative installed PV capacity was approaching 24 GW, by the end of 2009.
In 2010, this capacity enhanced to 40.7 GW and at the end of 2011 it was 71.1 GW. One
year later, installed PV capacity was 100 GW [24]. Generally, this amount can generate at
least 110 TWh of electricity each year which is enough to cover the annual power supply
needs of over 30 million European households.

Europe can be consider as the first rank region from cumulative installed capacity point of
view, with more than 70 GW as of 2012. This statistics illustrates about 70% of the world’s
cumulative PV capacity. In this ranking china can be the second leading region with 8.3
GW, and, the next is USA with 7.8 GW, followed by Japan with 6.9 GW.
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Figure 1.1 Evolution of global PV cumulative installed capacity 2000-2012(MW) [25].

The forecasting about the PV market evolution over the next five years mostly related on the
maintenance of the market conditions at an acceptable level and developments in Europe.
From one other point of view though Europe can be considered as the leading region for PV
market for years ,the rest of the world, obviously, has the biggest potential for growth which
was declared by market developments that showed Europe’s share of the global market
being reduced from 74% in 2011 to 55% in 2012,



1.5. Types of Solar Cells
1.5.1 Bulk Crystalline Solar Cells

Development of solar cell technology can be classified by the composition of material in the
active layer. Historically, crystalline Si (c-Si) has been the dominant semiconductor for solar
cell. This type of PV cells is known as “first generation cells” which are bulk crystalline
silicon based technologies. As we all realize, silicon is second most wide element in Earth’s
layer. For this reason, silicon was widely used in the earliest PV devices. It is also very
popular today. Nevertheless, if silicon is used as semiconductor material, the most important
point is that the usage of it should be in 99.999 % purity.

Then, crystalline solar cells can be divided into two kinds with respect to their crystal
structure. The first kind is single-crystalline solar cell which is also called as monosilicon. In
detail, silicon is in the same crystal form from one side to another. This creates an
opportunity to generate very effective solar cell devices, especially, when compared with
respect to ratio of power to size. Their efficiencies are about within the range of 135 to 170
W/m?. Moreover, they have long life span and exhibit magnificent performance in cooler
conditions. The second kind of crystalline solar cell is multicrystalline. It is less efficient
solar cell compared to the single crystalline. However, it is cheaper than single crystalline
because it is produced by easier methods. For this reason, they are preferred in spite of their
lower efficiencies which are about within the range of 120 to 150 W/ m?. Furthermore, they
show better performance in hot weathers and they have long life span like single crystalline.

To generate solar panels, these kinds of solar cells are connected in series form. Each cell
produces 0.5 to 0.6 V. Hence, 20 open-circuit voltage values are acquired by 36 cells. For
example, this value is effective to fill 12 V batteries.

1.5.2 Thin Film Solar Cells

This type of PV cells is known as “second generation cells” which are made of several
hundreds of nanometers to several microns thickness optically thin-film based technologies.
Almost every people use or see calculators or garden lamps which are powered by thin and
small cells. It can be easily understood that thin film solar cells get its name by its
appearance and size. While crystalline solar cells have about 350 um thickness, thin film
solar cells have just a few microns thickness which is enough to absorb light. The basic
principle of the production of it depends on light-absorbing materials like amorphous,
protocrystalline and nanocrystalline coated onto such substrates like glass, metal or plastic
by chemical depositing process. Because of the high absorption performance exhibition of
semiconductor materials, thin film solar cells much thinner. As a result, they are cheap and
not heavy.

Besides their appearance and cost effectiveness, when describing the efficiency of thin film
solar cells, they produce 60 to 80 W/m?2. In other words, they have lower efficiencies than
crystalline solar cells. This means that they need large areas compared to crystalline to get
same amount of energy. Moreover, slightly lower life span and less effectiveness in cooler
conditions are another drawbacks of them.



1.5.3 Organic Solar Cells

An organic solar cell is a “third generation solar cell” that contains organic, electronic
conductive polymers and small molecules for the absorption of light and electric charge
transportation. These high effective thin layers that are used absorb the light and convert it
directly to the electric energy. Therefore, organic solar cells cost lower than other types of
solar cells. Moreover, being thinner creates an opportunity that it is possible to produce large
scale capability with flexibility. In contrast to benefits, organic solar cells have lower
efficiency and strength than other types of solar cells.

1.5.4 Dye Sensitized Solar Cells

The last one is dye sensitized solar cells (DSSC). It can be described as one of the latest
solar cells technologies. In this type of the solar cells, the main important point is focusing
on using organic molecules instead of using polymers with nanocrystal conductive
structures. One of the most widespread crystal structures in DSSC is TiO,.

There is a connection between Ti0O,NPs and dye molecules. When the light interacts with
the cell, adsorbed dye molecules pass the excited state. Then, dye molecules which is in the
excitation period creates an impact on an electron that moves forward direction to the
conduction band of Ti0O,. After this transmission period, they reach the transparent
electrode and join the external circuit. This is the basic working principle of DSSC.
Describing cell as a one piece, because of easy production methods, they are mostly
preferable in spite of less efficiency which is about 10 %. Furthermore, possibility of
colorful production of DSSC makes them more esthetic than other types of solar cells [26].

1.6. Plasmonics for photovoltaic applications

Up to now we have investigated the interaction of incoming light with spherical MNPs from
a general point of view. In this section we describe application of plasmonic for PV.

Plasmonic is a wide area of study which is used for increasing the light absorption that leads
to increase the optical path length of photon in surface by using MNPs. Interaction of
incoming electromagnetic wave with free conduction electron in MNPs lead to plasmon
oscillation around the nanostructure which introduce very strong resonance phenomena at
particular frequency that gives rise to very strong scattering.

Absorption and scattering of incident light from MNPs can be used to obtain light trapping
effect. Light trapping is important factor for achieving higher energy conversion efficiency
as the light settles more time within the active layer. MNPs can be used in two basic
mechanisms in PV application, which are called far-field effect and near-field effect. Far-
field effect consists of light scattering from the metal particles into the active layer of solar
cell which behave as dipole; whereas, near-field effect is the field enhancement in the close
surrounding of MNPs.



Figure 1.2 Light trapping (2) by scattering from MNPs (b) by excitation of LSP in MNPs

In previous chapter we discussed the process of scattering of light by a particle in a general
case by considering the environment and a uniform nanoparticle. In the following section,
the scattering property will be discussed when the particle is located close to the interface.
When a particle is located in a uniform medium, the scattering of the incoming light would
be both in forward and reverse direction in a symmetrical manner. Due to the fact that the
medium around the particle is not uniform, this symmetry is disturbed. Nanoparticles for
solar cell applications are embedded on a surface which is among two interfaces of
dielectrics, or in a dielectric with interfaces to active region of the cell. The fact that
dielectric with higher permittivity makes the light to scatter in it, is considered as an
advantage in most solar cell applications [27]. The tendency of the scattering of light into the
medium with high index is due to the high density of optical modes in those mediums.

Light scattering from MNPs, scatter incident light into multiple reflections can enhance the
travel optical path length of photon in absorber layer which lead to improved light trapping
into solar cells devices. On the other hand if we consider the surface without plasmonic NPs,
incident light will be partially reflected back and path length will be the thickness of the
substrate. However, the existence of plasmonic NPs that are used to scatter the incoming
light can lead to increase the optical path length of photon in the solar cell device. The
scattering efficiency of NPs depends on the particle size, refractive index of underlying and
surrounding environment. There are different MNPs with various scattering efficiency. In
this study, silver is used as MNPs because of the lowest absorption coefficient than the other
metals [28-31].

The second mechanism, when MNPs are excited with incoming light, the free conduction
electrons in the MNPs oscillate collectively. The resonance condition occurs when the
frequency of incoming light matches with that frequency of the oscillation. These electrons
give rise to the electric field in the vicinity of the MNPs which is placed inside the active
layer known as near field effect. It causes improvement of the photocurrent and absorption
of light.

For effects of plasmonic process, far- field effect and near-field effect mechanisms would be

discussed. In far- field effect scattering of the light to far zones. On the other hand in the

near-field effect mechanism, the incident electromagnetic wave can be coupled into plane

waveguide modes in the photoactive material. Therefore, an electron-hole pairs in the

underlying semiconductor would be excited by the enhanced localized near field that was

made around the nanoparticle. This excitement can be even generated without phonon
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assistance in the indirect band structure. In this mechanism, nanoparticles can be considered
as an effective optical antenna for the incident irradiation. Though this is an advantage, this
mechanism is beneficial for nanoparticles below 20 nm in diameter, due to the lower
fraction of light emitted as radiation in them [27].

The far-field application relies on the diffusion length of the carriers those are generated.
Carrier diffusion length should be larger than the distance of the p-n junction to the electron-
hole pairs collecting around nanoparticles; if this condition is not satisfied, generated
carriers would get lost before being collected by the p-n junction. This quite should be
recited that it is almost impossible to locate the nanoparticles in the close vicinity of a p-n
junction to make use of the far-field effects.

Besides, the Plasmon decay time reciprocal should be smaller than the absorption rate in the
underlying layers. Otherwise the absorbed energy is dissipated in the metal nanoparticle as
ohmic damping.

In this study due to the reasons discussed above, the far field effect of metal nanoparticles
was investigated.



1.7. Organization of the thesis

This thesis consists of 5 chapters as follows:

In chapter 1, we briefly give review about an introduction of the fundamentals of plasmonics
of MNPs, the aim of this thesis study and the outline of the thesis.

In chapter 2, we describe the interaction of incoming light with MNPs. The dielectric
function was expressed by using two models which are Drude and Lorentz models. The
dielectric function of metals at the particular frequency yields resonance phenomenon. This
condition gives rise to very strong light scattering. Moreover, absorption and scattering of
incoming light from MNPs are calculated by using two approaches, namely electrostatic and
Mie theories. These theories are discussed for spherical MNPs. A short introduction about
the solar cell working principles and cell parameters of the plasmonic solar cell application
are provided in this chapter.

In chapter 3, we present the main fabrication and optical and electrical characterization
methods used throughout this study. As the fabrication methods, solar cell production steps
are explained and dewetting approach for the formation of MNP based plasmonic interfaces
is introduced as a suitable method for production of plasmonic full scale solar cell devices.
The SEM image analysis of NPs was done to characterize the shape, size and surface
coverage. The experimental set up for the optical and electrical measurements are described
in detail in this chapter.

In chapter 4, the experimental results are provided and discussed. For the optical
characterization, the reflection measurements were used to investigate the resonance peak
position of MNP plasmons and general reflectance properties of plasmonic interfaces. The
SEM image analysis of AgNPs enables us to study the effect of the particle dimensions after
dewetting the samples at different times. Therefore image analysis gives an idea and
information about the particle surface coverage, size distribution and dimensions of the
particles. The electrical characterizations include current-voltage (I-V) characteristics under
illumination, cell parameters that are extracted by I-V curves and quantum efficiency (QE)
which is discussed for full scale large area solar cells.

In chapter 5, the results and discussions of this thesis work are summarized and we present
the main conclusions.
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CHAPTER 2

SEVERAL THEORIES ON THE OPTICAL PROPERTIES OF METAL
NANOPARTICLES

In this chapter the optical properties of MNPs which are widely used in plasmonic
application as light-trapping leading to an improvement of the optical path length of incident
photon in the solar cell device are theoretically introduced. The absorption and scattering of
incident light by particles are most important process for solar cell operation to achieve
enhancement of the cell efficiency. Hence some basic physical theories are defined to
explain the plasmonic concepts and their applications. In the last part of this chapter the
basic solar cell working principle and the solar cell parameters are defined.

2.1. Cross sections of scattering, absorption and extinction by small particles

In order to understand the optical properties of particles with interaction of light, two
mechanisms namely scattering and absorption must be considered. From a general point of
view, scattering from particles in any system is investigated from heterogeneity of that
system. The obstacle in that system is considered as a single electron, an atom, a liquid or
solid particle which is subjected to electromagnetic wave. Regardless of the type of the
obstacle, they can be considered as a matter containing of electrons and protons. When the
obstacle is illuminated by electromagnetic field, the electric charge in it causes oscillation
motion with electric field of the incident light. Acceleration of electric charge in the obstacle
by radiating electromagnetic energy leads to the scatter of incident lights as a secondary
radiation in all direction and that can be defined as:

Scattering = Excitation + Reradiation

In addition of scattering, one other mechanism takes place in the obstacle. Some part of the
excited charges when is subjected to incident light transform into other types of energy
named as thermal energy. This mechanism called as absorption. Both of two scattering and
absorption mechanisms considered as dependent together. Scattering and absorption depend
on structure of particle when it encounters illumination. Both of these processes behave
differently from each other. Scattering and absorption depends on shape, size, structural
composition and optical properties of material.

When electromagnetic wave passes through the particle, scattering and absorption by
particle remove energy from incident radiation of light leads to attenuation of incident light.
This attenuation is called as extinction [32].

It means that the energy change when the light passes through the particle due to the
extinction, so the relation across the energy transfer is represented:

Extinction = Scattering + Absorption
11



The incoming electromagnetic field when interacts with the particles, affects the field inside
the particle which is defined as (E;, Hy) and the field in the surrounding medium(E,, H,).
The incident and the scattered field respectively are represented by (E;, H;) and(E,, H,). The
figure 2.1 illustrates the interaction of incident light with the particle.
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Figure 2.1 The incident electromagnetic field(E;, H;) gives rise to field inside(E;, H;) and
scattered (E, H,) of the particle

Maxwell equations must be satisfied by considering electromagnetic field where £ and u
belong to continuous medium. However, generally there is a boundary between the particles
and medium in which the particles properties such as e and u suddenly change due to the
discontinuity formed at the boundary between the particle surface and medium. For this
condition the field satisfies the following equation:

[E;(x) —E{(x)] x A =0 2.1.1
[H;(x) — H{(x)] x A =0 212

Boundary conditions between interface of the particle surface and the medium according to
equation above explain that the tangential components of E and H are continuous. In
addition, the rate at which electromagnetic energy is transferred through a closed surface
near region land region 2 are defined as the following equation:

[ Si.7dA = [ A.(E; x Hy)dA 2.1.3
[ Sy.idA = [7A.(E, x Hy)dA 2.1.4

Wherel and 2 are represented the inner and outer surface. If the conservation of energy
across the boundary is equivalent to this condition, therefore:

[S,.AdA=[5,7AdA 2.1.5

For a particle that is subjected in a medium to illumination, the power energy is given by the
change after passing from the particle due to scattering and absorption by particle. The
relation between these processes under energy transfer rate is given by this equation:

Wt = W, + W, 2.1.6
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Optical cross section is defined as ratio of the energy rate to the incident illumination.
Extinction, absorption and scattering cross sections are important parameters in plasmonic
concept. The relations between these parameters are given by following equations [33]:

Cext — Wext ) Cabs — Wabs ) Csca — VVsca 2.1.7
I; I; I;
i i i

Coxt = Cops + Coca 2.1.8

In this section the absorption and scattering processes by particles are investigated. For the
next section the interaction of spherical MNPs with electromagnetic wave is discussed.

2.2. Absorption and scattering of spherical MNPs

The interaction of MNPs with electromagnetic wave is determined by the free conduction
electrons in the metal. When MNPs interact with incoming light charge polarization takes
place in MNPs due to the presence of free conduction electrons. The electrons move in the
opposite direction of the electric field and leaving behind the positive ion cores on the other
side of MNPs. When the direction of the electric field alters, direction of charge polarization
gets reverses. They act as opposite direction from each other. Figure 2.2 is illustrates the
MNPs when interact with incident electromagnetic wave.

Electric Field

Figure 2.2 Shift of the free electron relative to the nuclei leads to plasmon oscillation

The presence of the free conduction electrons in the MNPs leading to the collective
oscillation due to the interaction of incoming light is called plasmon. There are two types of
plasmons named as surface plasmon polariton (SPP) or localized surface plasmon (LSP).
These plasmons when coupled with incoming photon are called polaritons.

SPP occurs when the free conduction electron in metal surface couples with incoming light
between the metal-dielectric interfaces. With respect to the surface charges, the
electromagnetic wave propagates along interface of metal and dielectric material. Oscillation
of electromagnetic wave will induce collective oscillation of surface charges at the metal-
dielectric interfaces.
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Figure 2.3 Surface Plasmon Polariton

In this work, we investigate the effect of LSP on substrate. Interaction of MNP with the
electromagnetic field occurs at the interface between the MNP and the dielectric. The
electromagnetic wave is confined in all 3 dimensions, hence gives rise to LSP.

Figure 2.4 LSP is confined by electromagnetic field

Excitation of free conduction electron in metallic NP with the incident light at particular
frequency introduces very strong resonance and gives rise very strong scattering. The
resonance phenomenon occurs when the frequency of incident light matches with the natural
frequency of the electrons in the particle. Electrons oscillate opposite direction with respect
to the positively charged nuclei.

The frequency of oscillation depends on the density of electrons, the shape and the size of
the charge distribution. The collective oscillation depends on the size of the MNPs. This
oscillation is either coherent or incoherent. If the particle size much smaller than the
wavelength of incoming light, the oscillation is coherent. With the increasing ratio of
particle size over wavelength, the incoherent oscillation will occur. Furthermore, dipole
modes are mostly seen in coherent oscillation while the higher other modes can exist in
incoherent oscillation.

The plasmon resonance also leads to enhance the charge separation because of the dipole
effect, which in result into giving rise the two important factors:

1. Increase the total extinction of light, can be quantified by sum of scattering and absorption
2. Increase the electric near field vicinity of particle
Both of these factors depend on shape, size distribution and dielectric medium surrounding

the particle.
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In the following sections, the optical responses of the spherical particles are evaluated with
two basic theories, which are electrostatic and Mie theory according to size of the spherical
metal particles.

2.3. Theories of optical response of MNPs

First of all we give a brief introduction about the MNP when encounter with incident light.
Afterward we investigate the quasistatic approximation for the optical response of MNP
which dimensions are much smaller than the electromagnetic wave. With this theory we can
determine the condition to get LSP. Then we investigate Mie theory that can be used for
spherical NPs that can have dimension in any size. In the last section we define the dielectric
function of MNPs.

The optimum quantities of scattering theory for MNPs are possible for restricted scales and
light which is confined in spherical shapes. As we discussed already, there are two important
theories in electromagnetism related to scattering of MNP for restricted scales and light
confined in spherical shapes when interact with incident light, respectively electrostatic
theory and Mie theory. The theories and approximation are investigated in the following
section. The figure below demonstrates when the electromagnetic field encounters with
spherical metal interaction of free conduction electron with the incident light induces
oscillation at the particular frequency with respect to the positive ions in the lattice creating
an oscillating charge at the surface of particle. If the frequency of collective oscillation is in
resonance with the frequency of the electromagnetic wave, due to the exciting field create
strong oscillation. When the dimension of NPs is much smaller than the excitation
wavelength, surface charges carriers because of interaction with incident wavelength behave
as dipole and leads to oscillating due to the strong electric field in the close vicinity and
inside of the particle.

ncoming h.]m/

Figure 2.5 Interaction of incoming light with spherical MNP
2.4. Electrostatic theory:

The optical response of MNPs in which the radius of the sphere is much smaller than the
incident wavelength ( R << A) can be calculated by electrostatic approximation. In this
approach, the electric field of incoming light is considered as constant; therefore, the electric
field of incident light as given in 2.6 is represented as E|, in the z-direction.
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Figure 2.6 Sphere particle in uniform electric field

As we discussed, this approximation occurs when the structures of NPs have spatial
dimensions much smaller than wavelength. It implies that electromagnetic field is static, has
no retardation effects. For calculation of electromagnetic field outside and inside of particle,
the Laplace’s equation, which is the fundamental equation in electrostatics, should be solved
in spherical system [34]:

10,04 1 9/ 04 1 0% 24.1
1222, L0 (), L _,
r2or\' or/ r%sinfag 00)  1r2sin?0 dp?

In this approximation, the potential ¢ in the surrounding of environment is the sum of the
potential related to electric field by E = —V¢ that should satisfies Laplace’s equation

|72¢ =0 242

The general solution for electrical potential is written by following equation:

[oe]

o(r,0) = Z[Alrl + Blr_(l“)]Pl (cos 8) 243

=0
Where P (cos 0) is associated with the L" order Legendre polynomial, and 6 is the angle

between the z-axis and position vector r at point P with respect to the figure 2.4.1. The
boundary condition implies a finite potential energy value at the origin. By taking the
potential @;,, inside and ®,,; outside of the sphere, equation can be written as:

® 244
b, (r,0) = Z A;r'P(cos )
1=0
boue (r,0) = ZEX’:O[Blrl + C,r_(”l)]Pl (cos 6) 245

The potential outside of the sphere is &, = Ps + g in which g is the scattering
potential, oy = —Eyz = —E,r cos Ois the external potential and the potential inside the
sphere is ¢, must satisfy boundary condition at the surface of the sphere.
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Two boundary conditions for the inside and outside of the sphere are essential for the exact
solution. Hence, both of conditions should be applied at both regions with respect to the
potential constraints.

[6c1>in] _ [acbout] 2.4.6
a6 R=r B a6 R=r

acpm] B [acl)out] 2.4.7
€in or Rer — Cout or Rer

Where r is the sphere radius, ¢, and €,,, are the dielectric constants of the spherical
particles and the environment, respectively.

By utilizing these equations and orthogonality of the associated Legendre polynomials, the
potential inside and outside of the sphere are evaluated as [35]:

3&out 2.4.8
¢, = ———Eyrcos 6
Ein + 2‘(:out
Ein —E cos 0
= —E,r cos 6 + -~ F p3 2.4.9
(I)out 0 + i +2€0ut 0 r2

The electric field distribution E = —V& can be found by derivation of potential is given by:

_ 3€out A ad ) 3eout o
E;, = Ey 2 (cos 07 —sin6 0o ) =E, T X 2.4.10
~ o 3 ~
E i = Eo(cos 67 —sind 9) + Ma—s,Eo(Zcos 01 +sind 0) 2.4.11

Eint2&out T

d,ue €xplain the superposition of the applied electric field in the first term and that of a
dipole placed at the center of the particle. So ¢,,; can be formed as [35]:

. ] p.7 2.4.12
= —Ekgrcos 0 + —
Pou 0 ATTE) €y T3
E; — & -
5 = amege, . Sn ot sp 2.4.13
Ein + 2‘c—‘out

Where p defined as dipole moment. According to equation above, the relation between the
electric field and dipole moment is defined as p = ¢€,,,; @(w)Ej, so the polarizability of the
sphere represent as a, that can be written as:

3 Ein(W) — &yt 2.4.14
€in ((1)) + 2gout

The polarizability is the most important parameter and plays a significant role in resonance

condition. To obtain a maximum polarizability under specific condition, the denominator of

polarizability must be tend to zero. According to above equation, resonance condition

directly depends on dielectric constant of both particle itself and surrounding medium.

a(w) = 4ngya
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In the quasistatic approach as we discussed, where the MNPs are much smaller than the
wavelength of incoming light and electric field on the particle is constant. Independently of
the particle size, both of the cross sections which are absorption €, and scattering C,., are
important and strongly affect at the surface plasmon resonance. The scattering and
absorption cross sections are given by:

k4
— 2
C“at—-6n&ﬂ|a(w)| 2.4.15

k
Cops = g Im [a(w)] 2.4.16

For solar cell application, the important parameter for improvement of cell efficiency is that
scattering from MNP is much more than absorption of light by particle Cs.n > Cups -
Hence, in this case due to the particles are much smaller than the incoming wavelength
(R « 1), the absorption and the scattering cross sections are (R3) and (R®) parameter
dependent. Therefore, for R <« A absorption cross section is higher than that of scattering
Cross section.

In the following section, this size particle limitation is ignored. We investigate the Mie
theory which is more useful for any size of the particles.

2.5. Mie theory

The limitation of the electrostatic theory is that it can be used for small particles. When the
particle size becomes large relative to wavelength of incoming light, the retardation effect
cannot be ignored. This problem is solved by Mie theory. In Mie scattering theory, we don’t
have any size limitation. The scattering light of an arbitrary material’s problem has been
solved by Gustav Mie theory. It contains particles that can be much larger than wave length
of incident light. The reason why Mie theory leads to remain important today is that it gives
the solution of Maxwell equation for spherical coordinate of particles. It also defines the
spherical particles which their sizes are unlimited [35].

Mie Theory can be explained by solving Maxwell’s Equations for electromagnetic wave
concept of light demonstrated as a plane wave scattered from a spherical particle.

As a result, the electromagnetic field should satisfy the wave equation in a linear, isotropic
or homogenous medium with zero divergence [33]:

VZE+Kk*E=0 2.5.1
VZH+k*H =0 2.5.2

We construct divergence free vector function M as a result of the electromagnetic field
demonstrated above, is generated by

M =V X (cy) 253
Where, y and c represent scalar function and an arbitrary constant vector or pilot vector
respectively.

With the help of vector identities V x (A x B) and V(A.B), the vector function M is
obtained as:
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V2M + k*M =V x [c(V2Y + k?P)] 2.5.4
If v is expressed as scalar wave function solution, M must satisfy the vector wave equation

V2 +k?Pp=0 255
Let us define another vector wave function N from construction of M:
_ VXM 2.5.6
Tk

Therefore, N also satisfies the vector wave equation and it has the required properties of an
electromagnetic field too. So, the problem reduces partly to solve the scalar wave equation.

From a consideration of the boundary conditions, we have to construct ¥,,,, and ¥,
functions that fulfill the scalar wave equation in spherical coordinates. The solutions are
given below:

Yemn = cosm® P (cos 0)z, (kr) 25.7
Yomn = sinm@ B (cos )z, (kr) 2.5.8
Where, z,, defines a spherical Bessel function, m = +1,+2,+3,...,£nand n=0, 1, 2, ...

By using such relations, M,,,, =V X 1), and Ny, = k~HV X M,,,, }. It is possible to
define incident electric and magnetic fields as:

© om41 259
_ : (€Y) A (1)
E;, =E, Z " m(Moln —iNgqy)
n=1
Hi = wp ° z i nn+1) (Mein = iNo1n)

n=1
The boundary conditions at the surface of the sphere should match the expansion of the

electric field inside the sphere:

o "Eg(2n+1 1 . 1
B =Yna niflfl) )(CnMLgl)n - lane(li) 25.11
—k o "Eg(2n+1) 1 i 1

Again the boundary conditions, the scattered field given by equation 2.5.13 and 2.5.14:

O itEy2n+1) - 2513
Eo=) oy NG~ b M)
kO i"E2n+1) o ; 2.5.14
H, = T (i, NS + agMS))

a Mﬂﬂ nn+1)
At this point, it should be considered that the included spherical Bessel functions are recited
through the superscripts (1) and (2) which are assigned to the vector spherical harmonics.
According to linear equation, the coefficients of the field inside the particle and the scattered
coefficient, derived from boundary conditions, are:
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The size parameter x and the relative refractive index of sphere m are defined as:
2nna 2.5.19
x=ka=
A
Y 2.5.20
n

Where a, is the radius of the sphere. n and n; represent refractive index of the surrounding
medium and particle respectively.

Considering the determination of cross section, there are three parameters of it such as
scattering, absorption and extinction. These parameters are so important for expressing the
optical behavior of the spherical particle and they can be expressed as [33, 35]:

2T O 2.5.20
Caa =37, _ @t Dl + 1,
n=

2T O
Core = ﬁznﬂ(m + DRe{a, + by} 25.21

The absorption cross section is also calculated by means of the relation with the other cross
sections

Cabs = Cext = Cseq
2.6. The Dielectric Function &(w)

As mentioned in previous sections, the dielectric function £(w) plays an essential role for

definitions of electromagnetic waves. Optical response of the MNPs is determined by

resonance condition that arises from collective motion and oscillation of free conduction

electron of MNPs. This condition is noted as localized surface plasmons. As known,
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dielectric constant of the MNPs and surrounding medium plays an important role in
resonance condition. In detail, it depends on dielectric function of material, size, shape and
surrounding medium of the NPs. Dielectric function of MNPs is related to sum of the two
contributions. First contribution includes free electrons of the metal particles can be defined
by Drude Model. The second contribution arises from interband transitions includes metal’s
core electron depends on the excitation of free electron between two different electronic
band [35]

In the following section two models to explain the optical properties base on classical theory
to obtain the dielectric constant of MNPs.

2.7. Drude Model

Optical properties of the material directly depend on the band structure of materials.
Especially, metals are known as free conduction electron. According to the band structure of
metal conductor, there is smaller energy needs to transition electron to upper level by
exciting photon due to the filled valence band overlap empty conduction band. Unlike in the
non-conductor material the band structure due to forbidden energy gap, the electrons need
energy larger than band gap for an interband transition. That’s a response of why metals
relative to the non-conducting material are highly absorbing and reflecting the incoming
light than the transparent and weakly reflecting materials. In the figure 2.7 the excitation of
the electron when is subjected under illumination by very small energy, is represented.

Figure 2.7 Illustration of the free electron motion under an external electric field in a Drude
model

Drude model is similar to Lorentz model except that the spring constant is zero. The
equation of motion for the free electron when subjected to an external electric field is
represented by following equation [35]:

9°%x dx ot
mew+me1“§= eEye 271
Where, m, the effective mass of the free electron and e is the charge of the electron. The

definition of external electric field is given by this equationE = Eye ™™t . T is damping
constant because of the motion of electrons collisions with immobile positive ions can be

defined asT = % = va Damping constant is proportional inversely relative to average time
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between collisions t. It is also directly proportional to Fermi velocity divided by the mean
free path for free electron in the metal.

We can consider time harmonic solution for the displacement of electrons according to the
time harmonic field applied to the material as:

x(t) = xge'®t 2.7.2

From equation 2.7.1 the amplitude of the oscillation, x,, can be found easily. This equation
is given as;

_—e 1 E 2.7.3
T myw?+ilw °

It is possible to define the polarization(P = Np = Nex)based on displacement given in
equation 2.7.3:

Xo

p wﬁ E 2.7.4
) _ T W+ il 050 _
Where, w, is defined as volume plasma frequency of the metal. It can be written as:

2 275
Wy = JNe /meo

According to the well known definition for polarization is found as;

P =¢gyx.E 2.7.6
The dielectric function as a collection of free electron for metal can be expressed by the
Drude model. These electrons under external electromagnetic field of angular
frequency (w)from equation 2.7.4 as;
wﬁ 2.7.7

Eprude (W) =1 — D+ ile

We can separate dielectric function to real and imaginary part; these two parts are important
effect on the optical behavior of metal particles. Derivation from Drude Model we can get
real and imaginary part of the dielectric function is then,

, wg 2.7.8
g =1-—F
w?+T?

. Iw? 2.7.9
~ w(w? +T?)

Under this condition we can convert Lorentz model into Drude mode [35].
2.8. Lorentz Model

In the preceding section, optical behavior in the Drude model at the high frequency fails
because of the interband transition is not account in the calculation. Under this condition the
Lorentz Model based on bound electrons can solve the deviation problem. It can be calculate
at high frequency dielectric constant. In the Lorentz model the electrons are bound to the
atomic nuclei by quasi-elastic forces when they interact with electromagnetic field oscillate
and the movement of the bound electron is described by:
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mw+mya+ kx = eEye

There is the same motion of free electron equation like In Drude model by addition spring
constant k into the equation, the Lorentz equation is obtained. Where m is effective mass of
bound electron, y is the damping constant defines the losses leads to the collisions between
the atoms. k is the spring constant and kx introduce restoring forces due to electrostatic
attraction and keeping electron bounded. The dielectric function of the bounded electron in
Lorentz model is defined as;

wg 2.8.2
—w?—iyw

We can separate the real and imaginary part each other, which are shown as:

fw)=1+—
1)

w%(w% — wz) 2.8.3

(wf — H)? +y2w?

£ =1+

" wy Y 2.8.4
(wf — w?)? +yie?

&

Where wg = \/% is defined as the frequency of electron oscillation.

Damping constant in both equations of dielectric constant for free electron and bounded
electron contain the mean free path of electron through the material. As known for the
metals the mean free path is in the order of tens of nanometers. As a result, for NP there is a
limitation related to motion of electron when the size of the NPs is comparable with the
mean free path. Therefore damping constant is converted to:
(g

Ymodified = Ybulk + Tf 285
Where, v bulk is the damping constant v is the Fermi velocity and [ is the effective mean
free path because of the particle boundaries.

2.9. Lorentz-Drude Model

Because of the high frequency regime, Drude model fails to describe the optical behavior
under this condition. The photons with higher energy acts to promote bound electrons, so
they create an impact on the optical behaviors on the other side, only bound electrons are
considered in the Lorentz Model. Nevertheless, in the real metal, they are not possible to
describe the optical properties exactly by considering separately. Therefore, contribution
from both theories includes free electron and bounded electron as expected [36].

By adding dielectric constant belonging both Drude and Lorentz model give accurate result.
Thus the dielectric constant can be written as:

g(w) = & (w) + &y (w) 2.9.1
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&f is defined as free electron from Drude model and&j, represent bound electron from
Lorentz Model contributions.

2.9.2

2 2
_ Wpe Wpj
w*+ 1y, w - Wi — W —1Y;w
Where, e is for free electron.

Up to now, we investigated resonance condition for the particle by Mie and electrostatic
approach. For determining the resonance condition one of the important parameter is
dielectric function that describe by Lorentz and Drude model. If we select the true model to
solve the particle dielectric function, this way leads to the interaction of the light and
particles give a result with high accuracy.

2.10. Solar Irradiation

The surface temperature of the sun is determined about 6000K and can be approximated as
blackbody which has surface temperature of this amount. Therefore, the spectrum of the
radiation from the sun is similar to blackbody. Solar irradiation when reaching earth’s
atmosphere is about 1350 W/m? However, the solar energy is attenuated due to the
absorption and scattering by molecules and dust particles in the atmosphere in specific
spectral region. Some part of incident energy is removed by ozone and oxygen where the
wavelength is less than 300 nm. Therefore absorption in the ultraviolet solar irradiance
spectrum is affected by ozone and oxygen. In the infrared range absorption is caused by
carbon dioxide and water at the wavelength above 1000 nm.
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Figure 2.8 The spectral of power density of sunlight at AM1.5 & AMO [37]

Distance of the sunlight traveling through the earth’s atmosphere is important parameter to
determine solar irradiance. The shortest distance occurs when sun is directly overhead. In
other words, sun is at the zenith. The terms AMO, AM1 and AML.5 is defined as Air Mass
for particular radiation condition. The relation between lengths of the path from sun to the
shortest length is expressed as optical Air Mass. Air Mass zero is defined as sun radiation
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outside of the atmosphere. Air Mass one radiation is determined when the suns is at the
zenith and refer to the sun at the vertical direction. The Air Mass is calculated as follows:

M = 2.10.1

cos 6

Where 6 is represented the angle of incident between the sun with the vertical. This angle
for AM1.5 is 48.

For terrestrial PV standard according to comparison between different position, the
performance of solar cell is referred AM1.5. The power generated under this standard
AM1.5 (1000 W/m?) radiation is considered as PV peak power. The irradiance at this value
is the maximum value that is received on earth’s surface.

2.11. Single crystal silicon solar cell structure

Crystal silicon is semiconductor material from group IV element that enables to changing
the transport of electrical properties by adding impurity. The production of the solar cell is
based on doping. In the crystal structure of silicon, each silicon atom shares four electrons in
the valance band by covalent bonding to other neighboring silicon atoms. In the silicon
crystal lattice, because of an equal number of positive and negative charges, the silicon atom
has no net electric charge. Therefore by adding impurity to the intrinsic silicon the electrical
property changes in the semiconductor silicon. In the doping process, the n-type materials
are formed by the impurity atoms which have five electrons in the valence band. When these
atoms are subjected with silicon atoms, the four electrons will be shared with the neighbor’s
atom. The exceed electrons are free carriers and can move freely in the lattice. Therefore,
concentrations of electrons are formed as a majority charges. In the p-type materials similar
arguments holds true. The impurity atoms which have three electrons in the valence band,
when are subjected with silicon atoms, the three electrons will be shared with the neighbors
atom with one electron missing in the covalent bond of the silicon atoms. The exceed holes
can be treated as free carriers. Therefore, concentrations of holes are formed as a majority
charges.

p-n junction is created by diffusion of phosphorous into the p-type silicon which is
demonstrated in figure 2.9. In practice, the front contacts consist of a silver grid; it makes
absorption of light in the p-n junction. The back contact which consists of aluminum thin
layer can better collect the separated charge. At the front side of the silicon substrate, anti
reflection coating (ARC) is used to decrease the reflection of incident light result in increase
of the absorption of light into the cell. The figure 2.9 is illustrated the four basic level of
single crystalline solar cells production.
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Front Contacts

Figure 2.9 Basic schematic of a single crystalline solar cell fabricated
2.12. Single crystal solar cell operation

Direct conversion of incident sunlight into electricity is performed in PV devices for
generating power. Important parameters in working principle of solar cell include:
generation of electron-hole pairs, separation of photo-generated electron-hole pairs and
collection of the photo-generated charge carriers at the terminals of the junction.

When the energy of incident photon is greater than band gap of the semiconductor (h9 >
Eg), due to the absorption of incident photon, the electron is excited from valence band to
the conduction band. This transition of electron creates a hole in valence band. Both the
creation of electron and holes pairs move through the crystal silicon. This movement
generates photocurrent which results from incident light absorption. Creation of more
electron-hole pair leads to the higher number of incident photon that absorbed by electrons.
This absorption of incident photon will increase the current output of the solar cell. Hence,
leads to increase the cell efficiency of solar cell.
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Figure 2.10 (a) Absorption of incident photon by electron with h9 > Eg (b) Generation of
electron-hole pair

After an electron-hole pair is generated, the electron and hole should be separated. Because
of relatively short time, the charge carriers tend to recombine and return to their original
position. This process called as recombination. The formation of p-n junction enables charge
carriers separated from each other to prevent this recombination process. Electron must be
sent to one side and the holes to the other side of solar cell. The generated charge carriers at
the junction due to the presence of the internal electric field are separated from each other.
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Existence of the electric field, result in the electron and hole which are separated, move in
opposite direction.
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Figure 2.11 The generated charge carriers (a) Before separation (b) After separation

After the separation, the electrons by the contacts from n side and the holes by the contacts
from p side are collected to produce the PV power generation.

2.13. Basic Photovoltaic cell parameters

P-N junction of solar cell basically behaves as a diode. In the dark condition when no light is
applied, the relation between the current density (1) and voltage (V) is written by following
equation:

v
(=1, [exp (Z_T) ~ 1] 2.13.1

Where, 1 is represented as current that flow inside the cell, 1, is the dark saturation current
density of the cell, V is voltage between two doped p and n types regions, q is the charge of
electron, k is the Boltzmann constant and T is the absolute temperature. The current-voltage
characteristics of the solar cells are done in the dark and under illumination. When the cell is
illuminated by incident photon, it leads to generate power. Under this condition the I-V
curve shifts in the vertical direction. Therefore the equation 2.13.1 changes by addition the
current that is generated from light which is calculated as follows:

14
=1, (eZ—T . ) Y 2.13.2

Where, I, represent current generated by incident light. The current-voltage (I-V)
characteristics of p-n junction under dark and illumination conditions are illustrated in figure
2.12. Different parameters can be extracted from (I-V) curve. As we can see, under
illumination condition the curve is shifted toward negative direction of current axis.
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Figure 2.12 |-V characteristics of solar cell in the dark and under illumination

Generally, in the 1-V characteristic of solar cell fourth quadrant of illuminated device is
used. Therefore, the I-V characteristic curve of the solar cell device is represented as
mirrored version which is shown in figure 2.13.
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Figure 2.13 Current versus voltage curve under illuminated condition

In the following section, the main parameters from the I-V current under illumination are
commonly utilized in the determination of cell efficiency. These parameters include: the
short-circuit current density (Isc), the open-circuit voltage (Voc), fill factor (FF) and energy
conversion efficiency (7). According to these parameters we can characterize the
performance of the solar cell device.
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Figure 2.14 An example of I-V characteristics of photovoltaic cell [38]
Short circuit current:

Short circuit current occurs when the current is passing through the cell and there is no
voltage difference between terminals of solar cell. The voltage is (V=0).

Short circuit current is important parameter of solar cell. It depends on the number of charge
carrier generation and collection across the PV performance. Short circuit current is affected
by some parameters. These parameters include reflectance and transmittance amount, cell
area and intensity of the light.

Open circuit voltage:

Open circuit voltage is the voltage in which flowing current through the external circuit is
zero (1=0). It occurs when there is voltage difference between terminals of the solar cell. The
open-circuit voltage depends on the photo-generated current density. It can be calculated by
following equation:

nKT |

v, = ( )ln <ﬁ+ 1) 2.13.3
q I,

Fill factor:

Inax 1S maximum current and V,,,, iS maximum voltage in ideal solar cell. Multiplications
of them determine the maximum power of solar cell which can be written as:

Pmax = Vmax X Imax
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Figure 2.15 The real and ideal current versus voltage curves

Fill factor is defined as the ratio of the maximum power to the product of short circuit
current (I,.) and the open circuit voltage (V,.). It can be represented by following equation:

FF =Ymax XImax 2.13.4

VOC ><ISC

Where, V... is defined as output power at the maximum voltage, I,,,,, iS output power at
the maximum current, V,. and I, is represented open-circuit voltage and short-circuit
current respectively. The amount of the series and shunt resistance at cell’s performance is
directly depends on the fill factor. Minimizing series resistance (R,) and maximizing shunt
resistance (Ryy,) in the cell leads to the higher fill factor.

Fill factor is a calculation of the difference between the |-V characteristic of real PV cell
from an ideal cell. Thereby is always less than one. The fill factor of ideal solar cell is one
but effect of losses from series and shunt resistance leads to minimizing cell efficiency.

Cell Efficiency:

Cell efficiency determines the ratio of the generated maximum power to the incident power
from sunlight. It is represented as following equation:

_ Prax 2135

Cell efficiency is the most important parameter for calculating the performance of the solar
cell. Measurement of voltage and current depends on illumination condition which affects
the value of cell efficiency. Therefore it must be standardized. The convention for utilizing
cell efficiency consists of AM 1.5 solar spectrum and about 1 kW.m =2 light intensity.
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Figure 2.16 Current versus voltage (I-V) and power curve of PV
Series resistance:

R, is series resistance which arises from ohmic resistance of metallic contact and
semiconductor material. It also contains the contact resistance between the metal contact and
the semiconductor. Consideration the lower value of series resistance is desirable. Existence
of series resistance reduces the fill factor and directly affects the conversion efficiency of
solar cells.

Series resistance under illumination condition is defined as the inverse slope of 1-V curve
around open circuit voltage.

1 2.13.6

T
av V=Voc

R, =

Shunt resistance:

R, is shunt resistance which arises from the leaking current across the junctions near the
edge of the cell. That is usually happen because of the manufacturing defects that can affect
the interruption of p-n junction. A low shunt resistance leads to increase the leak current and
also decrease the fill factor. It affects the lower conversion efficiency. As a result we need to
high shunt series for better cell performance [39]. The shunt resistance under illumination
condition is represented the inverse slope of 1-V curve near short circuit current:

1 2.13.7

=
dVly=o

Rsh

As a result, series resistance and shunt resistance are the parasitic resistances. For the better
operation of the cell performance, these parameters should be determined as correct ratio.
Thereby, series resistance should be determined as low as possible while shunt resistance
should be as high as possible which result in increase of the fill factor. Therefore, better
performance of cell efficiency of solar cells occurs.
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Figure 2.17 I-V characteristics of a solar cell. A drop in the series resistance
and an excess in shunt resistance give rise to an increase in the total output of the cell [40].

Quantum Efficiency:

External Quantum Efficiency (EQE) is the measure of the number of electrons the device
generates per number of photons incident on the device surface, for each wavelength on the
solar cell device. If the energy of incident photon is much larger than the band gap of
semiconductor, the photons are absorbed and generate electron-hole pairs and resulting
carriers are collected. Thereby the Quantum Efficiency (QE) can be measured. However
when the energy of incident photon is lower than the band gap, QE is zero.

Recombination effect causes reduction of QE of solar cell, when electron goes to conduction
band because of losing energy it comes back to valence band, so the electron cannot move
through the external circuit. To get higher efficiency, more electrons should be collected by
external circuit; as a result it makes to generate more power.

QE can be measured as either EQE or internal quantum efficiency (IQE). They are different
from each other. EQE arises from optical losses which include the transmission and
reflection of incident light. That affects on the QE of the solar cell. IQE include electrons
which are absorbed by incident light and these electrons can be collected without optical
losses, which result in no transmission and no reflection out of the cell.

Reflection and transmission parameters measurements help to get internal quantum
efficiency curve by means of the correction of external quantum efficiency.
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Figure 2.18 The external and internal quantum efficiencies as a function of wavelength
measuring at GUNAM center for this study.

Total QE can be written as following equation:

OF = 100% * h * ¢ * I (1) 2.13.8
exAxlr*xR(A)
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CHAPTER 3

EXPRIMENTAL METHODS

3.1. Fabrication Methods

Throughout this thesis study, the effect of plasmonic NPs on the solar cell device
performance is investigated. Step-by-step description of solar cell device fabrication and
MNP formation is imperative. In this chapter, | summarize the solar cell fabrication and
describe the production methods such as texturing, silicon nitride deposition, metallization,
and edge isolation. The self-organized fabrication method of plasmonic NP decoration,
named surface dewetting, will also be described in this chapter. First, the details of each step
of mono crystalline solar cell production are provided in the following sections.

3.1. 1. Fabrication of Mono Crystalline Silicon Solar Cell

The process steps of mono crystalline silicon solar cell production are summarized in figure

ety i / - \
“ / p junction

-
Ag-paste (front contact)
n
- —_— P,

Silicon Water Saw Damaged
Laser Edge kolation Silicon Nitide Coating Metallization
(Antireflection Coating)

Surface Texturing

Al-paste (Back contact)

Figure 3.1 The production steps of a mono crystalline solar cell

The process starts with saw damage removal of a p-type raw Si wafer. Depending on the
desired surface profile, the production continues with an etching step that results in either
flat or textured Si wafer surface. After the desired surface structure is achieved, the process
continues with n-type diffusion doping for achieving a p-n junction close to the surface.
Since the doping takes place all over the surface including the sides and the back of the

35



wafer, there is a need for edge isolation in order to prevent short circuit of the back and front
sides of the solar cell. Next, the front surface of the cell is coated with an anti-reflection
coating (ARC) such as thin film SisN4. Finally the front electrodes and bus lines together
with the back contact electrode is screen printed and co-fired which establishes a p* type of
region next to the back contact. The final structure yields a p*-p-n type of semiconductor
junction which is in ohmic contact with the front and back electrodes and therefore
possesses a diode structure.

In this work surface texturing step was not applied for all samples. The samples
characterizations and performances are investigated for both of flat and textured silicon solar
cells. Description of each steps are discussed in this section.

3.1.2. Saw Damage Etching (Removal)

The saw damage etching is the first step which is performed before production of the mono
crystalline silicon solar cells. The crystalline silicon is grown as ingots commonly produce
by Czochralski technique. After the growth of these ingots, they are cut into thin wafers.
During the cutting process, the surface of the silicon ingot is damaged from the sawing of
wafers. Different chemical etchant solutions such as NaOH or KOH are used to remove
shallow cracks and surface defects cutting into the surface of the thin Si wafers. In this
thesis, a concentration of 20% KOH at 80 °C is used.

3.1.3. Surface Texturing

In solar cell technology good light trapping and light management are important to achieve
high efficiency. The silicon substrate surface structure has to be professionally textured to be
less reflective which is important for increasing the portion of absorbed light. The
enhancement of absorption is mainly due to secondary and tertiary incidences of the initially
reflected photons. Multiple incidences are responsible for an induced light trapping effect as
illustrated in figure 3.2:

b)

a)

~
>

Figure 3.2 Reflection of incident light: (a) Flat silicon and (b) Textured silicon

In Fig. 3.1.2, panel (a) shows that on a perfectly planar surface the incident photons make a
single specular reflection, whereas panel (b) shows that the incident photons, upon the first
specular reflection, are still directed into the Si material which gives rise to secondary,
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tertiary, etc. reflections. The result is almost nullification of the strong specular reflection
and development of a weak haze (diffuse reflection) instead.

In this study, light-absorption behavior of plasmonic mono crystalline silicon solar cells has
been extensively investigated on flat silicon substrates and to a limited extent on textured

ones as well. Surface texturing is used to reduce the reflection of light away from the
substrate and to improve the light absorption which leads to enhance the amount of light
converted into photocurrent in silicon solar cells. N-type mono crystalline silicon surfaces
were textured by wet anisotropic KOH chemical etching technique. The pyramid structures
and surface roughened create on the surface of the solar cells leads to multi reflection of
incident light from the surface. Density of these pyramids is optimized with KOH
concentration, etching temperature and etching time. In this work, a concentration of 3%
KOH, 10% ISO at 75 °C for 50 minute is used. This recipe is optimized in previous studies
at GUNAM labs.

The obtained random pyramid scatters the light into the substrate leading to a dramatic
increase in the efficiency of solar cell as compared smooth silicon surface. Figure 3.3 shows
the structure of pyramid on the surface texturing.

Figure 3.3 Effect of KOH etching on the formation of pyramid structure
3.1.4. Pre Diffusion Cleaning

In this step, the silicon wafers should be passed through a cleaning procedure before doping
process is performed. Cleaning process is done not only to eliminate organic or inorganic
contaminations but also to remove the oxidation during the process. Then wafers dried in a
centrifugal drier at the end of the cleaning process.

3.1.5. P-N junction formation

For construction of solar cell, the p-n junction is formed inside the semiconductor materials.

Since production of the solar cell is based on doping in which by adding impurity to the
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intrinsic silicon, the electric properties of the semiconductor silicon is changed. In this work,
p-n junction created by diffusion of phosphorus from group V into the p-type silicon wafer
which is doped with Boron in group Ill. During the doping process, n-type silicon wafer is
subjected to the new dopant phosphorous atoms which are diffused into the material due to
concentration gradient. The process is performed by thermal physical vapor deposition
system at high temperature. By the formation of the p-n junction in silicon, the electric field
is created which leads to generation of the electron-hole pair under illumination. The
separation of charge carriers by electric field leads to produce current. Figure 3.4 illustrates
the schematic of the p-n junction solar cell.
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Figure 3.4 The schematic of p-n junction solar cells

In the solar cell industry, commonly the p-n junction is formed by diffusion of phosphorous
dopant atom into the p-type silicon. Liquid POCl; is transported to the silicon via N, carrier
gas to the furnace and 0, is used to help the creation of n-type silicon layer according to the
chemical equation;

P,0s + Si — Si0,(P) 3.15.2

Therefore, according to equation 3.1.5.1 and 3.1.5.2, the silicon surface phosphorous-silicate
glass is formed. Doping process is carried out at 850 °C for 200 sccm POCl5 flow. After the
doping process is finished, it etched from the surface of silicon.

3.1.6. Silicon nitride coating

The cell performance of solar cell decreases by reflection of incident light from the silicon
surface which reflects more than 30% for bare silicon due to its high refractive index.
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Therefore by applying ARC, the absorption of incident photon increases and leads to reduce
the reflection of incident light. The reflected intensity at some specific wavelength is
decreased to around the zero which is enhanced the current output and cell efficiency of
solar cell. Hence, the reflection of light from the surface is reduced. In theory when the
incident wave is reflected from the second layer, it has half phase difference further than the
reflected light from top surface. These out-of-phase reflections lead to destructive
interference from surface to become zero.

Destructive Interference

ny

n,

Alllight transmitted into
semiconductor

Figure 3.5 Use of ARC leads to be destructive interference with no reflected light

The formula below is used for calculating the reflectance from a medium that has the
refractive index n, to another with index of n,.

R = (Tlo — nz)z 3.1.6.1
N ny + n,

When the substrate is coated with dielectric thin films, the reflection spectrum will be
calculated as follow:

2 2
non 2mnqtcos 6
(Tlo — n2)2 + (M — nl) (tanl—)

R — nq A 3162
2 2
2 nony 2nnqtcos 6
(ng +ny)=+ (—n1 + nl) (tom—/1 )

In this formula, refractive index of the medium from that light is incident, is shown by ny ,
The refractive index of the film is shown by n,, substrate refractive index is n, .

The wavelength at which reflectance is evaluated is A and 8 is the angle of incidence. When
6 = 0, which means the normal incidence, the minimum of reflectance will be as follow:

2o 3.1.6.3

ny =\/ngny = d1 = an;
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Where, d; is the thickness of antireflection coating and A, is the wavelength at which
reflectance is calculated. ARC as a dielectric material should be chosen with appropriate
thickness to get the much lower reflection from the surface. To get the optimal ARC
thickness, wavelength in the dielectric layer should be one quarter the wavelength of the
incident light.

So, the optimum anti-reflective coating refractive index can be calculated as follow by
considering the silicon with refractive index of n, = 3.5 with light incident from air with
ng = 1.

ng = \/nonz = \/1 X 3_5 =1.87 3164

In order to find the thickness of the film with index of 1.87, the wavelength of 600 nm is
chosen due to the fact that solar spectrum maximum value at this wavelength. The thickness
then will be calculated:

600 3.1.6.5
dy = 4x187 80.2

In this work, silicon nitride (SizN,) at different thicknesses was deposited by Plasma
Enhanced Chemical Vapor Deposition system (PECVD) at GUNAM center. In this system,
formation of silicon nitride is performed by decomposition of both SiH, and NH; inlet
gasses at low temperature around 380 °C. The plasma is obtained by radio frequency signal
with 50 KHZ frequency. The figure 3.1.6 illustrates the schematic of the PECVD:

SiWafer

Figure 3.6 The schematic representation of silicon nitride deposition by PECVD system
The chemical process during the deposition of silicon nitride is given by following equation:

40



The reflection properties of silicon nitride at the different thicknesses are represented in the
next chapter.

3.1.7. Metallization

In this process, the metal contacts are created in front and back side of the solar cell to
transport the charge carrier’s separation to an external load. There are different
metallization methods which are used for the construction of the crystalline silicon solar
cells. However in the solar cell industry the most commonly method is used by screen-
printing which is deposited the Ag/Al paste.

In this work, silver paste was used for front grid metallization contact and aluminum paste is
coated fully at the back metallization contact. The pastes are deposited by screen-printing on
the device. After deposition of Ag/Al pastes as metal contact, all devices should be passed
by firing step under high temperature due to induce the metal diffusion into the device. The
high temperature in this process can also result in getting rid of solvent inside the paste,
solidification and organic components from the device. The facility for this process is
illustrated in figure 3.7.

Figure 3.7 The image of metallization device at GUNAM

3.1.8. Laser Edge isolation:

In the solar cell operation, the separated electron and hole across the junction is important
for generating current which produces electrical power. During the doping process n-type
layer is deposited on the p-type silicon wafer, the deposited n-layer covers all of the
substrate which includes both of the edges, and back side of the wafer. There is aluminum
contact at the rear side of the wafer which prevents it to be deposited by n-layer completely.
The front and back contacts that are connected by deposition of n-layer around the edge,
lead to create shunt current and recombination of separated electron-hole which reduced
solar cell operation [41]. Therefore at the end of the process for removing shunt current, the
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edges of the wafer are isolated by laser scribing. Figure 3.8 is represented the cell before and
after edge isolation:

Front Contact _Front Contact

Laser groved
edaes

nregion

Back Contact

Back Contact

a) b)

Figure 3.8 Schematic of the solar cell fabrication (a) before and (b) after edge isolation

This Table 1. proves that edge isolation is a crucial step in solar cell fabrication.

Table 1. Comparison of the Cell efficiency for flat silicon before and after edge isolation

Cell efficiency Before edge After edge isolation
[%6] isolation

Thickness [nm

10 nm Si3;N, 8.8 11
20nm Si;N, 9.2 123
75nm Si;N, 11.6 134
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3.1.9. Sputtering systems:

In this section, after last step of the fabrication steps, the thin film silver is deposited by
sputtering system on the silicon wafer. To reach binding energy levels of atoms, heating is a
very suitable way for liquids or solids. This creates a way that atoms can get enough energy
to break their atomic bonding. Therefore, each individual atom can easily acquire enough
energy to escape from the surface by impacts of thermal stimulation. The circumstance
which is ejection of the atoms from the surface is called evaporation. The basic working
principle of sputtering is based on this process. In this work, to cover the silicon wafer
surface with the silver, our main concern is sputtering because it is a convenient way for
covering large areas. During the process, 12 nm thin film silver are deposited on the flat and
textured silicon full scale devices with the six small samples for the reflection measurement
and the other six ones for the SEM images analysis silver are coated.

The first observation of sputtering is found by using the electrical conductivity of gases in
1952. In that year, W. R Grove found that energetic ions in the gas bombarded the cathode
surface of discharge tube. This causes sputtering at the surface. Then, he noticed that there
exist the cathode materials on the inner surface of the discharge tube.

In those years, sputtering cannot be considered as a suitable because it is not easy to take
bombarded atoms under control. Therefore, the cathode and grid of discharge gas tube are
get harmed. Nevertheless, in these days, it is convenient with the increasing improvements.
And it is widely used in such processes like surface cleaning, etching, surface deposition,
surface and surface ion analysis, and sputter ion resources [42].

In this research, the sputtering process is used for the surface silver deposition because it has
such advantages. The first one is better step coverage. The second one is that less radiation
damage occurs when comparing with E-beam evaporation. And finally, the deposition of
alloys, compounds and elements are done easily.

However, in our deposition process, we focused on bombarding the source with high speed
particles instead of ejecting material from the source by rising the temperature. In other
words, momentum transfer process takes place an important step for our concern. These
high speed particles are mostly be ions. The reason underlying using ions is that it is a great
opportunity to accelerate them by electric potential. If the kinetic energy of the ions that
contact with the surface is less than about 5 eV, they are reflected or absorbed the surface. In
other word, 5 eV can be defined as threshold.

Heat of vaporization 4M M,
Ethreshold = yd—7) where y = M, + M2

When the kinetic energy of the ions is more than the binding energy of the surface atoms,
they lead to damage on surface because ions have enough energy to pick source atoms from
the source. This energy values can be about 10 eV or 30 eV.

For the deposition process, the removable rate of the surface atoms by bombarding ions is
important for different process. This rate is called as the sputter yield, S. And it is defined as
the mean number of atoms removed from the surface of a solid per incident ion [43].
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Ejected atoms or molecules

incident ion

The figure 3.9 below illustrates the sputtering system:

e e I
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el 11 =

Figure 3.9 Schematic diagram of the sputtering system

As it is mentioned above, the sputtering occur when the incident particles interact with the
surface atoms. However, there are several factors that affect the sputtering yield parameters.
These factors can be listed as:

Energy of incident particle

Type of target materials

Incident angle of incident particles
Crystal structure of the target surface

HwnE

For our samples silver is sputtered at 200W power under 5 mTorr pressures, for 176 sccm
Ar flow at room temperature.

This figure 3.10 represents below 12 nm thin film silver is deposited by sputtering system on
the the full scale solar cell and smaller samples are deposited for the reflection
measurements and SEM image analysis.

44



Full scale
Samples for
solar cell
— =

reflection = : .
o« = ——— device
measurements =

J Samples

_ for SEM
analysis

Figure 3.10 The samples after silver deposition by sputtering
3.1.10. The Dewetting Technique

The strategy to choose self-organized NP fabrication is that in Top-Down approaches, such
as lithography, the particle size, shape and inter particle distance can be very well adjusted
but the capability of technique to very large areas surfaces is limited. Therefore we would
like to use of Bottom-Up approach we let particles to form by self-organization on surfaces.
The methods that we choose, is called surface dewetting.

Formation of MNPs by dewetting is a quite easy and low cost fabrication technique which
makes it a very suitable method of plasmonic interface integration to large area full scale
solar cell devices. Formation of the MNPs was performed by using silver metal film which
is deposited by sputtering is a process that ejected the silver atoms by means of ion
bombarded method at room temperature in a vacuum chamber. The thickness of the silver
metal film is considered 12 nm which is desire dimensions for produce the MNP. After the
samples were deposited with silver film, they were dewetted by hot plate which is isolated
by oven at GUNAM. Figure 3.11 is illustrated the schematic diagram of annealing chamber.
During the dewetting, the nitrogen gas is flowing through the oven to avoid the oxidation of
AgNPs from the samples. The temperature is set at 200 °C. During the measurement,
dewetting at the different time is used as mechanisms to control the shape and size
distribution of the NPs.
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Figure 3.11 Specially Design Annealing Chamber for Solar Cells devices

There are many experimental methods for fabrication of NPs such as e-beam lithography
(EBL) and dewetting. Although, with e-beam lithography, size, shape and inter particle
distance of MNPs can be well adjusted, this method is expensive and limited for large area
substrates [44]. The dewetting technique is quite easy and low cost fabrication.
Consequently, according to various techniques with different advantageous and
disadvantageous, about how the metallic NPs are formed on the substrate; thin film
dewetting techniques is most acceptable approach for this study since almost all the real
films have non-homogeneity and defects in the film thickness.

The approach of thin film dewetting based on the formation of capillary instability.
Capillary instability which is driven by surface energy minimization was first introduced by
Rayleigh [45], through usage of theoretical analysis to investigate stability of infinite
cylinders of liquids without viscosity. Rayleigh expressed that liquid cannot be stable with
small perturbations with wavelengths A that is greater than 2nR (A >2mR). Liquids
decompose into a set of liquid droplets [45].

The similar theoretical study was used by Nichols and Mullins for the analysis of the solid
cylinders without any contact with substrates; they got the same result as Rayleigh [46].

For a solid film without defect, the process starts at the edge of the film by a surface energy
gradient which is due to the edge agglomeration that is result of capillary instability. In
reality, since the films are not without defects and the film thickness contains some non-
homogeneity. The tendency of the minimization of interfacial energy with the contributions
of defects leads to formation of grooves in the film. These grooves can reach the substrate
and form stable voids. Consequently the film decomposes in to separate parts.

From another point of view, the formation of MNP can also be declared by the difference in
the thermal expansion coefficients which is between metals and the substrate. Stress gradient
is formed because of the distribution of the stress is hot homogeneous through the metal film
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and the substrate. Finally, the film moves from the stressed region to relaxed region as a
hillock. Holes are formed through this surface diffusion [47-49].

Si;N, (ARC)

Si wafer

Figure 3.12 Formation of liquid droplet NP into substrate according to Rayleigh capillary
instability

In this work, the plasmonic NPs formation by dewetting techniques during the different time
and various silicon nitride thicknesses, Scanning Electron Microscope (SEM) analysis,
statistics of the size distribution and shape of the particles will be discussed in next sections.

Properties of MNPs for light-trapping applications are highly efficient. When the MNPs are
embedded on the silicon substrate based on metallic material types, the scattering of incident
light into the substrate will be changed. In the plasmonic applications the scattering of
incoming light is much more important than the absorption of incoming light by particles.
Therefore, the material types with respect to the plasmonic behavior and optical properties
when interact with electromagnetic wave play an important role in performance of the solar
cells. With considering these properties, in this work, silver is chosen as metallic NPs due to
the lower absorption and higher free electron density in comparison with the other metals.
There are variety of metallic materials such as copper, aluminum and gold with different
optical properties. If we consider theory of the MNPs when interact with incident
electromagnetic field, the dielectric function of free electron as collective oscillation can be
describe by Drude model (see chapter 2) which is represented by following equation :

a)g 3.1.10.1

& w)=1———F7—
Drude( ) w2 ¥ iyw

Where w, is plasmon frequency of free electron. By inserting the dielectric function

equation into the polarizability of the particle, the polarizability will be:

3y wﬁ 3.1.10.2
*= wg — 3w —iyw

The surface plasmon resonance frequency depends on the density of free electrons into the
particle which is obtained by this formula: wy, = \/§wp .
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Therefore selection of the type of metal according to use the Drude model, during the
experiment is an easy work. Aluminum and silver in comparison with gold and copper have
higher density of free electron which is leaded the surface plasmon resonance of the silver
and aluminum take place at UV region and for gold and copper occurs in the visible region.
As we talked before, the resonance frequency of the particle depends on the shape, size and
the surrounding environment and they can be tuned by varying these parameters.

Silver and gold have superior optical properties with the same value of dielectric function
for the real part which defines scattering cross-section. However the imaginary part of the
dielectric function defines absorption of the particle are quite different. Due to the higher
absorption coefficient and higher cost of gold than the silver, in this work the silver was
preferred. As a result, choice of the metallic material is important role for both of the
plasmonic behavior and the medium environment.

3.1.11. Image Analysis

The MNPs formations on the substrate were imaged with QUANTA 400F by Scanning
Electron Microscope (SEM) at the Central Laboratory of METU. The images taken from
SEM are very important for the both of qualitative and quantitative analysis for each sample.
The quantitative analysis, represent the formation of the MNP on the substrate and give an
idea about the shape of the particles. For the qualitative part, the images were analyzed by
image analysis software program called Gwyddion. The figure 3.13 is illustrated the steps of
image analysis.

a)

Sem image / Map
B g
8 —> 3
Req [nm] Req [nm]
Statistic on grains radius Gassing fit

Figure 3.13 Analysis steps for SEM images: (a) In the SEM image, first grains marking by
threshold and reject grains with size less than 10 px? and the grains at edge are removed
from the mask (b) The surface coverage of NPs directly are derived from the statistics on
grain radius (c) Gaussian fit are applied on statistics.
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The figure 3.13 represents the creation of the mask by marking of the particles. The mask is
created by the program which includes the integration of the particles with green colors. The
image analysis is considered only the region under the mask. For reducing the errors in the
images analysis, all of the samples should be considered in the same magnification.

If the image has noise, it can be removed by filtering (denoise) at first. For the separation of
the NPs from the underlying substrate, the primary aim is to create the mask by threshold
which are marked only the grains. Then the grains by threshold with size less than 10 px?
are removed; second, the grains which are uncompleted at the edge of the images reject from
the mask. Particles based on the need during the analysis can be excluded.

During the image analysis by the program, some important parameters extract from NPs
analysis. The statistics of the distribution of various grains (NPs) characteristic give the
information about number of the grains (particles), mean particle size and area, their
projected area both in absolute values and relative values. The statistics of the equivalent
disk radius can be plotted for each sample by means of the size distribution. The overall
surface coverage also can be obtained from the statistics of the equivalent disk radius. An
example for this kind of the graph in figure 3.13 represents the statistic of the disk radii with
their populations.

In this study, the image analysis enables us to investigate the effect of the particle
dimensions after dewetting the samples at the different times. Therefore, image analysis
gives an idea and information about the particle surface coverage and dimensions of the
particles, and how these are influenced by changing dewetting time. All of the
measurements from characterization of the solar cell including cell parameter, QE, reflection
and image analysis are discussed in the results and discussion parts.

3.2. Optical Characterization
3.2.1. Reflectance Measurement Set up

By dewetting of the thin film silver on silicon, the AgNPs form on the samples. The optical
properties of AgNPs respect to the peak position of the plasmonic NPs at resonance
condition can be measured by total reflection. The schematic diagram of the system is
shown in figure 3.14.
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Figure 3.14 Schematic diagram of the reflectance measurement setup

During the measurement the power of halogen light source is set to 100W. The light from a
halogen lamp passes through the chopper result in optical signal modulated at some
frequency, which is connected to the controller. The modulated signal at the controller
should be the same value when reached at lock-in amplifier. During the measurement it is
necessary to well control the sensitivity carefully.

It should not be read an over load signal. The diaphragm subjected behind the lens effects to
decreases the spot size. When incoming light passes through the focusing lens, creates an
image of the lamp filament on the R port (Reflection port) of the sphere make focus the
incoming light.

For reflectance measurement, the collection of both specular and diffuse reflection of
incident light from all directions is performed by integrating sphere (8 inch diameter, Oriel
70679NS). The sample is mounted 8° rotation with incoming light. For the reflectance
measurement the sample is subjected back side of the integrating sphere port and for
transmission, sample is subjected front side of the integrating sphere port. The reflected
beam from integrating sphere passes from entrance slit of monochromator (74100). After
reaches from output of the UV enhanced Si detector (Newport 70356) the signal is amplified
by lock-in amplifier (SRS 830). And finally all these data are collected on a PC by a
LabVIEW program. Optical characterization carried out in the range of 300-1100 nm.

The properties of integrating sphere are diffuse the incoming light in all direction and collect
all diffuse and specular reflection, result in give accuracy data from whole samples.
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Specular Reflection
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Figure 3.15 Diffuse and Specular reflection of light from surface

The measured data are calculated from calibration disk and dark measurements. For take a
dark background measurement, both of R (reflectance) and T (transmission) port of the
integrating sphere is to be empty. For take a reference measurement, the BaSO4 calibration
disk is placed at the sphere R (reflectance) port and is assumed to have 100% reflecticity.

So the total reflection from measured data with considers as calibration disk and dark data, is
calculated by:

R — Dark 3.2.1
Ref — Dark
Where R is represent as collection of data from light signal which is reflected by samples.
Refis collection of data from calibration disk and Dark defined as collection of all data
from directly light passes through integrating sphere.

Total Reflection =

3.3. Electrical Characterization
3.3.1. I-V Characterization Set up

The illuminated I-V characteristic is performed by solar cell simulator. It measures |-V
analysis and characterizes solar cell parameters including short circuit current(/,.), open
circuit voltage(V,.), maximum power point(B,,., ), fill factor (FF), and cell efficiency(n) as
well. Intensity of incident light strikes on solar cell is equal to 1KW/m? under standard
solar cell spectrum at AM1.5. The cell area is 0.0243. Sample is connected by two probes in
front and back contact of solar cell to the current-voltage source (Keithley sourcemeter). The
controlling between solar simulator and sourcemeter is performed by computer software.
The system is illustrated in figure 3.16:

PC

4‘—'7

solarsimulator Sourcemneter

Sample

Figure 3.16 Schematic diagram of 1-V characterization
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These figures below represent equivalent circuit under dark and illuminated PV cell which
comprise as a photodiode.

1 Dark current I 0

/

Figure 3.17 I-V characteristic with equivalent circuit of photovoltaic cell under dark
condition

Under dark condition PV cell behave as a diode at which no current flows
through the external circuit.

Photon hv
I
— I[]
Voo Light I
v Generate
Current

Iluminated
current

Figure 3.18 I-V characteristic with equivalent circuit of PV cell under illumination

In an ideal PV cell when the light incident PV cell, the (I-V) characteristic shifts to the
fourth quadrant. When the photon energy is greater than the band gap of the material,
electron excited to the conduction band if the external load connected to output of the
circuit, the photo generated current will flow through the external circuit.

3.3.2. Quantum Efficiency Setup

The QE experiment is measured by this set up. The schematic diagram of the system is
represented in figure 3.19.
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Figure 3.19 Schematic diagram of the QE measurement setup

EQE is the measure of the number of electrons the device generates per number of photons
incident on the device surface, for each wavelength.

During the measurement, the light from a halogen lamp (at 100W) passes through a chopper,
which modulates it at a reference frequency (set to 135Hz), and then through a
monochromator. At the exit of the monochromator, this modulated light is focused on the
surface of the tested cell using a converging lens. The light incident on the cell generates a
photocurrent, which is amplified and transformed to a proportional voltage using a current
amplifier. This voltage is connected to the lock-in amplifier.

The lock-in only measures the electrical signal that matches its reference frequency, which is
supplied by the chopper controller. Therefore, noise due to other (un-modulated) light
sources is rejected. The measured signal is proportional to the photocurrent due to the
modulated light coming from the monochromator; dividing this voltage by the gain (V/A) of
the amplifier and the charge of an electron gives the number of electrons the tested cell
generates, at each wavelength.

Now, to measure the number of incident photons, the tested cell is replaced with a
photodetector with known detectivity (A/W). The same procedure is applied and the same
beam of light is focused on the detector surface. This time, the measured signal is divided by
the detector's gain (V/A) and detectivity (A/W), resulting in the incident power (W) at that
wavelength. This is further divided by the energy carried by each photon at that wavelength
(h*c/lambda), giving the number of photons incident at the surface of the detector, at each
wavelength.
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The ratio of these two gives out the external quantum efficiency. The characterization is
carried out in the 350-1100 nm range. All these data are collected on a PC by a LabVIEW
program.

The QE defines the attribution of incident light power to electrical power. Before power
density was measured from output of monochromator, by multiplying the power density at
that wavelength with area of the cell, the power incident of the cell can be calculated. Hence
number of photon incident on the surface of the cell is founded at each wavelength, after
simple calculation. Number of electrons collected from the cell surface yielded from current
output at each wavelength by measurement of sourcemeter. The QE is defined as by
following equations:

_ number of collected charge carriers by solar cell surface

number of absorbed photons incident

The total optical and electrical characterizations and image analysis are discussed in the
results and discussion part.
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CHAPTER 4

RESULTS AND DISCUSSIONS

After the description of the experimental methods in the previous section, in this study the
effect of the MNP as light-trapping to improve the cell efficiency of solar cell is investigated
for both of flat and textured silicon. By measuring optical and electrical properties of full
scale device, the plasmonic behavior of AgNPs is determined when placed on full scale
device. This chapter is structured into three parts. In the first part, | present and discuss the
reflection data obtained from test samples produced under the same conditions as the full PV
device. In the second part, | present and analyses the SEM images to obtain the surface
coverage and size distribution of AgNPs decorated on samples and compare with the Mie
theory. In the third part, the full device electrical characterizations are present. The results of
all measurements are discussed in the following section.

4.1. Optical Reflection Results

In the plasmonic application there are two important parameters that effect solar cell
performance: near field effect and light scattering from MNPs to enhance the light trapping
into the solar cell devices. In this study, scattering of incident light from MNPs into the
substrate is important to enhance the travelled optical path length of photon that lead to
increase in the energy conversion efficiency. Hence, by measuring the reflection of
incoming light from AgNPs in all directions, the effect of scattering light from NP can be
characterized. The figures below are represented the total reflection measurement of flat and
textured silicon with different time dewetting and various silicon nitride thicknesses.
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Figure 4.1 Reflection behaviors from AgNPs at different time dewetting for flat Silicon with
10 nm silicon nitride thicknesses.
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Figure 4.2 Reflection behaviors from AgNPs at different time dewetting for flat Silicon with
75 nm silicon nitride thicknesses.

In this work, the reflections of incident light from AgNPs are measured by two types of
silicon solar cell such as flat and textured silicon. Both of them are deposited with silicon
nitride as an ARC with different thicknesses which are: 10 nm and 75 nm by Plasma
Enhanced Chemical Vapor Deposition (PECVD). The continuous 12 nm silver film is
deposited by sputtering system at room temperature under high vacuum. The samples are
annealed at different times in the furnace under nitrogen flow due to avoid from oxidation.
After dewetting, the AgNPs are formed on substrate. The size of the formation particle
depends on dewetting time. We investigate the size distribution and particle size by
Gwyddion program. By reflection measurement, plasmonic resonance peak position can be
directly obtained from samples. Therefore, the optical response of AgNPs decorated on
silicon is measured when reflect the incoming light. Likewise reflectivity measures reflected
photon proportion of incident photon as a function of wavelength.

According to the results in flat silicon, we observe interesting correlation between dewetting
time and plasmonic peak position. As increasing the dewetting time, the resonance peak of
the electron clouds inside the MNPs shift to higher wavelength. By increase of the thickness
of silicon nitride, the reflection peak wavelength respect to the Plasmon resonance increase
either.
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Figure 4.3 Reflection behaviors from AgNPs at different time dewetting for textured
Silicon, with 10 nm silicon nitride thickness

In this case, the pervious process is performed; however type of the silicon is changed. We
investigated the reflection of textured silicon from incoming light. Here, n-type mono
crystalline silicon surfaces were textured by wet anisotropic KOH chemical etching
technique. The results below, illustrate the textured silicon with 10 nm and 75 nm silicon
nitride thicknesses and the samples are dewetted at different times.

As we observed, the surface texturing by KOH, altered the smoothness of the surface and
hindering the homogenous flowing of silver, leading to very random distribution of AgNPs
decorated on sample. This random distribution of AgNPs results in uncontrolled plasmonic
resonance shifts as the dewetting time is increased.
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Figure 4.4 Reflection behaviors from AgNPs at different time dewetting for textured
Silicon, with 75 nm silicon nitride thickness

According to figures 4.1, 4.2, 4.3 and 4.4 for both types of flat and textured silicon, we
observed there is an interesting correlation between the dewetting time and resonance peak
position in flat silicon. With increasing dewetting time the resonance peak position shifts to
higher wavelength. For the texturing silicon the optical losses means reflection of incoming
light from AgNP is much lower than the flat silicon. It is clear that texturing the substrate is
one way to reduce the reflectivity from substrate and increase the light-trapping approach in
solar cell applications.

I TR2
I IR
Textured silicon substrate Flat silicon substrate
a) b)

Figure 4.5 Reflection of incident light from () textured substrate, (b) flat substrate
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4.2. Formation of AgNPs by Dewetting Techniques

In this section, the small samples are deposited with 12 nm silver by sputtering system. The
formation of AgNPs by dewetting technique is done at 200 °C in a furnace under nitrogen
gas flow. Two main parameters that altered during this process are different times and
various silicon nitride thicknesses. The samples are imaged by Scanning Electron
Microscope (SEM). The images are analyzed by software image analysis named as
Gwyddion. Some important parameters that are investigated by analyzing AgNPs include
the particle surface coverage and dimensions of the particles, and how they are influenced by
changing dewetting time. The result of image analysis on formation of AgNPs is
investigated on the different silicon nitride thicknesses which are 10 nm and 75 nm. The y-
axes of the size distribution graph represented the surface coverage of the AgNPs in
percentage and x-axes correspond to the radius of an equivalent circular disk. The affect of
dewetting time at 30 minutes as an example is described at the different silicon nitride
thicknesses which are 10 nm and 75 nm. The optical response of the NPs by reflection
measurement can be seen in the Figures 4.6 (c) and 4.7 (c).
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Figure 4.6 Representation of AgNPs fabricated on 10 nm silicon nitride, with 30 minute
dewetting time at 200 °C, (a) SEM image, (b) equivalent disc radius distribution, (c) Total
Reflection, (d) Table of content
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Figure 4.7 Representation of AgNPs fabricated on 75 nm silicon nitride, with 30 minute
dewetting time at 200 °C, (a) SEM image, (b) equivalent disc radius distribution, (c) Total
Reflection, (d) Table of content

According to figures 4.6 and 4.7, size of AgNPs in 75 nm silicon nitride thickness appears to
be larger than AgNPs on 10 nm silicon nitride thickness, however smaller particles are
disappeared in 75 nm silicon nitride thickness. The affects of the silicon nitride thickness
clearly can be seen from the resultant data. Therefore, when thickness of silicon nitride
increases, the plasmonic resonance peak shifts to higher wavelength with increasing particle
mean size. Likewise, the FWHM increases with increasing the silicon nitride thickness as
expected. These results are in agreement and confirmation with pervious published
experimental results [50].

These figures below, are represented the same samples, 10 nm and 75 nm silicon nitride
thicknesses with different dewetting times. The affects of dewetting time on median particle
size and resonance peak position are investigated from corresponding samples.

60



120

110 | .
100 | ]
T

80 |- 4

| — L
70 |- e e - - ]
0 e -
50-_ = m— | 4

40 I e P —
30 [ . ]
L ® 10nmSi3N4, AgNps |
20»— ® 75nmSi3N4, AgNps
10 F _

median particle size (nm)

ol 1 . 1 . 1 A | . 1 . 1
0 20 40 60 80 100 120

Dewet time (min)

Figure 4.8 Influence of dewetting time on mean particle size
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Figure 4.9 Influence of dewetting time on resonance peak positions

For 200 °C annealing condition, the dewetting dynamics shows a stable configuration for
annealing duration for longer than 15 minutes. This fact is observed from both SEM data
and reflection peak- position obtained from corresponding samples. We can conclude that
for mild annealing temperature of 200 °C, prolonged annealing time longer than 30 minutes
are not beneficial in tuning the mean particle size and hence the reflection peak position
wavelengths. These results are in agreement and confirmation with pervious published
experimental results [50]. For thicker SisN, (75 nm) the particle size is larger than for
thinner SisN,4 (10 nm) thin film layer. This is in agreement with the findings of Tanyeli et al.
[50]. Larger particles are formed on substrates having lower thermal conductivities. Silicon
has lower thermal conductivity as compared to SisN4. Therefore, when SisN4 has 10 nm
thicknesses, the thermal conductivity of Si governs the silver dewetting and smaller particles
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are formed. For 75 nm SisNy, the higher thermal conductivity of SizN4 governs the dewetting
of silver and larger particles are formed.

The scattering from particles rely on the dielectric properties of the particle and the medium
surrounded the particle. In this study, the surrounding medium is not uniform therefore;
some parts of the particle contact with underlying surface and some parts are in the air. For
making logical evaluation according to theoretical considerations, the overall dielectric
structure which is generated the observed reflection spectra, should be represented.

For this representation, an effective dielectric constant which is related to the contact areas
of the particle to the surrounding media is offered. In this work, the contribution of media to
the effective dielectric constant of the particles is supposed to be equal. Therefore; the
geometric average of the dielectric functions of each medium was considered as the
dielectric function of the effective homogenous medium. In this thesis, three different
hypothetical cases were tested to make up the effective index. These cases are as follows: n;
represents the effective index which is due to %50 air and 50% silicon nitride contribution;
n, represents the effective index which is due to %23 air and 77% silicon nitride
contribution; ns represents the effective index which is due to %10 air and 70% silicon
nitride, and 20% silicon contribution. As the SEM image indicate mean inter particle
distance is the same order of the magnitude average particle size and there is no accurate
particle size; As a result, only one of the samples were examined for comparison between
theory and experiments. The calculations are done by using the Mie light scattering theory
for single spherical AgNPs with given size and surrounding medium specifications. This
scattering cross section curves are weighted averages of scattering curves obtained from
single particle of radii equals to ranging 30 nm to 60 nm [51].

In this work, the sample was annealed at 200 °C with mean diameter 70 nm with silicon
nitride refractive index of 2.016 and silicon refractive index of 3.5. Resonance peak
positions obtained from both theory and experiment for AgNPs with a mean diameter of 70
nm is represented by figure 4.10.
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Figure 4.10 Scattering cross-sections obtained from size weighted average of Mie scattering
theory with three different effective index models and experimental reflection data
belonging to silicon surface decorated with AgNPs of 70 nm mean diameter

Figure 4.10 shows a comparison between Mie light scattering theory and total reflection
spectrum obtained from the same sample as presented in figure 4.7. As it is shown in the
figure, the main peak positions from experiment are 510 nm. As it was declared above for
theoretical part, three sets with different refractive indexes were considered. For effective
refractive indices equal to n;= 1.5, n,= 1.8, ns= 2.2, the peak positions are approximately 480
nm, 533 nm, and 608 nm, respectively. As it is shown in figure 4.10 in theoretical diagrams
by reducing refractive index, the main resonance peak position will shift to lower
wavelengths; this main peak seen in both experimental and theoretical curves is because of
the plasmonic resonance of dipole oscillations. From theoretical graph results, the main peak
position in graph with refractive index of 1.5 has almost the same position of the
experimental peak position.

The change in plasmon resonance due to the location of NPs with respect to the substrate,
interactions among them, their shapes, and sizes as well as dielectric properties of substrate
are discussed theoretically and implications of these for the experiment are deliberated. For
verification of this part of thesis, the study which was done by Gunendi et al. [52] is
considered. In this article, for calculation of the scattering efficiencies, The FDTD method
was used. As it was shown in figure 4.10 in the graph of experimental result, the main
resonance plasmonic peak was in 510 nm wavelength which in comparison with the
resonance plasmonic peak theoretical graph result of Gunendi et al. that occurs in 540 nm
wavelength , are very close.
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4.3. Effect of temperature on cell efficiency of full scale device without silver deposition

In this study, the resistance of the sample against temperature is investigated. The silicon
wafer with 20 nm silicon nitride thickness as a test sample is annealed at different
temperature for one hour. Figure 4.11 illustrates the result of the temperature study:
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Figure 4.11 Temperature study on solar cell device

The annealing dynamic shows significant unstable configuration for annealing temperature
larger than 250 °C. This fact is observed from graph. We can conclude that optimum
temperature for annealing the device is between 200 °C and 250 °C. With increasing the
temperature above 250 °C the cell efficiency is decreased dramatically. For 400 °C
annealing the cell efficiency is reached to 2.63% while at 250 °C is 13.81%. It is important
to notice that cell efficiency is not influenced by time duration for annealing.

4.4. Quantum Efficiency

After brief description of EQE in pervious section, is the measure of the number of electrons
the device generates per number of photons incident on the device surface, for each
wavelength. EQE is carried out for both of the flat and textured silicon solar cells for
different silicon nitride thicknesses film which are 10 nm, 20 nm and 75 nm. The results are
shown in Fig. 4.12 below:
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Figure 4.12 EQE curves for flat silicon with different silicon nitride thicknesses before and
after dewetting 2 hours @ 200 °C

Figure 4.12 shows the QE of silicon full scale solar cell with different thicknesses of silicon
nitride including 10 nm, 20 nm and 75 nm standard solar cell products in GUNAM. First of
all, samples are measured without AgNPs. The curves include 10 nm, 20 nm and 75 nm with
colors blue, red and black respectively. The curves in dashed ones include the EQE after
coating 12 nm silver and dewetting the cells in furnace under nitrogen flow at 200 °C for 2
hours. By comparing these two curves it is clear that before silver coating, EQE increases
with the increases the thickness of silicon nitride as ARC. We attribute to improve anti
reflection properties of the surface of solar cells due to reduce the reflection of external
photon. However EQE after dewetting and formation of plasmonic AgNPs, in 20 nm and 75
nm became larger in longer wavelength in compare with before dewetting result in
enhancement the photocurrent efficiency.

EQE and IQE in flat silicon solar cell after 2 hour dewetting are investigated. IQE is larger
than EQE because of IQE is include of the absorbed photons that is not reflected or
transmitted out of the cell, in other word is total solar cell device absorption. While EQE
contains optical losses from out of the cell such as reflection and transmission leads to
decrease EQE in compare with IQE. This result is shown in Figure 4.13:
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Figure 4.13 EQE vs IQE curves for flat silicon with different silicon nitride thicknesses
after dewetting 2 hours @ 200 °C

According as results, in the EQE, loss is obtained in the shorter wavelength of light in
compare with IQE leads to absorb of the light by particles. However the plasmonic effect
after dewetting and formation of the AgNP in longer wavelength gain is obtained due to
absorb of light by AgNPs. The AgNPs reduce the reflection of light out of the cell leads

increase the QE.

Figure 4.14 below illustrates the EQE of textured silicon solar cell with different silicon
nitride thicknesses film: 10 nm, 20 nm and 75 nm. The results represent the EQE of bare and
AgNPs decorated textured silicon solar cells.

66



EQE [%]

— 10nmM Si3N4

0.2 / 20nm Si3N4 B

) 75nm Si3N4
10nm Si3N4, AgNp
| = «20nm Si3N4, AgNp
75nm Si3N4, AgNp

0.0 . 1 . 1 . L . 1 . 1 . 1 :
400 500 600 700 800 900 1000 1100

Wavelenght (nm)

Figure 4.14 EQE curves for textured silicon with different silicon nitride thicknesses
without AgNPs and with AgNPs produced by dewetting for 2 hours @ 200 °C

These results show before AgNPs, the EQE increases with increasing thickness of the silicon
nitride act as an absorber layer leading incident photon energy absorb by ARC layer and
reduce the reflection of light. Therefore increases the QE of cells. After dewetting the cells
EQE less than 600 nm wavelength, became smaller. The AgNPs at the resonance condition
between 450 nm to 550 nm wavelengths have maximum reflection. This reduction can be
due to the NP reflectivity at lower wave length and also because of the absorption of the
incident photon by particle result in QE became lower and loss is obtained. While EQE is
increased in longer wavelength with increases the silicon nitride thicknesses.

In this section, EQE and IQE are compared in textured silicon solar cell after 2 hour
dewetting. IQE is larger than EQE as we discuss before. This result is shown in figure 4.15:
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Figure 4.15 EQE and IQE curves for textured silicon with different silicon nitride
thicknesses after dewetting for 2 hours @ 200 °C

It is clear that EQE for 10 nm, 20 nm and 75 nm silicon nitride thicknesses is lower than
IQE. Because of EQE includes the optical losses such as reflection out of the cell, it affects
the quantum efficiency became lower. As a result with increasing the silicon nitride
thicknesses, quantum efficiency increases. It depends on the ARC thicknesses leads to
reduce the reflection of light and increase absorption of incident photon in the active layer

solar cell.

This result represents the relation between the EQE and reflection respect to the wavelength.
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Figure 4.16 EQE and reflection for flat silicon with 10 nm silicon nitride thickness
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This graph includes two parts. The left side indicates EQE with respect to the wave length
and the right side indicates the reflection with respect to the wavelength. There is a relation
between EQE and reflection curves. As can be seen from the figure, the reflection is the
maximum in UV region because of the silver coating. In infrared region the silver coating
behaves like ARC. In the same manner for the EQE analysis, in UV region EQE is lower
since the number of photons collected from solar cell decreases. However in infrared region
since silver coating behave like ARC, the number of photon collected from cell increases
because of the ARC absorbs more photon. As a result in infrared region the silver dewetted
behave as ARC and absorb much more photon therefore the amount of EQE is maximum.

4.5. FWHM and resonance peak position for both flat and textured silicon without
silicon nitride

In this work, for both flat and textured without silicon nitride, the full width at half
maximum (FWHM) and resonance peak position and are investigated for different dewetting
time. The results are shown below:
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Figure 4.17 FWHM for both flat and textured silicon

This curve shows by increasing the dewetting time, the full width at half maximum(FWHM)
of particle size distribution decreases indicating that the particles tend to have a common
range of diameter for both of flat and textured silicon. For textured silicon 30 minute can be
the optimum dewetting time to obtain a homogenous particle size. However for flat silicon
60 minute can be the optimum time.

2 hours for both cases dewetting time gives the lowest full width at half maximum (FWHM),
but it is too long dewet time which may affect the silicon wafer.
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Figure 4.18 Resonance peak position for both flat and textured silicon

We observe from these curves, although the dielectric medium are the same for both of flat
and textured silicon, in flat silicon much longer resonance positions is observed with respect
to the textured silicon. For instance, for 60 minute dewet time in flat silicon the peak
position is 589 nm and in textured is 484.70 nm. Therefore, the resonance positions shift is
approximately 100 nm or more. These results are true for other dewet time.

4.6. Results of cell performance measurements by |-V characterization

In this section, we measured the current versus voltage (I-V) characteristics under 1000 W/
cm? and AML.5 standard solar spectrum for flat and textured silicon with different silicon
nitride thicknesses which are 10 nm, 20 nm and75 nm. These measurements are done in two
steps. In the first step bare silicon is deposited with different silicon nitride thicknesses. In
the second step, the same samples are dewetted in furnace under nitrogen flow at 200 °C for
2 hours dewet time which results in formation of AgNPs on samples. The figure 4.6.1 and
4.6.2 represents the experimental results before and after dewetting the samples.
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Figure 4.20 I-V curves for textured silicon with different silicon nitride thicknesses with and

without AgNPs

For investigation of plasmonic affect on full scale silicon solar cell, the current versus
voltage characteristic (I-V) is plotted. As can be seen in figure 4.19 When the thickness of

the silicon nitride before dewetting increase the current (/) increase from 24.68 A (5.9

mA/cm?) to 31.38 A (7.5 mA/cm?), and the open circuit voltage V,, decrease from 0.602 V

to 0.593 V. Meanwhile, after dewetting and forming of AgNPs with respect to the influence

of plasmonic interface, the current (I) increase from 24.26 A (5.8 mA/cm?) to 25.52 A (6.1
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mA/cm?), and the open circuit voltage V. decrease from 0.603 V to 0.587 V. According to
table 2, in flat silicon at 10 nm and 20 nm silicon nitride thicknesses, the amount of the
current before and after dewetting is much close to each other. In conclusion, if the thickness
of silicon nitride decreases, the plasmonic affect improves the cell performance and it can
enhance the cell efficiency.

Figure 4.20 represents I-V curves for textured silicon with different silicon nitride
thicknesses with and without AgNPs. If we compare the current of flat silicon solar cell with
textured ones in the same thicknesses of silicon nitride (10 nm, 20 nm, and 75 nm), the
current in textured silicon is larger than flat silicon. In textured silicon the pyramid and
rough surfaces have affect on minimizing reflection and increasing light trapping by helping
light stay longer in active solar cell layers, these properties can lead to higher efficiencies
through increasing absorption and generating more current in the solar cell devices. When
the thickness of the silicon nitride before dewetting increase, the current (I) increase from
30.46 A (7.28 mA/cm?) to 33.47 A (8 mA/cm?), and the open circuit voltage V. slightly
increases from 0.606 V to 0.610 V. After dewetting and formation of AgNPs with respect to
the influence of plasmonic, the current (I) slightly increased from 6.5 A to 6.6 A, and the
open circuit voltage V,. increased from 0.606 V to 0.609 V.

The figure 4.21 represents the overall comparsion of flat and textured silicon after dewetting
for 2 hours at 200 °C temprature. The affect of plasmonic AgNPs are investigated to
improve the light-trapping of solar cell.
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Figure 4.21 1-V curves for textured and flat silicon with different silicon nitride thicknesses
before and after dewetting

In this study, light-trapping behavior of mono crystalline silicon solar cells has been
extensively investigated on both flat silicon and textured substrates. Surface texturing which
increase the light absorption leads to increase the short circuit current in solar cells. In this
work, we observed that plasmonic affects in optical response of AgNPs, in flat silicon have
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better performance and result than textured silicon. In textured silicon solar cell, the high
roughness surface of substrates increases the multiple reflections. Light trapping is a factor
for improving the current and cell efficiency. However, the addition of plasmonic NPs on
textured silicon can be parasitic and result in large optical loss during multiple reflections.
The presence of the AgNPs cause both scattering and absorption of incoming light. The
effect of absorption cannot be denied as compared to the scattering. This absorption blocks
the second order reflections from the surface of textured silicon. Therefore, this situation
causes the decrease in the efficiency of solar cell, while in flat silicon with low roughness
and smooth substrate, plasmonic NPs themselves can introduce excellent light trapping these
results in enhancement of the current and increase the cell efficiency [17]. According to
table 2, in flat silicon, the difference between cell efficiency of samples of bare silicon and
samples that contain AgNPs, is negligible when the thickness of silicon nitride is 10 nm and
20 nm.

As investigated, from current versus voltage (I-V) under illumination, one can extract
several important parameters such as: Short circuit current (I,.), open circuit voltage (V,.),
Fill Factor (FF) and Cell efficiency (n). The cell parameters are investigated for both flat and
textured silicon solar cells with and without AgNPs. Different silicon nitride coating
represented before and after dewetting in furnace under nitrogen flow for 2 hours at 200 °C.
Bare flat and bare textured means the samples are deposited with different silicon nitride
thicknesses before dewetting. AgNPs flat and textured, represent the AgNP decorated on
samples after dewetting.
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Figure 4.22 The open circuit voltage for both flat and textured silicon @ AM1.5G.

Figure 4.22 demonstrates the open voltage circuit versus silicon nitride thicknesses. The
results show for very thin silicon nitride thicknesses between 10 nm and 20 nm, the open
circuit voltage are increased for both textured and flat with AgNPs. Thus AgNPs enhances
the electric field and the junction when they are placed at 10 nm to 20 nm away from the
absorber layer.
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Full monocrystalline Si Solar Cells with and without AQNPs
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Figure 4.23 The short circuit current for both flat and textured silicon @ AM1.5G.

Figure 4.23 displays short circuit current versus silicon nitride thicknesses. For the both
AgNPs flat and textured, It seems that the silver diffuses into the silicon without silicon
nitride thicknesses, Therefore creating recombination centers and defects. When silicon
nitride thichnesses increases, short circuit current increases due to surface passivation. Yet
the bare textured without NPs shows the best circuit current for all silicon nitride
thicknesses. For silicon nitride until 20 nm, AgNPs on textured silicon demonstrates the
better short circuit current than the bare flat. However short cicuit current decreases only in
10 nm and 20 nm.
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the fill factor for both of flat and textured silicon solar cells is illustraed in figure 4.6.6:

Full monocrystalline Si Solar Cells with and without AQNPs

4 —
—_A

76.5

76.0

75.5

75.0

74.5

FF [%]

74.0

Bare Flat
AgNP Flat
Bare Textured

A AgNP Textured

I ®
73.5

73.0

-10 0 10 20 30 40 60 60 70 80

72.5 t——

Si,N, Thickness [nm]
Figure 4.24 The fill factor for both flat and textured silicon @ AM1.5G.

According to results in figure 4.24, AgNPs on textured silicon shows the best fill factor as
compared to the fill factor of all the cells for all silicon nitride thicknesses, which is due to
the enhancement in open circuit voltage and the overall cell performance. By comparing
AgNPs flat and bare flat, in flat silicon it can be shown that for all cells with silicon nitride
greater than 10 nm, plasmonic AgNPs increases the fill factor. Nowadays standard crystal
silicon solar cells is produced 75 nm silicon nitride; by placing NPs, we exceed the fill factor
of the standard solar cells includes (textured silicon with 75 nm silicon nitride) which are
shown in both flat and textured silicon those have AgNPs.

The overall cell efficiency in bare textured silicon represents better efficiency than the
AgNPs. Bare flat shows better efficiency than the AgNPs based flat for all silicon nitride
thicknesses, which is due to lower short circuit current, even though open circuit voltage and
fill factor are higher with AgNPs as we discussed already. The current is important
parameter for cell efficiency. Increase in short circuit current leads to increase the cell
efficiency.

75



Full monocrystalline Si Solar Cells with and without AgNPs
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Figure 4.25 The cell efficiency for both flat and textured silicon @ AM1.5G.

As it is shown in figure 4.25, for thin silicon nitride thicknesses in 10 nm and 20 nm for both
flat and textured silicon, we could get cell efficiency in the plasmonic AgNPs to the point of
bare one with the least difference.

For performance of AgNPs decorated on solar cells leads to have bad impact in the cell
efficiency and reduces both of bare flat and textured cells. As we observed in bulk crystal
silicon solar cells, decoration of cells with plasmonic AgNPs needs further optimization for
better enhancement. The total surface coverage of ~30% needs to be pushed down to ~10%
for avoiding unnecessary losses due to metal absorption. Better coupling of light through
optimally attained surface coverage is expected to return higher cell efficiencies in near
future. It is evident that a 10 nm silicon nitride film on flat silicon is an optimum parameter
for a more detailed work in that direction.
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Table2. Characteristics of flat and textured silicon solar cells having various silicon nitride
film thickness with and without AgNPs.

Cellp.m 0 Cell
Devies Voc(V) Isc(A) FF (%) Efficiency(17%)
bare textured 0.6097 7.3066 73.335 13.444

Ag NP 0.60714 6.4923 73.695 12.154
textured
bare flat 0.59636 5.5022 73.291 9.896
Ag Np flat 0.59037 4.3572 72.809 7.707
10 nm bare 0.60618 7.2757 75.396 13.913
textured
10 nm Ag NP 0.60696 6.5104 76.010 12.567
textured
10 nm bare 0.60216 5.9383 74.919 11.024
flat
10 nm AgNp 0.60348 5.8347 75.222 10.90
flat
20 nm bare 0.60901 7.4337 75.743 14.347
textured
20 nm Ag NP 0.61015 6.6683 76.619 13.043
textured
20 nm bare 0.60036 6.4980 76.490 12.28
flat
20 nm Ag Np 0.60104 6.2320 76.618 11.81
flat
75 nm bare 0.61056 8.0057 75.903 15.523
textured
75 nm Ag NP 0.60994 6.6612 76.765 13.050
textured
75 nm bare 0.59355 7.5394 72.870 13.419
flat
75 nrtrllaft\g Np 0.58718 6.1495 73.747 10.958
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CHAPTER 5

CONCLUSION

In this thesis, the plasmonic properties of MNPs on both of flat and textured crystalline
silicon solar cell have been examined for the improvement of solar cell efficiency. The
MNPs were fabricated by self-organization on substrates. The method that was chosen is
called surface dewetting which is a suitable method for plasmonic interface integration to
large area full-scale solar cell devices. Different metals can be used in plasmonic
applications such as copper, aluminum, silver and gold each with different optical
properties. In this study, silver is preferred as MNPs due to the high scattering cross-section
of particles into the substrate which is expected to lead to increased optical path length and
absorption of incoming photon. AgNPs also possess plasmonic resonances that span the
solar spectrum from UV to NIR. For the formation of AgNPs, a 12 nm continuous silver
layers were deposited under high vacuum on both of flat and textured full scale silicon cells
and also simultaneously on test samples with smaller areas for the reflection measurements
and SEM image analysis. In this thesis, three external control mechanisms on the self-
organized production of plasmonic interfaces were investigated. One of these is the tuning of
the top ARC layer thickness, which is a control mechanism on the optical and device
properties of solar cells. The tuning was achieved by changing the ARC thickness of silicon
nitride from 0 nm to 10 nm, 20 nm and 75 nm. Another one of these mechanisms was the
dewetting duration, in which 10,20,30,60 and 120 minutes of dewetting times have been
investigated. A third mechanism was the pre-patterning of the cell surface. We observed the
effects of plasmonic NPs on both of flat and textured silicon and how these are influenced
by changing the dewetting time and various thickness of silicon nitride on the improvement
performance of solar cell. The effect of dewetting temperature is studied as well, and the
critical process temperature for this kind of technology is determined to be a maximum of
250 °C. This is a surprising but unambiguous finding since the solar cell production process
involves much higher treatment temperatures for the diffusion based doping of Si and the
co-firing of the metal contacts. The finished solar cell device is found to be vulnerable to
even one third of the co-firing temperature of 800 °C when exposed for prolonged durations.

A comparison of the optical properties of plasmonic AgNPs decorated flat silicon with the
AgNP decorated textured silicon was made by reflection measurements. In flat silicon, there
is a clear correlation between dewetting time and plasmonic peak position. By increasing the
dewetting time and/or the thickness of silicon nitride, the reflection peak wavelength due to
the plasmon resonance by AgNPs increases and shifts to red. On textured silicon, however,
reflection data displays uncontrolled plasmonic resonance shifts by increasing dewetting
time because of the random distribution of AgNPs achieved on the surface. Interestingly, the
reflection of incident light is expected to be lower than that of the flat cell, not only because
of multiple scattering from the structured cell surface, but also from the elevated optical
losses introduced by multiple scattering of light from AgNPs. It is clear that texturing the
substrate is one way for reducing the reflectivity of the substrate. The particle size versus
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changing dewetting time was studied on samples that were treated at a mild annealing
temperature of 200 °C (50 °C below the critical process temperature of 250 °C determined in
this study). It is found that prolonged annealing durations longer than 30 minutes are not
beneficial in tuning the mean particle size and hence the reflection peak position
wavelengths. In these samples, the median particle size became larger when the thickness of
silicon nitride was increased.

The experimental and Mie theory results were compared. In fact, because of the
uncertainties in the system that was used for this study, it is not a straight forward task to
compare the results. The dielectric layers were not completely homogenous, and this
supposedly affects the formation of particles and surface diffusion of ad-atoms. The size
distributions of AgNPs are broad and the particles are not perfectly of spherical shape. Due
to these limitations, comparison of the theoretical and experimental results is not easy task.
For these reasons, Mie scattering theory was applied with three different effective medium
model and some approximations for geometry and size of spherical particles.

The electrical characterizations were done before and after decoration of full scale solar cell
devices with AgNPs. The samples were annealed in a hot-plate furnace under nitrogen flow
at 200 °C for 2 hours. It was observed that the plasmonic effects on flat silicon solar cells are
beneficial under certain conditions and an improvement of cell performance is feasible.
However, the plasmonic interface proved to be not beneficial when incorporated with a
textured and ARC coated already optimally photon managed solar cell. It is found that the
cell efficiency of a flat silicon cell with 10 nm silicon nitride ARC is the same as the
efficiency of the same cell without NPs. This fact is direct evidence that the self-organized
plasmonic interface produced on a flat solar cell surface embodies sufficient benefits which
equilibrate, if not overcome, its lossy side effects. It can be argued that the short come of
using self-assembly to produce AgNPs is that the surface coverage cannot be selected freely
and is an innate property of the production technique. It can be seen from Fig. 4.2.2 that the
integrated surface coverage yields about 30%, which is undoubtedly higher than the
estimated optimum value of 10% in the literature. The extra 20% does not contribute to
enhancement of the scattering into the substrate yet does contribute significantly to
absorption losses. In the light of this view, my finding that the cell efficiency of a flat silicon
cell with 10 nm silicon nitride ARC is the same as the efficiency of the same cell without
NPs, is actually a great promise. | expect the plasmonic interfaces made of AgNPs to be of
more evident success in thin-film solar cells. This is because, unlike in bulk solar cells, in
thin film solar cell devices they can be incorporated with all three of the back reflectors, the
active regions and the ARCs, and can exhibit a multitude of performance boosting effects
such as near field enhancement and excitation of long range surface plasmon polaritons. It
shall not be conferred from this last argument that there is nothing to do for the bulk solar
cells. The bulk solar cell efficiency can be improved, for example, by an additional brief Ag
etch step after the dewetting step in an attempt to decrease the surface coverage from 30 to
10%.
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