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Introduction

Over the last five decades, laser technology has encountered endless intricate devel-
opment processes. Since the invention of the initial functional laser in 1960, which
was engineered by American physicist Theodore Harold Maiman at Hughes Re-
search Laboratories, laser technology has made significant progress and established
widespread applications across numerous domains [1]. This radical achievement by
Maiman is considered a milestone of the laser era, which intensely impacted several
fields of science. The prompt advancement in laser technology has led to the innova-
tion of special types of lasers and their applications [2][3]. The acronym of LASER
stands for “light amplification by stimulated emission of radiation” [4]. One of the
most significant characteristics of lasers is their ability to produce highly focused and
coherent beams of light compared to conventional light sources. In various scientific
experiments and research, the laser plays an important role by offering highly precise
and focused light beams [4]. The laser can be described as a device that produces an
extremely focused light, like an advanced flashlight. Yet, it varies from regular flash-
light light in four fundamental aspects. The laser light is extremely intense, though
few of them are less powerful. Thus, even certain low-power lasers that emit a few
milli-watts can achieve significant brightness within a narrow beam just a millimeter
wide in diameter, like natural light. However, a standard light bulb emits more light,
and this spreads over an area. Some lasers can continuously produce several watts,
while others can deliver trillions of watts in a pulse. Another important aspect of laser
beams is their directionalities This can be depicted by the properties of producing nar-

row beams, that prevents laser lights to spread out as conventional beams of light [5].



2 Introduction

The revolutionary transformation in the field of scientific research by using laser tools
for precise measurements and many experimental setups has occurred [6]. Besides, in
high-speed communication systems laser and optical fibers are integral components.
Laser plays a crucial role in telecommunication such as fiber optics technologies that
enable long-distance and high-speed communication networks. The medical field has
profited intensively from lasers in surgeries, such as eye surgery, dermatological treat-
ments [7], and dental treatments [8]. Integration of lasers provides many benefits in
surgeries by reducing recovery time, patient rehabilitation, and improving the results
of operations. Furthermore, with the help of different laser applications the indus-
trial and manufacturing sectors have also advanced impressively. For instance, laser

cutting, scribing, and welding to 3D printing and materials processing [9].

This research activity includes two main parts. The first activity of the project
focuses on laser scribing on thin film solar cells (TFSC). This was undertaken in
collaboration with a joint project between the Department of Engineering and Archi-
tecture of the University of Parma and IMEM-CNR, Institute of Materials for Elec-
tronics and Magnetism. Thin film solar cells offer a prospective approach for global
and astronomical photovoltaic (PV) purposes consistently. Regarding the design and
manufacturing of the devices, TFSC offers a wide range of possibilities. Several sub-
strates like flexible, rigid, metallic, and insulating can be utilized in depositing various

layers such as contacts, absorbers, reflectors, and others.

The deposition process on different substrates can be accomplished by employ-
ing respective techniques for example Physical Vapor Deposition (PVD), Chemical
Vapor Deposition (CVD), Electrochemical Deposition (ECD), plasma-based meth-
ods, and hybrid approaches. This flexibility in the selection of materials and methods
of different deposition techniques facilitates the modification and development of the

layers to improve the performance of the devices drastically [10].

Nevertheless, the process of fabrication becomes challenging, and it requires pre-
cise control of this whole system during the production of large-area thin film devices
which are specifically crucial for practical purposes [10]. Currently, in 2003 photo-
voltaic technology reached half a century [11]. After the revolutionary innovation of

p-n junction silicon (Si) photovoltaic devices in 1954, a significant progression has
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been introduced in the fields of science and technology of photovoltaic devices. This
is mainly in the advancement of solar cell technology, and the methods that enable
their functionality. Most progressive single-crystal silicon solar cells have 24% effi-
ciency. That is considered a remarkable percentage compared to the theoretical value.
Despite this fact, it is below the theoretical maximum efficiency which is 30% [12].
In 2002, global production of solar cells (single-crystal Si cells at about 40%, multi-
crystalline Si cells, and amorphous thin-film silicon cells at 51% and 8% respectively)
exceeded 500 MWp [13]. In several applications, nearly 2 GW of solar cells is cur-
rently in use globally. Many developing and industrialized countries are trying persis-
tently to grow their photovoltaic industries to use solar energy most effectively [14].
From the early stage of solar cell technology development, it is always challenging
because of the high cost of silicon material. To overcome this issue, it is considered
that the production of solar cells relies on the use of available inexpensive materials
and cost-effective technologies. By employing an economical technique called the
“Clevite process” the first Cu,S / CdS thin/thick film was fabricated [15]. In this ap-
proach, only a few millimeters thick CdS film was deposited on a plastic substrate that
was metal or metalized. After that, the layer of CdS surface was topotaxially trans-
formed to CuyS by an etching process that involves acid and immersion in a heated
solution of cupric chlorides. Thus, this process changes the properties and charac-
teristics of the substrate [16]. The second part of the research work focused on the
Laser light application for the treatment of ocular disease. Specifically, yellow fiber
laser system for the treatment of eye diseases. In this part of the work analyzing the
impact of numerical and experimental parameters on Dysprosium-doped yellow fiber
lasers for the treatment of eye diseases is presented. The project is a collaboration
with Politecnico di Torino, Politecnico di Milano, Universita degli Studi di Modena,
and Reggio Emilia.

In ophthalmology treatment application of laser light is globally well-recognized
nowadays. This is because of the highly precise and controlled beam quality of differ-
ent laser types. These unique properties of a special kind of laser light are structured
and engineered for specific ocular treatments. These developments in laser design

help to avoid damage to the eye tissues and deliver the most efficient results compared
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to other conventional methods. Laser photocoagulation for the treatment of diabetic
macular edema (DME) is highly accepted in many developed countries [17, 18]. Dia-
betic macular edema (DME), diabetic retinopathy is a common ocular disease that is
age-related macular degeneration that causes vision loss over time. Photocoagulation
is the most effective treatment for this kind of eye issue. It could be the only option
for some patients with wet age-related macular degeneration (AMD). It depends on
the condition of retinal vessels inside the eye condition. this method might help to
prevent gradual eye loss. This also offers some challenges to photocoagulation. If
the laser is not carefully handled it may cause scars and blind spots, bleeding into
the eyes, and damage to retinal areas. Recent developments in laser photocoagulation
technologies can overcome many challenges that were impossible by other conven-
tional technology. A navigated laser system is one of the most significant inventions.
also, other methods such as pattern scan laser systems [19], and subthreshold laser
therapies are other options for this treatment [20, 21]. Multi imaging method makes
this procedure more precise and more effective accurate for the targeted area of the
eye. Yellow laser is typically a potential candidate for this kind of treatment. Pho-
todynamic therapy is another way that includes light-sensitive drug injecting into
the abnormal vessels. This therapy allows to extinguishment of the affected vessels.
Rhegmatogenous retinal detachments and retinal tears are the most serious eye con-
dition. many patients suffer from blindness and minimal improvements. This requires
proper surgical treatments [22]. Glaucoma is another problem that is responsible for
blindness. There are some treatments to overcome this situation. Laser procedures
trabeculoplasty is mainly utilized to treat this issue [23]. This is considered as a tradi-
tional glaucoma surgery but many new techniques and tools or devices like glaucoma
drainage device minimally invasive glaucoma surgery (MIGS) have been introduced
[24]. YAG laser is also used for some ocular surgery. Phototherapeutic keratectomy
is a technique to treat the corneal disorder. The femtosecond laser is used to mini-
mize the superficial corneal opacity. and smooth the irregularities of the surface or
cornea [25]. In the ophthalmology field lasers can be used in many ways. And the re-
cent advancements in laser technologies in medical treatment have a significant role.

The advantages of using a laser are the treatment and recovery time is much faster.
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Precise and targeted areas can be treated. That allows for harmless surgery. Also, dif-
ferent available wavelengths can be used according to the needs and conditions of the
patients. However, some challenges need to be considered. Sometimes surrounding
tissues might be at risk if a very high-power laser is not carefully operated. Some
treatments need to be repeated, and this causes harm to the eye [26].

For our analysis, a dysprosium-doped fiber laser has been modeled to analyze
the laser parameters to achieve the highest efficiency and to observe the effects of
different parameters on the output power.

This dissertation is structured as follows:

Chapter 1 introduces the fundamentals of solar cells and their applications in
various fields. working principle of Photovoltaic cells and some types of PV cells has
been briefly explained.

Chapter 2 describes the basics of the Laser scribing process on solar cells and
available scribing techniques. Three different steps for laser scribing of thin film so-
lar cells are also explained. A basic overview of the optical setup for our scribing
experiments is demonstrated in this section.

Chapter 3 presents the results and discusses laser scribing for different solar cell
samples. This technique is mainly applied to the following structures: standard CIGS
solar cells on glass, PV cells with alternative absorbers (Sb,Se3) on glass, and innova-
tive semi-transparent solar cells (CulnGaS) for tandems on silicon-based solar cells.
This section demonstrates SEM analysis and EDAX measurements of laser scribing
methods. The important parameters for the scribing process are mentioned.

Chapter 4 provides a basic review of fiber amplifiers and lasers. It demonstrates
a dysprosium-doped ZBLAN fiber laser and analyzes the verification of the explicit
forward time-centered spaced method. Finally, the theoretical analysis of dy-doped
visible fiber lasers is investigated by varying physical and numerical parameters for
the proposed fiber laser. Also, the effect of ESA and ASE is considered for the laser

output power.






Chapter 1

Solar Cell Fundamentals

This chapter aims to highlight the fundamentals and operating principles of solar
cells, including the p-n junction, the formation of the depletion region, and the be-
havior of a p-n junction solar cell under applied voltage. Furthermore, it provides an

overview of various categories of solar cells.

1.1 Overview of Solar Cell Fundamentals

Sunlight is the most powerful, vast, unlimited, and oldest energy source. In recent
years, the demand for renewable energy has drawn more attention to energy conver-
sion technology since solar energy conversion plays a crucial role in overcoming the
global crisis of progressively growing energy demands also, it is considered a sus-
tainable approach that could lessen the dependency on fossil fuels responsible for
global warming. One of the most promising and practical solutions is to convert so-
lar power to electrical energy through a physical and chemical phenomenon, known
as the photovoltaic (PV) effect [27, 28, 29]. To generate an environment-friendly
source of electricity, the abundant source of sunlight could bring revolutions in the
power supply system of domestic, industrial, and public consumers [28]. The solar
cell works sustainably besides in many remote and off-grid areas where electricity is

not available it can produce electricity. Furthermore, advanced modern science and
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technologies offer many substitute methods for energy production.

The PV cell is an electronic device that directly converts sunlight to electrical
energy, because of the electrical current flow between two different semiconductor
layers, DC voltage is produced due to the exposure of the sunlight to the material
[29]. While light rays irradiate the solar cell surface, they generate electric current
and voltage. This technique requires a specific material that can absorb light which
will excite electrons to higher energy states. The electron then discharges its energy

in the external circuit before returning to the solar cell [30].

1.1.1 Objectives of using solar cell

Numerous materials and approaches can hypothetically accomplish the principles,
necessary for photovoltaic energy transformation. Nevertheless, in practical circum-
stances, it is notable that almost all instances of photovoltaic energy conversion
mostly depend on the deployment of semiconductor materials, which are fundamen-
tally designed in the form of a p-n junction [30, 31]. Many unique properties make
solar power attractive and promising. The major factors of solar power are they are
eco-friendly, it generates clean energy and there are no Polluting exhalations, ad-
ditionally, the construction is less complex, highly flexible, and durable since there
are no moving components and no possibility of breaking down the structure. Be-
sides being very easy to care for, solar cells require low maintenance, have a signifi-
cantly long lifespan (20 to 30 years), and incur minimal operating expenses. Due to
these advantages, rural areas can generate sufficient power supplies, which can then
be distributed to homes, businesses, institutions, and other locations where conven-
tional electricity supply is inadequate. Despite these advantages, solar cells have a
few drawbacks. The amount of sunlight available largely depends on geographical
location and weather conditions. Additionally, the initial setup and equipment costs

are also important factors to consider. [29, 30, 31, 32].
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Solar Radiation Metallic

Con}mting Strips
=

N - type material
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Negat

Electrons :
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Substrate Base Positive Holes

Figure 1.1: Schematic of photovoltaic cell with layers of n-type and p- type material
[33].

1.2 Principles of solar cell operation

The operational principle of solar cells or photovoltaic cells is grounded on photo-
voltaic effects. The radiation of solar cells quickly converts into electrical energy in
this phenomenon. It is basically a p-n junction device. Figure 1.1 illustrates how sun
rays are transformed into electricity through electrons and hole movement in the cell
structure [33, 34]. The configuration of photovoltaic solar cells involves two semi-
conductor regions with different electron concentrations, which can be either n-type
or p-type. N-type semiconductor materials have excess negatively charged electrons,
while p-type materials have positively charged carriers known as holes. Both n-type
and p-type materials are electrically neutral, although they differ in their charge car-
riers. [35].

The photovoltaic effect primarily involves three essential processes, which are

discussed below:
Absorption of Photon: In this step when photons (light particles) strike the sur-
face of a semiconductor material, such as silicon. The semiconductor absorbs the en-

ergy from photons, which causes electron excitation. These excited electrons break
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their atomic bonds. Electron-hole pair generation in a p-n junction semiconductor
happens because of photon absorption. If a photon with energy E=hv (where h is
Planck’s constant and v is the frequency of the light) has energy above the semicon-
ductor’s bandgap energy Eg, it can excite an electron to the conduction band from
a lower energy level which is known as the valence band. This generates a positive
charge hole in the valence band [36, 37, 38]. A minimum energy is needed to create
an electron-hole pair, and it can exceed the energy of the absorbed photon, this energy
can be represented by hvy. This excess energy (hv — hvy) provides additional kinetic
energy to the excited electron or hole. However, the remaining energy does not stay

in the system. In semiconductor, it dissipated as heat [36, 38].

Electron-hole generation: When photons are absorbed, they generate charge
carrier pairs known as free electrons and holes. In this process, holes move across
the p-region, while electrons flow through the n-region and the external solar circuit.

Eventually, electrons and holes recombine after traveling through the circuit.

Separation of charge: In this step, the electric field of the PV cell separates the
electrons and holes. Electrons flow toward the negative side which is an n-type layer,
whereas holes move toward the p-type layer or the positive side. A voltage is created
across the PV cell by this charge separation process. The layer of the n-type should be
thinner compared to the p-layer. therefore, electrons can flow rapidly throughout the
circuit. Furthermore, it helps to electric current generation before hole recombination
process. Also, the n-layer needs to be coated by using an anti-reflection coating. This
provides the advantage of reducing the reflection on the surface and additionally aids
in improving the semiconductor light absorption; thus, results of efficiency increase
[28, 35].
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1.2.1 The P-N Junction

The combination of the p-type region with the n-type region creates a P-N junction.
fundamental structure of a semiconductor diode is formed in this process. majority
of charge carriers are free electrons in the n-type region and there are few thermally
generated holes. On the other hand, holes are the predominant carriers, with a small

number of thermally generated free electrons works as minority carriers.

Depletion Region

P region A N region

Figure 1.2: The basic structure of the semiconductor P-N junction [39].

A photovoltaic cell is a semiconductor diode designed to convert sunlight into
electrical energy. It is made of a single silicon crystal, where one side is doped with
pentavalent impurities to create a n-type layer, while another region is doped with
trivalent impurities to form a p-type layer. An additional charge carrier to both sides
has been introduce by this doping process. Electrons from the n-side diffuse into
the p-side when these n-type and p-type regions come into contact and leave behind

positively charged atoms near the junction. Correspondingly, holes move into the n-
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type from the p-type region, creating negatively charged atoms. Since electrons and
holes transfer, diffusion current (I;;5) is produced, which forms a charge-free zone
called the depletion region or space charge region. Any further flow of electrons or
holes is prevented by the electric field forms in this area [39].

In a semiconductor, under an equilibrium state, two types of currents are gener-
ated. These currents are produced by electrons and holes flow in semiconductors. One
is known as drift current which is caused by the junction electric field, and the other
one is diffusion current (Ir7), which results from the difference in concentration.

Electrons diffusion current can be expressed as I,,_4;¢r. The equation can be written

as:
dn
Li—girr = eDp— 1.1
n—diff = € "Iy (1.1)
Again, diffusion current density of holes:
d
lp-aifr = —eDy . (1.2)

The ratios representing the change in particle density relative to the change in dif-
fusion distance for electrons and holes are given by % for electrons and % for holes.
ILyyif: 1s developed from the electric field. The diffusion current is reversed to the drift
current. Drift current (I,_grif;) is generated from drift electrons. The expression is

given below:

Li_airf = enly,E = envy, (1.3)

Where, u, is the mobility of electrons, E is the electric field in the depletion
region, and it denotes the drift velocity of electrons. Similarly, the drift current /4,

due to the movement of holes is expressed as follows:

lp—diff = epUnE = epvap (1.4)

Hole mobility is denoted as , and average drift velocity of holes is, v,4,. Net

Idrift = e([.inl’l + ‘LLpP)E (1.5)
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And
p = e(tan+ Upp) (1.6)

So, 14if; can be written,

Larifs = e(Uan + UpP)E = pE (L.7)

Where the conductivity of the electronic semiconductor is p [38].

In the depletion region of non-degenerate semiconductors, the electric field within
this region drives out free electrons and holes, thereby preventing net currents. This
helps to balance the Iy, and Iy;rs in the equilibrium states. The balance among
diffusion and drift current in a non-degenerate semiconductor leads to the Einstein
relation, which connects the diffusion coefficient D and the mobility u of charge
carriers [38]. The Einstein relation is,

D KT
[T
Where “k” is Boltzmann’s constant, “T” is the absolute temperature in kelvins,

(1.8)

and “e” is the electron charge.

The mechanism of a P-N Junction Solar Cell in applied voltage is like a conven-
tional P-N junction diode. The depletion region shrinks while connecting the diode
to a forward-biased external voltage. The positive and negative charge carriers (holes
and electrons) are repelled in the direction of the p-n junction from both negative and
positive terminals. As a result, less energy is required for the charge carriers to flow
across the depletion region. Electrons begin to move across the space charge area, as
the voltage applied reaches the barrier potential. In forward bias mode, the diode cur-
rent is described by the ideal Shockley equation. When the external forward voltage

rises, the current rises exponentially [40].

\%
la = To(exp( ) — 1) (1.9)

where the diode current is /;, while free carriers flow across the junction; satura-
tion diode current in the depletion region can be defined as I while temperature of
room T is 300 K. External voltage is V, Boltzmann’s constant, K= 1.3805x10~23 J/K,
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and e is the electron charge, 1.60217657x107!° coulombs [41, 42]. The photovoltaic
effect occurs by exposing the PV cells to the sunlight, which is the basic principle
behind transforming solar energy into electrical energy or solar power generation.
In a semiconductor, the formation of a p-n junction occurs while incident light is
absorbed by the surface. pairs of positive and negative charges create. Through the
negative terminal, electrons move to the metal contacts from the n-region then it flow
through the load. consequently, electrons again return to the positive contact and then

go through the p-region. electrons can recombine with holes again in the p area.

1.3 Types of photovoltaic or solar cell

Solar cells are categorized based on the types of semiconductor materials used. The
efficiency of PV cells varies depending on the materials used in their design, as each
material has a specific capacity to absorb sunlight. Solar cells can feature either a
single junction or multiple junctions. The three main types of PV cells are classified
as first, second, and third-generation cells. First-generation solar cells are made from
crystalline silicon, including monocrystalline and polycrystalline types. Monocrys-
talline solar cells are in high demand, accounting for about 80% of the global com-
mercial market. [43].

Second-generation solar cell technology, also known as thin-film solar cell tech-
nology, reduces fabrication costs. Unlike traditional silicon crystal technology, which
requires pure crystalline silicon—a complex and costly process—thin-film technol-
ogy uses significantly less deposited silicon than the conventional wafer-based ap-
proach. [44].

Third-generation solar cells encompass a variety of thin-film technologies, most
of which are still in the research or development stages, making commercial im-
plementation currently unfeasible. Many approaches involve organic materials, such
as organometallic compounds, in addition to inorganic components. However, these
methods have traditionally shown low efficiency and limited stability in absorber
materials, rendering them unsuitable for commercial applications. Therefore, exten-

sive research is ongoing to explore their potential for delivering cost-effective, high-
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efficiency solar cells. [45]. In the section below, some important types of solar cells

are discussed.

1.3.1 Amorphous Silicon Solar Cell

Non-crystalline form of silicon is known as Amorphous silicon. This considered as
most advanced thin-film technology, with more than one decay of commercial avail-
ability. It is usually used in devices like pocket calculators and also, applied in power
systems of residential areas, commercial buildings, and remote installations. United
Solar Systems Corporation has been a leader in the development of amorphous sili-
con solar cells and continues to be a major manufacturer in the market. By the vapor-
deposition method, A-Si panels form a thin silicon layer, approximately a thickness
of 1 micrometer, onto a glass or metal substrate. Also, moderately low temperatures,
as low as 75°C are required for depositing. This property helps to deposit plastic ma-
terials. The formation of the cell structure involves a p-i-n single sequence layer. On
the other hand, when single-layer cells are exposed to sunlight, their power output
significantly decreases (by 15-35%). This loss of efficiency is due to a phenomenon
known as the Staebler-Wronski Effect [29].

Thickness of Complete
Multijunction Cell < rpm

Red Cell

Back Reflector
Film Layer

Flexible Stainless
Steel Substrate

Figure 1.3: The schematic representation of triple layer amorphous silicon from Uni-
solar [29].
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Total thickness triple junction solar cell is just 1 micron, or approximately 1/300th
of mono-crystalline silicon solar cell the size. Cost-effectiveness and lower manufac-
turing expenses is the key advantage of A-Si.

1.3.2 Biohybrid Solar Cell

Solar cells, designed with a combination of organic materials, particularly photosys-
tem I, and inorganic components are recognized as Biohybrid solar cell. By using
photosystem I, a photoactive protein complex, found in the thylakoid membrane, sci-
entists at Vanderbilt University have developed biohybrid solar cells that reproduce
photosynthesis naturally and improve solar energy conversion efficiency. In the re-

newable energy industry, this invention demonstrates a promising progression.[46].

Fg Iron-Sulfur
Complex ™

Electron
Transfer
Chain

Bound
Chlorophylls

Figure 1.4: Multilayered Bio-Hybrid Solar cells [47]

Photonic energy is absorbed by the multiple layers of photosystem I, where it
is converted into chemical energy, allowing the generated current to flow through
the cell. The cell is constructed from many of the same inorganic materials used in
conventional solar cells, with the addition of photosystem I complexes. These com-

plexes are gradually introduced and assembled within a gold layer over several days,
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eventually forming a thin green film. This film plays a crucial role in enhancing the
cell’s energy conversion efficiency. Nevertheless, further research is still required to
advance these types of cells. [46, 47, 48].

1.3.3 Features of a laser-grooved Buried Contact Solar Cells

In buried contact solar cells, plated metal contacts are used to form laser-formed
grooves. This is known as a commercially highly efficient technology. A key feature
enhancing the high efficiency of buried contact solar cells is the embedding of metal
contacts within laser-formed grooves in the silicon cell. Several drawbacks in screen-
printed contacts can be mitigated with this design, resulting in an improvement of
solar cell performance by up to 25 percent compared to traditional screen-printed
solar cells. A cross-section of laser-grooved buried contact PV cells is demonstrated
in Figure 1.5 below [29, 49].

\/ \ /

light emitter diffusion copper plating

@ — inlaser cut
grooves

heavy phosphorous
diffusion in grooves

Aluminium alloyed BSF p-type substrate

Figure 1.5: Schematic of the buried contact solar cell

The buried contact configuration features a large metal height-to-width ratio, this
facilitates a significant amount of metal to be used in the contact fingers without

requiring wide metal strips on the surface. This design allows the arrangement of
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several closely spaced fingers, maintaining a high level of transparency. In larger so-
lar cells, traditional screen-printed models can experience shading losses of approxi-
mately 10 to 15%. Whereas the buried contact technique reduces those losses to just
2 to 3%. This reduction in shading leads to less reflection and higher short-circuit cur-
rents, which eventually improves efficiency. In buried contact solar cells, the metal-
lization design leads to enhanced performance of the emitter. In screen-printed cells,
the emitter area is highly doped to diminish the loss of resistivity. On the surface of
the cell, it allows to form a "dead" layer. As emitter losses are insignificant in a buried
contact cell, the doping of the emitter can be modified to achieve higher open-circuit
voltages and short-circuit currents. In concentrators, this solar cell structure plays a
significant role [49, 50].

1.3.4 Cadmium Telluride Photovoltaic Cell (CdTe)

CdTe photovoltaics is a method that uses cadmium telluride, a thin semiconductor
layer, to convert sunlight into electricity [51]. In contrast to other conventional crys-
talline silicon solar cells, Cadmium telluride is the least expensive thin film technol-
ogy. The duration of energy payback for CdTe is below one year, facilitating rapid
carbon reductions without creating an immediate energy lack. However, environmen-
tal concerns arise because of the toxicity of cadmium. these issues are eased through
the reutilizing of CdTe modules once they reach the end of their lifecycle [52, 53, 54].

Near future, employing rare materials is a constraining factor for the industrial
scalability of CdTe technology. The scarcity of tellurium, which is the anionic form of
telluride, is similar to platinum in the Earth’s crust, significantly impacting the overall
cost of the modules. CdTe photovoltaics are already employed in some of the largest
solar power plants in the world, including the Topaz Solar Farm. In 2013, CdTe tech-
nology represented 5.1% of global PV production and made up over half of the thin
film market [54, 55]. Cadmium is an extremely toxic material, although cadmium
telluride (CdTe) is considered less dangerous for short-term exposure. However, it
can still be harmful if ingested, inhaled as dust, or conducted without proper safety
measures. The harmfulness isn’t just from cadmium itself but also from the reactiv-

ity of CdTe, which can cause cellular damage. Although there are concerns about
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Figure 1.6: (a) configuration of substrate on CdTe PV cells. (b)graphical presentation

of cadmium tellurium solar cells.

the disposal and long-term safety of CdTe in solar panels, research, including studies
from the U.S. Department of Energy, shows minimal risk when recycled. While the
European Union classified cadmium compounds as carcinogenic, using CdTe in so-
lar panels is considered safe in current rooftop installations. It does not present any

significant problems in the environment [56].

1.3.5 Copper Indium Gallium Selenide Solar Cells

A copper indium gallium selenide (CIGS) solar cell, also known as a CIGS or CIS
cell, it is a type of thin-film PV cell that converts solar energy into electricity. By de-
positing a thin layer of copper, indium, gallium, and selenide onto a glass or plastic
substrate CIGS are fabricated. With electrodes on both sides to accumulate the elec-
tric current. Due to its high absorption coefficient, CIGS efficiently absorbs sunlight,
so a thinner film compared to other semiconductor materials is required. It is one of
the main thin-film photovoltaic (PV) technologies, along with cadmium telluride and
amorphous silicon. CIGS can be placed on flexible surfaces since they are very thin
and flexible [29, 55].
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Figure 1.7: Schematic demonstration of Copper Indium Gallium Selenide Solar Cells.

Despite the use of high-temperature deposition techniques for optimal perfor-
mance, normally on glass substrates, recent advancements in low-temperature depo-
sition methods have significantly minimized the change in performance with modern
polysilicon panels. CIGS is widely accepted due to its flexible application, less less-
weight solar panels, also efficiency enhancement has proven CIGS as a consistent

alternative in the solar cell industry [55].

1.3.6 Gallium Arsenide Germanium Solar Cell

Gallium arsenide (GaAs) consists of gallium and arsenic. These two elements to-
gether form a compound with numerous significant properties. As a semiconductor,
compared to silicon wafers GaAs have higher mobility of electrons and a faster sat-
urated electron velocity. Semiconductors are materials with electrical conductivity
that lie between insulators and conductors, and their conductivity can change based
on the temperature. This property is beneficial for numerous purposes. One unique
feature of gallium arsenide is its direct band gap, which allows it to produce light

efficiently. GaAs have a zinc blend crystal structure and belong to the III-V semicon-



1.3. Types of photovoltaic or solar cell 21

ductor. It’s widely used in producing devices such as microwave integrated circuits,

infrared LEDs, laser diodes, solar cells, and optical windows.
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Figure 1.8: InGaP/GaAs/Ge solar cell diagram

There is also a larger breakdown voltage in gallium arsenide. Breakdown volt-
age refers to the minimum reverse voltage needed to make a component conduc-
tive, allowing current to flow in a reverse direction. Because of its unique properties,
gallium arsenide (GaAs) is appropriate for a variety of electrical applications, from
everyday devices to high-tech systems. For instance, mobile phones, satellite commu-
nications, micro and nano-sized semiconductors, and radar systems, can be utilized

in nanotechnology-based solar power [57, 58].

1.3.7 Hybrid solar cells

The beneficial effects of organic and inorganic semiconductors are merged in hy-
brid solar cells. organic materials made of conjugated polymers function as light-
absorbing donors and transport holes in hybrid photovoltaics [59]. In contrast, the
function of inorganic materials is they work as acceptors and electron transporters
inside the solar cell structure. These types of PV devices offer the potential for
less expensive production through roll-to-roll processing, as well as scalable solar
power transformation [60]. In hybrid solar cells, an organic material is merged with

a high electron transport material to form the photoactive layer. This combination is
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arranged in a heterojunction structure, that delivers better efficiency of power conver-

sion than using just one single type of material [61].
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Figure 1.9: Carbon nanotube Photovoltaic cell structure [62].

One material acts as the photon absorber and provides excitons, while the other
assists in dissociating excitons at the junction. After an exciton is generated in the
donor and delocalized on a donor-acceptor complex, the charge is then transported

and separated [63].

1.3.8 Multi-crystalline or Poly-crystalline Solar Cell

Polycrystalline silicon, signified as polysilicon or poly-Si, which is an extremely pure
silicon with a crystalline structure, in the PV and electronics industries it is mainly
utilized as a raw material. It is produced through a chemical purification method,
the Siemens process, which includes distilling volatile silicon compounds and de-
composing them into silicon through intense heat. An additional novel refinement
procedure employs a fluidized bed reactor (FBR). Mainly, FBR is a reactor that is
designed to perform several chemical reactions involving multiple phases. Upgraded
metallurgical-grade silicon (UMG-Si) through metallurgical is also manufactured in

PV industries. metallurgical is used rather than chemical purification. Polysilicon fab-
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ricated for the electronics industry has impurity levels of less than one part per bil-
lion (ppb), whereas, solar-grade polycrystalline silicon (SoGSi) is usually less pure.
In 2013, major producers of the global supply of around 230,000 tons included com-
panies like GCL-Poly, Wacker Chemie, OCI, Hemlock Semiconductor, and REC,
headquartered in Norway [64, 65].

Mono

To make cells for
monocrystalline
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Poly
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for polycrystalline
panels, fragments
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wafers.

Figure 1.10: Different types solar panel (Mono and Polycrystalline) [65].

Typically, big rods segmented into precisely sized chunks and packed in clean
rooms for distribution, polysilicon feedstock is either cast straight into multi-crystalline
ingots or undergoes a recrystallization process to generate single crystal boules. The
products are later cut into fine thin silicon wafers, which work as necessary com-
ponents in the manufacturing of PV cells, ICs, and various semiconductor devices.
Polysilicon consists of crystallites. It is basically a small crystalline structure, that
assists in imparting a characteristic metallic flake appearance. Although the terms
polysilicon and multi-silicon are normally similar, multi-crystalline typically signi-
fies crystals that exceed 1 mm in size. Multi-crystalline PV cells are the predominant
category in the rapidly developing photovoltaic (PV) industries and consume the ma-
jority of polysilicon produced globally. The production of conventional solar modules
requires approximately 5 tons of polysilicon to generate 1 megawatt (MW) of energy
[66].
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1.3.9 Thin Film Solar Cell (TFSC)

A thin-film solar cell (TFSC) is classified as a second-generation Photovoltaic tech-
nology. TFSC is fabricated by a thin layer of semiconducting material (CGIS, CdTe,
and a-Si) onto substrates such as glass, plastic, or metal. Thin-film solar cells are em-
ployed in various forms, including cadmium telluride (CdTe), copper indium gallium
selenide (CIGS), and other groups of thin-film silicon for instance, (a-Si, TF-Si). The
range of diverse materials selection, lightweight, and design flexibility allows this
to be utilized in numerous applications. These cells can be integrated into conven-
tional rooftop solar panels and more innovative uses such as solar windows, building
facades, and portable solar chargers. This flexibility makes thin-film technology es-
pecially attractive in urban locations. These solar panels can be essential in areas with

limited space.
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Figure 1.11: Design of thin film solar cell structure.

Thin film solar cell’s width or thickness ranges are approximately a few nanome-
ters (nm) to several tens of micrometers ((tm), making them significantly thinner
than first-generation crystalline silicon solar cells (c-Si), which utilize silicon wafers

as thick as 200 micrometers. It shows greater flexibility because of its thin structure,
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also reduces its weight, and minimizes drag. Thin-film solar cells are often used in
building-integrated photovoltaics and as semi-transparent glazing that can be lami-
nated onto windows. Additionally, rigid thin-film solar panels, sealed between two
layers of glass, are utilized in some of the world’s largest photovoltaic power plants.
[67, 68].






Chapter 2

Laser Scribing

2.1 Basics of Laser scribing process

The development of energy solutions that lessen the ecological impact in comparison
to existing fossil fuel-based systems is crucial, to the environmental issues associated
with greenhouse gas production [69, 70]. Solar cell technology represents a signifi-
cant sector within renewable energy, serving a critical function for electricity gener-
ation. This importance is amplified by the escalating global energy demand, which is
propelled by the instantaneous growth in population [71]. The field of PV cell tech-
nology has experienced substantial advancements over recent decades. Crystalline
solar cells, which have been in use for a long period, can accomplish standard ef-
ficiency requirements. Laboratory analyses have demonstrated efficiencies of 26.8%
for monocrystalline silicon solar cells and 23.3% for polycrystalline silicon solar cells
[72]. The excessive expense of manufacturing has led to improvements in thin film
technology aimed at reducing material consumption [73]. The main types of solar
thin films that have significantly influenced the market include amorphous silicon,
cadmium telluride (CdTe), and copper indium gallium selenide (CIGS) [74, 75]. Re-
cent progress in new generations of solar thin films, employing numerous materials,
has focused on overcoming challenges such as cutting production costs, supporting

large-scale manufacturing, improving durability, addressing environmental impacts,
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and boosting efficiency.

In solar technology that uses thin films, there are three specific stages of scrib-
ing required to reduce the amount of photocurrent and resistance losses. These ap-
proaches are tried-and-true methods to reduce ohmic losses [76, 77]. In addition, the
application of a serial connectivity architecture lowers losses while simultaneously
limiting the output current of the solar cell, which raises the output voltage [78]. To
obtain the efficiency and performance achieved in a laboratory setup for cells smaller
than 1 cm?, a high active surface area of approximately 95% of the total sub-module
area is needed to enhance the efficiency of solar cells [79]. Laser scribing is an in-
valuable process in the fabrication of thin-film solar cells, this method is mostly com-
posed of multiple layers of materials applied onto a substrate. Nevertheless, the laser
scribing process can yield distinct output results which are controlled by variations
in material characteristics, the thickness of the film, and the architecture of the PV
cells. This variability highlights the necessity for tailored laser scribing systems and
conditions. To achieve optimal efficiency, acquiring a comprehensive understanding
of the effects of different materials is crucial. besides observing how solar cell ma-
terials respond to the laser scribing process. Despite these challenges, laser scribing
holds significant potential for improving the commercialization of next-generation
solar cells, for instance, perovskite, which demands further study due to its intricate

structure [72].

2.2 Laser Scribing Processes of Solar Cell Fabrication

The manufacturing process of thin film solar cells encompasses numerous phases,
including various film deposition methods and three distinct scribing operations, re-
ferred to as P1, P2, and P3. These operations are crucial for describing individual
cells and establishing electrical interconnections between adjacent cells in series, so
lessening current and ohmic losses while enhancing voltage [72]. As represented in
Figure 2.1 below, the P1 stage requires a thorough incision through the back conduc-
tive layer on the substrate, facilitating a dynamic electrical isolation step that enables

obligatory cell separation [80]. The P2 scribing process involves the removal of the
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absorber layer from the back contact layer, for establishing electrical connectivity be-
tween the back and front conductive layers. This is another essential step. thus, this
step enables current flow between neighboring submodules [81, 82]. This scribing is
typically accomplished following the deposition of the absorber layer onto the back
contact layer [82]. The final step is P3 scribing, which is intended to create a line
on the front contact layer to complete the isolation process, similar to the P1 scrib-
ing step. In some cases, both the front contact layer and the absorber layer may be

selectively removed to ensure full isolation of this layer. [78].
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Figure 2.1: Schematic of three different scribing steps of a solar cell also the perfor-

mance of cells.

In figure 2.1 represents a layout of laser scribing processes (P1, P2, and P3),
that illustrate the definition of individual cells and the creation of a monolithic serial
interconnection. [72].

Dead Area is the space between the P1 and P3 scribes, which does not contribute
to electricity generation. To improve the active region, it is necessary to lower the
size of the dead zone by reducing the space among the P3 scribe and the following
P1. As a result, the positioning and thickness of each scribe pattern are significant
aspects in optimizing the performance of PV cells and the effective utilization of the

solar cell region. Furthermore, the scribing procedure must present a high precision
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level that should be carefully controlled, to enable the selective removal of the chosen
thin film while maintaining the integrity of the underlying layers. The scribes must
remain clean and undamaged, especially for P2, since the top and bottom contacts
are connected by P2. The thickest layer is the absorber layer. Partial removal causes
an increase in electrical resistance between cells and decreases the efficiency. The
P2 step of the scribing process is the most challenging one among all of them. Since
it is hard to achieve an undamaged clean scribe. Higher speeds of laser scribing are

necessary for efficiency enhancements [83].

2.3 Types of Scribing technique

2.3.1 Mechanical Scribing

Mechanical scribing represents a traditional method for creating monolithic serial in-
terconnections. This method utilizes a needle to remove material from the underlying
deposited layer, thereby forming a channel that measures several hundred microns
in width and approximately 500 microns in depth [84]. The pressure exerted by the
needle creates the necessary tension to detach the material, eventually resulting in
delamination and the formation of chips [85]. This method is primarily designed for
P2 and P3 scribing due to the high susceptibility of the underlying material, which
necessitates intense precision. Despite its ability to achieve significant efficiencies,
there is drawbacks [86, 87]. The mechanical scribing technique goes through many
wears and tear, necessitating the implementation of a method for needle replacement.
Additionally, issues such as uncontrolled breakout and inaccuracies may occur, influ-
enced by the material’s ductility and adhesion properties [88]. In the case of ductile
materials, there is a tendency for material to accumulate on either side of the scribed
grooves. As a result, adjacent scribes must be positioned further away from the un-
even grooves to prevent overlap, [85] which sequentially increases the distance of the
dead area. While mechanical scribing remains a conventional technique that offers re-
markable quality, the growing demand for enhanced efficiency, precision in scribing,
and accelerated processing speeds have prompted thin-film photovoltaic mechanisms

to explore more advanced and precise alternatives.
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2.3.2 Laser Scribing

While using mechanical scribing methods researchers faced numerous challenges.
therefore, as an alternative technique laser scribing method showed tremendous re-
sults. The difference between the two scribing techniques, mechanical and laser scribes
is demonstrated in Figure 2.2 below [85]. It is observed that the conventional scribing
technique (mechanical) creates an uneven scribe, this characteristic of getting an un-
even pattern is mostly associated with debris and material breakout from the intended
path. However, laser scribing presents more precise, sharp, and smoother lines or pat-

terns. This results, in significantly reducing the effects of generated debris.

Figure 2.2: Evaluation of the scribes accomplished by both scribing techniques, (a)
the left figure demonstrates mechanical scribing and (b) the right one shows laser

scribing

By laser scribing method fine scribing lines with straight edges can be achieved.
this technique keeps the process clear and clean. To achieve these properties, scribing
must be devoid of thermo-mechanical and damage due to chemicals. The melting of
the central absorber layer, which contains metallic elements, is the significant reason
that causes the development of shunt resistance between the front and back contact
layers. Numerous analyses have been performed by researchers from all over the
world. Common challenges that affect the surface integrity of the scribes involve

the development of mini-cracks, the heat-affected zone (HAZ), diffusion, and the
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formation of debris. Since Laser scribing is a thermo-mechanical process, an in-depth
understanding of the mechanisms of melting, evaporation, and plasma formation is
essential for scientists aiming to enhance the output efficiency of the laser scribing

procedure [72].

2.4 P1-P2-P3 laser scribing steps in thin-film solar cells

In the development process of thin-film PV cells, the P1, P2, and P3 laser scribing
process plays a crucial role since applying this step helps to define individual cells
and form the electrical connections between them. Each step (P1, P2, P3) of scribing
emphasizes an individual layer of the material of the solar cell. Individual steps ensure
proper electrical isolation and connection among solar cells. In Figure 2.3 process

chain of thin film solar cells is explained.

Process Chain for Thin-Film Solar Cells
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Figure 2.3: Thin-film laser solar cells process [89]
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2.4.1 P1 Scribing (Back Electrode Scribing)

In P1 scribing targets the back conductive layer of a solar cell, commonly made of
metals. usually molybdenum (Mo) in CIGS cells or aluminum (Al) in other types.
The principal objective is to isolate individual cells by cutting through this back elec-
trode. This separation helps prevent short circuits between adjacent cells. Materials:
The back conductive layer. typically, molybdenum, and aluminum). The procedure
of scribing: An infrared (IR) laser, characteristically with a wavelength of 1064 nm,
is used to eliminate the back electrode, cutting down to the substrate (glass or plas-
tic). This ensures that each cell within the solar module is electrically isolated. So
as a result, proper electrical isolation between the cells can achieved by this step
[90, 91, 92].

L]

Substrate

H

(=] :‘ l

L=
P1 pattern P2 pattern
L 1
e —

Front-Contact Absorber Layer
Deposition Deposition

|

i

Back-Contact
Deposition
L

Figure 2.4: Flow chart of thin film solar cell module fabrication process with laser
scribing [93].
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2.4.2 P2 Scribing (Absorber Layer Scribing)

The absorber layer is the principal focus of the P2 scribing process. This absorber
layer is the main photovoltaic layer that converts sunlight into electricity. In the P2
process, the back electrode is exposed and fabricates electrical contact between the
back and front conductive layers. the current flow between adjoining cells can be en-
sured by this step. Material: Absorber layer (such as CIGS, CdTe, or a-Si). Procedure:
A green laser (532 nm) or infrared laser is used to remove a thin line of the absorber
layer, exposing the underlying back electrode (that is isolated by the P1 step). This
allows for electrical contact between the front and back layers of the adjacent cells.
Result: Electrical contact between the front and back electrodes is achieved, allowing
current flow between cells [92].

2.4.3 P3 Scribing (Front Electrode Scribing)

The P3 scribe includes the front conductive layer, a transparent conductive oxide
(TCO) for instance indium tin oxide (ITO) or aluminum-doped zinc oxide (AZO)
is referred to as front conductive layers. This step separates the cells by removing
a thin strip of the front conductive layer, completing the cell isolation. The material
of the Front conductive layer is (ITO, AZO). Procedure: A UV laser (355 nm) or
green laser is applied to create a precise cut in the front conductive layer. In specific
circumstances, both the front contact and absorber layers are removed to ensure com-
plete separation. The P3 scribe finishes the electrical isolation of the individual solar
cells and allows for their series interconnection. Complete isolation of adjacent cells
is achieved while maintaining series connections, increasing the voltage output of the
module [91, 92].
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2.5 Laser Scribing Apparatus of University Parma

(a) Innolight Helios IR

(b) Galvanometric head

Figure 2.5: Source used

EOLITE | INNOLIGHT DATALOGIC DATALOGIC
BOREAS HELIOS MW-DY*/MW-M AREX
Lunghezzz
unghezza am | 1030512 1064 1064 1064
d’onda
Average W 40(IR) 5 2 20
power 15(verde)
Pulse ’
. <15ns* 500*-800%*ps 10-200 100
Duration
Repetiti MW-DY:Single shot - 100
epetition KHz | 20-75 30-70 Ingle sho 20-100
rate MW-M:Single shot - 500
Puls
e mJ 1 0.1 0.6 1
energy
M k
axpea KW 12 10
power
B li
cam quality <13 <13 <13
e
B
cam mm 2 2.5-5.5mm 6 6
diameter
B di
€am divergence mrad 0.4
(half angle)
*up to *@30KHz * Burst da 2x,3x,5x,7x
35 KHz **@70KHx impulsi da 10-30ns

Table 2.1: Apparatus for Laser scribing(UNIPR) Available sources and characteris-

tics.
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2.6 Optical setup of Laser Scribing

A laser source that has a 1064 nm wavelength (Innolight Helios IR) and 530 ps pulse
duration is utilized for our experimental setup for the scribing process. In reducing
the effect of local melting at the edge of the scribing infrared radiation plays a cru-
cial role. The optical setup consists of a laser source that combines with a rotary wave
plate. With this configured setup, both the output power, as well as the beam expander
are controlled. The polarization of the laser light can be adjusted by the wave plate.
This plays an important role in achieving proper scribing on the sample. The modula-
tion of laser power by changing the polarization state of the laser beam is controlled
by the wave plate. Figure 2.6 demonstrates the typical optical setup that was config-
ured according to our requirements for the scribing technique during experiments in
the laboratory.

2D Galvo Scanner

Power adjustment
Laser 1064 nm

Pulse width=300-10000ps
Output power=5W

Beam expander

Sample

Figure 2.6: Optical setup arrangements for the laser scribing process for the labora-

tory in University of Parma.

In this experimental setup, a scanner is used, where the focal length of the lens
is 540mm, and a beam that is close to the Gaussian intensity distribution is centered
on the surface of our desired samples. The scribing process is managed by adjusting

the scribing speed. typically, the speed is ranged from approximately a few mm/s
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to m/s for the test. By employing a Field-Emission Scanning Electron Microscope
(FESEM-FIB, Zeiss Auriga Compact) assembled with an Energy Dispersive X-ray
spectrometer (EDX, Oxford) optimized with a Co standard, respective effects such
as the microscopical, morphological, and compositional effect of the laser scribing

on the Photovoltaic cells is investigated [94].






Chapter 3

Results and Discussion of Laser
Scribing

3.1 Laser scribing on solar cells from IMEM-CNR

Among the technologies used to produce thin-film solar cells, CIGS (Copper Indium
Gallium Selenide) holds a prominent position due to its adaptability to flexible and
lightweight substrates. This makes it a promising option for applications in build-
ing integration, the transport sector, and even the space sector. These cells can be
produced over large surface areas, but to minimize current losses, it is crucial to di-
vide the surface into smaller, interconnected cells. This is achieved through a scribing
technique—either mechanical or laser—carried out in three steps: separating the back
contact (P1), cutting the absorber layer (P2), and isolating the top contact (P3) be-
tween adjacent cells. This step is pivotal to the overall performance of solar cells and
remains the focus of extensive research to achieve precise optimization. The literature
features numerous studies investigating the use of different laser sources as alterna-
tives to mechanical scribing, to minimize layer damage such as micro fusions, phase
shifts, and aggregate formation, to enhance solar cell efficiency and performance. In
this activity, the Innolight Helios IR laser was chosen, operating wavelength of A =

1064 nm (with the alternative to replacement at 532 nm). At a frequency of 30 kHz,
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it generates pulses with 300 ps width. This laser source is combined with an opti-
cal system that contains an attenuator for control of the output power, in addition to
a beam expander is also used. It helps to collimate the beam onto a galvanometric
head. This head of galvanometric, in turn, directs the beam onto the sample with an

almost Gaussian distribution and a focal length of 540 mm.

3.1.1 Activity Description

In this line of activity (LA11, WP1) the laser scribing technique previously success-
fully tested in the LA10 of WP1 has been used on photovoltaic cells with different

structures

* Standard CIGS solar cells on glass.
* Cells with alternative absorber, Sb2Se3 on glass.

* Innovative semi-transparent solar cells (CulnGaS) for tandems on silicon-based

solar cells.

3.2 Standard CIGS solar cells on glass

The initial samples tested are standard CIGS cells (glass / Mo / CulnGaSe / CdS
/ ZnO / ZnO: Al) measurement is approximately one square inch built on a glass
substrate and complete with TCO and evaporated contacts. The characterization pro-
cedure includes conducting electrical measurements with the solar simulator prior to
laser scribing (LS), observing the laser scratches underneath the optical microscope,
investigating these marks by using an electron microscope to evaluate the composi-
tion of specific areas of interest, the cell areas measurements, and lastly, performing
new electrical comparison measurements.

The parameters considered for the scribing process on this sample are the wave-
length of 1064 nm, pulse frequency 25 kHz, power 3-Watt, distance from the focal
plane where the sample is placed, and focus = 0. Two different tracking speeds: 2000
mm /s (group A), and 1000 mm /s (group B).
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(a) (b)

Figure 3.1: Figure (a) represents the standard CIGS sample before the laser scribing

and figure (b) represents after scribing.

As observed, it was determined to involve each cell with a single laser cut; Con-
sequently, of the four sides of each cell, three were marked by mechanical scribing,
while one side was replaced with laser scribing. After laser scribing, some character-
izations are carried out: visual and optical microscope analysis, electron microscope
evaluation, and electrical measurements. This experiment aims to verify the perfor-

mance of the cells through electrical measurements on the solar simulator:
¢ Pre-Laser scribing
* Post Laser

 After ultrasonic washing with propanol (for 3 minutes to remove TCO frag-

ments present on the surface)

Cell data before laser scribing: V,. = 678mV, I, = 1.82mA,FF = 54.5,Rs =
450hm, Ry, = 33440hm.

Ry, (shunt resistance): Resistance that models all the internal losses of the pho-
tovoltaic cell. Ry (series resistance): Resistance that models all those loss factors

that the current encounters in its passage or for example the absorber-back contact
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Figure 3.2: Schematic of solar cell

resistance, the resistance of the upper and lower contacts of the entire cell. Fill Fac-
tor (FF) is a dimensionless parameter that measures the degree of purity and correct

exploitation of the cell as a percentage of achievement of the product’s ideality IV.

FF = M 3.1
VOCISC

3.2.1 Measurement of the cell areas and visual analysis

It must be considered that the original area of the identified cells is reduced by the
laser scribing, therefore the current extracted from each of them is also proportionally.
The areas are then accurately measured under the electron microscope during the
analysis session carried out to characterize the morphology and composition of the
scribing.

The table 3.1, shows in the two and three number columns the surface in mm?2 of
the areas defined by mechanical scribing and laser scribing respectively. The right-
most column shows the percentage of each area obtained compared to the original.
On average we have performed a reduction of the area to 80%, consequently we must

expect a similar reduction in the Iy currents that we are going to measure.
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celle/aree | mm2 mecc | mm2 LS | var

Al 11.1 8.5 0.76
A2 13.1 10.2 0.78
A3 12.5 9.6 0.77
A4 134 9.9 0.74
B1 8.9 7.0 0.78
B2 10.9 8.8 0.81
B3 10.7 8.4 0.79
B4 114 8.6 0.76
Cl1 11.7 9.3 0.79
Cc2 12.1 9.7 0.80
C3 12.4 9.8 0.79
C4 13.9 10.8 0.77
D1 10.2 8.1 0.80
D2 11.8 9.6 0.82
D3 12.3 9.9 0.81
D4 12.6 9.7 0.78

media 0.784

Table 3.1: Cells area measurements of CIGS sample.

Voc | Isc FF | Rs | Rsh Voc | Isc FF | Rs | Rsh
Al | 707 | 1.29 | 523 | 19 | 2112 || C1 | 716 | 1.646 | 51.8 | 59 | 3093
A2 | 674 | 1.951 | 50.7 | 47 | 1638 || C2 | 699 | 2.001 | 58.2 | 18 | 3963
A3 | 583 | 2.05 | 427 | 114 | 1399 || C3 | 663 | 2.205 | 56.9 | 28 | 3037
B1 | 719 | 1.262 | 50.4 | 31 | 2918 || D1 | 703 | 1.831 | 62.1 | 24 | 9783
B2 | 703 | 1.849 | 62.3 | 26 | 2843 || D2 | 690 | 1.836 | 56.1 | 36 | 5049
B3 | 648 | 1.828 | 55.1 | 96 | 2366 || D3 | 631 | 2.06 | 55.8 | 27 | 1925

Table 3.2: The preliminary measurements of the sample after the mechanical scribing

process.

The table 3.2, illustrates the preliminary measurements on the sample after having
done the mechanical scribing.

Visual analysis: Analysis under the optical microscope, some disruptions are
observed in the A lines (V = 2000 mm/s); and all four traces exhibit a jagged, uneven

appearance.
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3.2.2 SEM analysis of Standard CIGS solar cells

All scribing traces do not show signs of melting which is the main and most signif-
icant issue that occurs in laser scribing and which can determine a net deterioration
in the Photovoltaic cell performance. Lines A appear not completely continuous and
often involve a double layer of the structure (TCO and CIGS). The B lines are wider,
even if it is discontinuous, but seem to affect only the most superficial layer. This is
despite the halved speed which would imply a double influence and, therefore greater
effectiveness of the incision. However, we must consider that some technical aspects
may negatively affect this for example, insufficient uniformity of the thickness of the
TCO over the entire sample or a misalignment of the sample in the plane concerning

the propagation of the laser beam.

EHT =10.00 kV
Mag= 86X Scan Ratation =
e Mo — WD=216mm  “fntonror a00- FIB Probe = 0KV:50 pA - System Vacuum = 1.69¢

(@) (b)

Figure 3.3: (a) Cells D4, (b) D2: areas with TCO and partial removal of CIGS, inho-
mogeneity of the cut. In other places the TCO is not removed.

The cells created were thus affected by the laser scribing carried out: V = 2000
mm /s LS A on cells C1, C2, C3, D1, D2, D3 V = 1000 mm / s LS B on cells: Al,
A2, A3,B1,B2, B3

The tables 3.3 summarize the percentage variations of the parameters of the cells
affected by the two-laser scribing used.
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var-1 | Voc -1 Voc
-19 | Isc | -15 Isc
-2 FF 3 FF
-23 | Sup | -20.5 | Sup
121 | Rs 20 Rs
15 | Rsh | -22 | Rsh

Table 3.3: Percentage variations of the parameters of the cells affected by laser scrib-

ing

3.2.3 Compositional analysis (EDX) of the Standard CIGS solar cells
films

The compositions in the areas inside and outside the laser traces have been verified.
It highlights the elimination of the TCO and the presence of the absorber, as desired
in the so-called modified LS P3.

Post laser scribing electrical measurements: Under standard lighting condi-
tions with the solar simulator (IKW / m? = 100mW / cm?), the electrical parameters
of 12 cells with surfaces of the order of 10mm? were measured.

Summary of mean cell data after laser scribing: < V,. >= 720mV, < [, >=
1.59mA < FF >=55,R; = 91.50hm, Ry, = 29620hm

3.3 Data Analysis of Standard CIGS solar cells

The data analysis, grouping the percentage variations of the electrical parameters of
the cells and surfaces, allows us to make some observations:

The cell areas have been reduced on average by 20% and the drop in currents ob-
served in laser scribing A is in good agreement with the drop in the cell surface,
while in case B it is less. That indicates, in some cases, the effective area of the cell
has not been reduced due to superficial scribing or that presents discontinuities (cells

C3, D3). The work tensions are essentially unaffected; this is as expected, and it is
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an excellent result; which means that the properties of the absorber (CIGS) have not
been altered. Also, the fill factor (FF) is on average constant but there are three cases
in which it has increased by more than 15% (B1, C1, D2). For this benchmark, the
laser scribing on B looks better. The series resistances on average deteriorate in both
groups, although there are three cells with an improvement (decrease) of 10% (B2,
C1, D2). On the other hand, Shunt resistance improves in the first group while they
worsen in the second. However, it should be noted that in the latter they are twice as
large on average (4KOhm vs. 2KOhm) Relative changes in efficiencies show wide
variability and are therefore not particularly significant in this test. Considering the
presence of parts of TCO partially removed but still present on the cells which can be
observed in SEM image. After electrical measurements, the sample was washed with
propanol in an ultrasonic bath for three minutes and then dried at 50°. The simulator
measurements were then repeated. Some important parameters have been observed
by these experiments. Such as the V,., are unchanged, and some /;chave worsened,
but during the treatment, the metal contacts deposited on the TCO are partially dam-
aged. The shunt resistances are increased, those of the LS B more; a very good signal
indicating better cell insulation. The efficiencies are on average unchanged. In con-
clusion, the test shows extremely positive results, moreover, the cell efficiencies are
unaltered, and an improvement in insulation (Ry;) and in some cases also in the fill
factor (FF) is observed. This confirms that the proposed idea of carrying out modified
P3 scribing, that is, relating to the TCO layer only, can be successfully pursued on
CulnGaSe-based solar cells on glass.
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3.4 Cell with alternative absorber SB,Se3 on glass

Another type of cell consists of a multilayer similar to CIGS cells in which the ab-
sorber has been replaced by SB,Ses which is a very interesting compound for its
physical properties (high absorption, Eg = 1.17eV, absence of rare elements and/or

harmful), also significantly studied and promising.

AZO (500-600 nm)

UZO (70-120 nm)
CdS (90 nm)

Sb,Se;

Molibdenum coating

Glass

Figure 3.4: Multilayer Structure of Antimony selenide solar cell

The figure 3.4 represents the multilayer structure of the Antimony selenide cells:
the structure is deposited with Glass + Mo coating, Sb;Se3 (1.5 microns), CdS (90
nm), UZO (70-120 nm), AZO (500-600 nm) respectively.
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3.4.1 Detail of the laser scribing parameters

Wavelength=1064 nm Frequency, f = 25 kHz Power, P = 1.5, 1.9, 29 W (a, b, ¢)
Mark speed, V = 1000-5000 mm/s (1, 2)

The higher speed allows us to observe the individual spots of the LS and therefore

the effect on the multilayer.

3.4.2 Mechanical scribing of solar Cell with alternative absorber SB,Se3
on glass

E 00° Sigeal A = 3E2 Date 21 Jan 2071 Time 421851
Ol To= Disels s [ WD =10.0mmM  “ryicom=or gg* FIB Probe = 30KV:50 pA - System Vacuum = 5.80e 007 Torr

Figure 3.5: SEM of SB;Se3

SEM of SB>Se3: We can observe 3.5 the removal of the TCO and the conservation
of the absorber which is intact. For comparison, mechanical scribing eliminates the
various layers up to the Molybdenum that covers the glass.
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Figure 3.6: Compositional Analysis (EDX)

Compositional Analysis (EDX): In 3.6 we see the Laser scribing vertically and
the mechanical scribing horizontally. The greater damage that the latter does on the
multilayer compared to the LS is evident. The compositions in the areas inside and
outside the scribing were checked both in the continuous track and in the individual
spots. It highlights the absence of the TCO and the presence of the absorber, unlike
the mechanical scribing. The width of the LS is about 160 um which is an indication
of a marked overlap of various spots which are about 100 um with the same power.
The results of this test are promising. The parameters used (f = 25kHz, P=29 W, V
= 1000mm / s) are effective in homogeneously removing the TCO even if the trace is
still too wide. It is then necessary to check on functioning cells if there are electrical
alterations. The spot traces confirm that the power used is adequate to remove the
TCO without altering the underlying layer.

Laser Scribing parameters: Wavelength = 1064 nm, f = 25 kHz, P = 2.9-Watt,
V =1000 (1,2,3), 2000 (4,5,6) mm/s. Hence the source used in this configuration is
potentially effective in the LS of Sb2Se3 based cells. Here we report an example of
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Figure 3.7: SbySes based cells (right before LS and left after LS)

making cells on a sample of one square inch. Two scribing speeds were used (v =
1000 mm / s trace 1-3 and 2000 mm / s trace 4-6) thus identifying four homogeneous
groups of cells, see 3.7.

3.4.3 SEM analysis of SH,Sesz-based cells Laser scribing

100 pm EHT = 10.00 kv
N WD = 9.4mm

(a) (b)

Figure 3.8: Figure (a) shows the size of the traces of about 200 microns and the
presence of fragments of the removed surface layer. Figure (b) shows the effect of
the single spot: there is the removal of the TCO, while the underlying surface is

intact.
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The visual analyses and the SEM images show (in 3.8) that all the traces are visible
and defined, with a width of around 200 microns.

Mag= 800X  m =10 el R Signal A= SE2 Date 28 Agr 2022 T it
P m WD = 0dmm oo 00 FIll Probe = JOKV:S500 pA. Systom Varuum = 1750806 Tarr

Figure 3.9: These 800x images show that there is no evidence of absorber investment

casting within the track (well-known effects).
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3.4.4 EDAX measurements of SH,Se; based solar cells Laser scribing

(a) (b)

Figure 3.10: EDAX trace comparison 1000 (2v, 3h) (a) vs. 2000mm/s (5h, 5v) (b)

EDAX measurements inside and outside the traces confirm the removal of the TCO

and the preservation of §b,Ses, Figure 3.10.

LS Sb2Se3 solar cell | Riferimento locale su TCO
linea | Sb% | Se% | Sb% Se%

2v 24 358 | 2.5 0.4

3h 234 | 352 | 25 0.4

5h | 2329 | 354 | 14 0.2

Sv 239 | 354 | 15 0.2

Table 3.4: Differences between the Laser Scribing of two different speeds and the
TCO.

There are no noticeable differences in table 3.4 between the Laser Scribing for
two different speeds and the TCO has been completely removed. This indicates that
the higher speed (2000 mm / s) can be used effectively. Electrical measurements on
the solar simulator: The tests were carried out under standard conditions by placing
the metal measuring tips directly on the TCO without the affixing of metal contacts
(Ag). Molybdenum, back contact is achieved by removing the overlying structure in

a small corner of the sample.
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The average values of all the identified cells of the characteristic parameters
are:
Jse = 2.TmA | cm?

V,e = 156mV
FF =28.5%
v=0.1

R, = 1.20hm % cm?
Ry, = 700hm x cm?

<Jsc> | <Voc> | <FF> | <ETA> | <Rs> | <Rsh>
LS1000 3.6 114 29 0.1 1.1 36
LS2000/1000 | 3.2 196 28 0.2 1.1 63
LS1000/2000 | 2.1 186 30 0.1 1.3 102
LS2000 1.7 128 27 0.1 1.4 78

Table 3.5: Comparison table mechanical scribing for different scribing speeds for

four groups of cells.

For comparison, we made a small mechanical scribing in a central area, obtaining
very similar values. Considering the four groups of cells drawn, we can verify if there

are differences in the speed of the LS performed. The results reported on table 3.5

Considering the presence of TCO fragments that can reduce the electrical per-
formance, the sample was washed with ethanol in ultrasound for 3 minutes. The
electrical measurements were then repeated. Unfortunately, there is a reduction in
Voes of over 50% on all cells, while the currents are constant. Therefore, this type of

treatment is not recommended for these structures.
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3.5 Laser scribing of another type of Sh,Se3-based cells

Another experiment was done on a sample of a similar structure in which the cells
were made on one half with photolithography (15 cells) and on the other with laser
scribing (4 x 8 lines, 21 cells) Laser Scribing parameters: A = 1064 nm f = 25 kHz
P =29 Watt V=2000 mm /s

Figure 3.11: Electrical measurements on the solar simulator.

The tests were carried out under standard conditions by placing the metal mea-
suring tips directly on the TCO without the affixing of metal contacts (Ag). Molybde-
num, back contact is achieved by removing the overlying structure in a small corner
of the sample. See figure 3.11

The average values of the characteristic parameters on all cells obtained by pho-
tolithography are described in table 3.6

In the part subjected to laser scribing, the measurements on 13 cells show that
they are not correctly isolated from the rest of the sample; in fact, the current values

are higher than those observed in the reference sample half and the shunt resistances
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Parameters Values
<Jsc> 11 mA/cm?
<Voc> 191 mV
<FF> 33%
<v> 0.7
<Rs> 3 Ohm * cm?
<Rsh> | 21 Ohm * cm?

are lower than 10 Ohm x cm~.

2

Table 3.6: The average values obtained by photolithography

Parameters Values
<Jsc> 17 mA/cm?
<Voc> 156 mV
<FF> 29%

<v> 0.8
<Rs> 2 Ohm * cm?
<Rsh> | 12 Ohm * cm?

Therefore, we consider only seven cells we get these average values in table 3.7

Table 3.7: The average values obtained by photolithography ( only seven cells are

considered)

From this test we can draw some useful indications: considering that the thick-
nesses of the TCO have a gradient on the sample (see in the photo the colors of the
surface) and fluctuations in the subsequent depositions, to obtain an effective isola-
tion in a reproducible way it is advisable to reduce the speed of the scribing at 1000
mm / s, thus increasing the effect of the cut. We observe a significant reduction in
Vee; therefore it is necessary to qualitatively improve the LS to reduce the sources
of recombination in the cells. In conclusion, we can say that with this test we have

consolidated the possibility of using LS on these new Sb,Se3 solar cells.
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3.6 Semi-transparent solar cells

Another new type of cell is that of semi-transparent cells consisting of transparent
electrical contacts on both the front and back and a thinner absorber than traditional
cells. The use of semitransparent is coupled with other cells (tandem structure). This
project aims to develop cells with CIGS absorbers that can be coupled to silicon-
based cells to increase their efficiency. Also, on these structures, it is interesting to

understand and develop the possibility of using laser scribing for the P3 stage.
Some tests were then conducted on complete structures as follows:

Glass with SnO;: F (FTO coating) CulnGaS (by spin coating) CdS (90 nm) UZO
(70 - 120 nm) AZO (500-600 nm)

AZO (500-600 nm)

UZO (70-120 nm)

CdS (90 nm)

CulnGa$S

Glass with FTO coating

Figure 3.12: Multilayer Structure of semitransparent solar cell

Considering that the final structure (TCO) is the same as used in the standard
cells, the parameters of the laser scribing used were the same. Laser scribing parame-
ters: Wavelength = 1064 nm, f = 25 kHz, Power = 2.9 Watt, Scribing speed V = 1000
and 2000 mm /s.
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(a) (b)

Figure 3.13: Multi-layer semitransparent cell (a) before LS and (b) after LS.

3.6.1 Semi-transparent solar cells (Scribing speed V = 20, 30, 50, 100,
200, 500 mm /s )

We tested another scribing process with different scribing speeds for each line. Laser
scribing parameters: Wavelength = 1064 nm, f = 25 kHz, Power = 2.9 Watt, Scrib-
ing speed V = 20, 30, 50, 100, 200, 500 mm /s It can already be seen visually from
the picture below, that the traces appear weak and unfortunately, this is confirmed by
the electron microscope analysis where we only occasionally see the TCO removed.
EDAX measurements confirm the non-removal of the layer. The fluence on the sam-
ple was then increased by lowering the etching speed (20, 30, 50, 100, 200, 500 mm
/s) and with multiple scribing (50mm /s 2x 3x).

3.6.2 SEM analysis of 50 mm /s 3x, 30 mm /s, 20 mm /s

In Figure 3.15, there are the SEM images of the three traces obtained at speeds (left-
right) 50 mm / s 3x, 30 mm /s, and 20 mm / s.

The SEM survey shows that even by greatly reducing the speed of the beam, the
surface is engraved but not sufficiently to remove the ZnO layer.

The reduced effectiveness of Laser scribes in removal is due to the reduced ab-
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(@) (b)

Figure 3.14: Laser scribing by (50mm / s 2x 3x, 30mm / s, 20mm / s)

EHT =10.00 kv EM 2 o EHT =10.00 kV - EHT=1000kV  FiE

0 0 3 ™
——  WD=10.1mm o obe-3KV, 1 WD =101 mm obe-Kv: 1  WD=101mm

Figure 3.15: SEM image of solar cell for three different speeds (left) 50 mm/s, 3x
(middle) 30 mm/s, (right) 20 mm/s
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sorption of the radiation used. We then went to verify the optical behavior of this
structure with a spectrophotometer optical absorption measurement (Jasco V770 UV-
nearIR). Actually, the absorbance at A = 1064 nm is only 0.35 (see figure below).
Since the absorbance is related to the ratio of the fluxes (i.e. the powers) by Abs =
Log (1/T), T = ¢t/ ¢i, a small calculation tells us that at 1064 nm the useful power is
about 55% of that incident, then 1.6 Watts starting from an initial power of 2.9 Watts.

25

Abs (532nm) = 0.72

Abs (1064nm]} = 0.35
05 T -

350 450 550 B50 750 850 950 1050 1150 1250 1350 1450

Figure 3.16: Abs graph

Analyzing the curve in figure 3.16, we observe that by doubling the frequency
of the radiation emitted by the laser we can increase the effective radiation on the
sample from 1.6 W (at 1064nm) to 2.4 W (at 532nm).
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3.6.3 Semi-transparent solar cells (Scribing speed 20, 50, 100, 200, 500
mm/s)

Another sample was then tested with the same nominal structure using the following

parameters for laser scribing:

A =532 nm
f=25kHz
P =2.9 Watt

Five parallel lines at mark speed: 20, 50, 100, 200, 500 mm / s Analyzing the curve,

Figure 3.17: Laser scribing by speed 20, 50, 100, 200, 500 mm / s, before (left) and
after (right) LS

we observe that by doubling the frequency of the radiation emitted by the laser we
can increase the effective radiation on the sample from 1.6 W (at 1064nm) to 2.4 W
(at 532nm). Another sample was then tested with the same nominal structure using
the following parameters for laser scribing: A = 532 nm f = 25 Hz P = 2.9 Watt 5
parallel lines at mark speed: 20, 50, 100, 200, 500 mm/s Above the sample (figure
3.17) before and after the test. On visual observation only the three traces at the
lowest speed are visible; under the optical microscope, the most homogeneous trace

is the one at a speed of 50 mm /s.
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3.7 SEM-EDAX analysis (20,50,100 mm/s)

The SEM analysis confirms that the effects are visible at the three lowest speeds; we
see in these images (from left to right) that at the speed of 20 mm / s, the trace is very
wide (about 500 microns) and the channel is covered by the debris of the structure,
rising to 50 mm / s a trace of 160 microns is observed in where there is the removal
of the film; the width is comparable with the traces made on the other thin-film cells.
Finally, the scribing made at 100 mm / s shows a discontinuous trace.

EHT = 10.00 kV FIB

- ; >

Signal A= 100 pm EHT=10.00KV  FIB Imaging - SEM Signal A=SE2 100 ym
= WDE 90! scan 180.0° On
= = 9. man Titt 00°

Scan Rotation = 180.0° On
" BB Probe=3 WD=9.9mm  ritinZor go- FIB Probe = 30KV F———

Figure 3.18: SEM-EDAX analysis

The EDAX analysis carried out in the channel of the second trace shows (in figure
3.18) the removal of the structure, so we can say that for this type of CulnGaS-based
semitransparent structures, the use of the 532 nm laser source allows the cells to be

effectively separated.






Chapter 4

Doped-fiber Lasers

4.1 Fiber Laser

The active medium is doped with rare earth elements in a laser is signified as fiber
laser. The core of the fiber laser is doped with rare earth elements for instance, yt-
terbium (Yb), erbium (Er), thulium (Tm), or dysprosium (Dy). These elements are
utilized to dope the core of the laser or active medium where lasing occurs, which
helps to focus the light to be emitted in a simulated amplification. The gain of fiber
lasers is significantly tremendous because of their compact length, performance, ro-
bustness, and capability to offer excessive-power outputs with excellent beam quality
compared to conventional laser and gas lasers which are also complex and heavier
than fiber lasers [95]. Fiber lasers are economically advantageous and the fabrication
process of these lasers is comparatively straightforward. Emitting high-quality beams
along numerous parts of the electromagnetic spectrum associated with infrared, visi-
ble, and ultraviolet ranges, makes fiber amplifiers and lasers one of the most prosper-
ous tools in diverse areas of the photonic field. because of these remarkable attributes.
Fiber lasers are well-suited in telecommunications, medicine, manufacturing, and
metrology. To meet these industries’ growing needs, various fiber lasers have been
developed, including continuous wave, pulsed, narrow-linewidth, single-frequency,

tunable, and high-power lasers. The configuration of a fiber laser involves a gain
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medium, and this optical fiber is doped with rare-earth ions, along with a feedback
mechanism. this is established by a resonant cavity. The feedback can be made using
mirrors or a fiber Bragg grating (FBG) embedded in the fiber core. This arrangement

helps reflect desired frequencies [96].

4.2 Basic Principle of fiber laser

The picture below illustrates the fundamental working principle of a fiber laser. three
main components of a fiber laser are gain medium, pump source, and feedback or

optical resonator.

Gain fiber
High-reflector Output-coupler
dielectric mirror dielectric mirror
Pump Complete Partial  Signal
feedback reflection out

Figure 4.1: Diagram of the setup for a fiber laser. The main components (pump
source, gain medium of laser, and feedback) of a fiber laser structure are shown in the

figure above [97].

4.2.1 Gain medium of a fiber laser

The core component of a fiber laser is its gain medium. which is also referred to
as the heart of the laser, light amplification, through a stimulated emission occurs

inside the gain medium. Moreover, it contains an optical fiber that is doped with rare-
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earth elements for instance erbium (Er), ytterbium (Yb), neodymium (Nd), and many
others. By a pump source of the fiber laser, the energy of the dopants is absorbed.
This absorption causes excitation. Emission of photon happens while it come back
again to lower energy states. This incident amplifies the light inside the fiber core.
The output power and wavelength of a laser is determined by the dopant types. Such
as the Er-doped fiber wavelength range (approximately 1550 nm), whereas Yb-doped
fiber (around 1060 nm) is used for high-power purposes.

4.2.2 Pump Source

For stimulated emission, the pump source of the fiber laser plays a significant role. It
delivers the required energy. that provided energy by the pump source helps to excite
the ions inside a gain medium. Laser diodes are usually selected as pump sources
in fiber lasers due to their beneficial properties. The efficiency is high for the laser
diode, it can also provide high power. The light from the pump diode is directed
into the fiber’s cladding, which surrounds the core containing the gain medium. The
doped ions in the core absorb this energy and release photons via stimulated emission,
amplifying the light [98].

4.2.3 Feedback of laser

Laser light can be generated through the feedback mechanism of a laser. Feedback
allows pump light to travel back and forth inside the cavity. Since light travels from
one end to another, this back-and-forth action simultaneously excites photons from
the ions. This occurs by stimulated emission. Two fundamental processes are required
to accomplish stimulated emission.

Mirrors: two mirrors are positioned at both ends of the fiber; mirrors permit to
reflect the light back into it. More photon emissions are generated by this reflection
of light into the cavity.

Fiber Bragg Gratings (FBG): This includes designing a periodic change in the
fiber’s refractive index. This is also known Bragg filter, which allows reflecting only

specific wavelengths of light, and only these specific wavelengths can be amplified
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through this filter. Both approaches assist in the circulation of light inside the laser

cavity and increase the output efficiency [97, 98].

4.3 Fiber laser wavelengths

Rare earth elements (ytterbium, erbium, dysprosium, thulium, and many more) are
integrated into the core of the fiber laser. This material was chosen according to the
need for application and efficiency in the required fields. Typically, erbium is used
for generating output near the wavelength of 1550 nm, emission range for erbium
fiber laser is 1528 nm to 1620 nm. For the application of sensing pulsed fiber lasers
wavelength around 1550 nm is mostly acceptable worldwide., since it has high output
power near a wavelength range of 1.5 microns that is eye-safe. Particularly, ytterbium
has a very unique ability to emit photons in the 1-micrometer range, approximately
1030 nm, 1064 nm, and 1080 nm wavelength. Combining two different rear earth
materials such as ytterbium and erbium, obtaining an output power of 5 watts at a
wavelength of 1550 nm is possible. In this method, Yb ions excite to transfer energy

to erbium ions. In this process, emission is required. [99, 100].

visible spectrum 400 nm-800 nm
Dye-Laser
| Nd:YAG-Laser CO,-Laser
1064 nm 10,6 ym

Argon-lonic
Eximer-Laser Laser He-Ne-Laser Er:YAG-Laser
e.g. 193, 248, 308 nm |[488, 514 nm 632 nm iode-Laser 2,9 pm

200 300 400 500 600 700 800 900 1000 10*

wavelength }, ——

frequency doubled
Nd:YAG-Laser
532 nm

Ho:YAG-Laser
2,1 pm

frequency trebled
Nd:YAG-Laser
355 nm

Figure 4.2: Laser wavelength spectrum for different laser types [99].
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4.4 Categories of different rare-earth-doped fibers and their

emission wavelength

Rare-earth-doped fiber lasers are widely used for numerous purposes of industrial

and manufacturing methods for instance during laser cutting, welding, cleaning, and

precision processing it is commonly applied. Through multiple wavelength ranges,

this laser operated. This includes 1050-1120 nm for ytterbium-doped fiber lasers,
1530-1590 nm for erbium and erbium-ytterbium-doped fiber lasers, and 1900-2100

nm for thulium and holmium-doped fiber lasers [101].

Rare Earth Element

Types of Host Glasses

Wavelengths of Emission

Ytterbium (Y53F) Silicate glass 1.0-1.1 um
1.03-1.1 , 0.9-0.95 ,
Neodymium (Nd>*) Silicate and phosphate glasses Hm Hm
1.32-1.35 um
1.5-1.6 , 2.7 ,
Erbium (Er*™) Glasses, fluoride glasses pm, =7 pm
0.55 um
Silicate and e ol 1.7-2.1 pm,
nd german
Thulium (T3 Hicaie and germanate £1as5eS: | | 45-1.53 um,
fluoride glasses
0.48 um, 0.8 um

Praseodymium (Pr>")

Silicate and fluoride glasses

1.3 um, 0.635 um,
0.6 um, 0.52 um, 0.49 um

Holmium (Ho’")

Silicate glasses,

fluorozirconate glasses

2.1 um, 2.9 um

Table 4.1: Commonly used laser-active ions, name of the host glasses, and emission
wavelengths for different fiber laser [102, 103].

Erbium (Er*"): erbium fiber laser emits light at 1550 nm. The application of

Er3+ in telecommunication and optical sensors has increased significantly over the

years. The host glasses for erbium are silicate and fluoride glasses. Ytterbium (Y53*):

For high-power fiber laser it has a wide range of applications. The wavelength from

1030 to 1080 nm is ultimate for material processing, cutting, and welding. Since
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the heat management and output energy are tremendously high. Silicate glasses are
mainly used as host glasses for ytterbium laser.

Thulium (Tm*"): in medical applications, surgery employs fiber laser, the field
of defense, and many research-based projects thulium shows promising results. This
is because of their high wavelength and many unique characteristics. Light emits in
a wide range, between 1.45 um and 2.1 gm. in shorter wavelengths such as 0.48 ym

and 0.8 um. Host materials are Silicate, fluoride glasses, and germanate.
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Figure 4.3: Energy levels diagram and transitions for a different doped fiber laser. this
figure represents (Yb>*), (Er*t), (Tm®"), and (Ho*") ions respectively .

Neodymium (Nd3*): In medical technology, industrial machining, and laser in-
dicators, neodymium-doped lasers are tremendously versatile. The emission wave-
length is 0.9 um to 1.35 pum. The host material is phosphate glasses, silicate.

Holmium (Ho*): In medical laser lithotripsy for kidney stone surgery holmium
laser can be utilized. The emission wavelength is 2.1 um and 2.9 um. Host glasses
are silicate.

Dysprosium (Dy**): Dysprosium-doped materials can emit light at wavelengths

around 2.9 um (microns), which is within the mid-infrared (IR) region. Fluoride,
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phosphate, or germanate glasses are the host materials. Fluoride glasses, for exam-
ple, ZBLAN (Zirconium Barium Lanthanum Aluminum Sodium Fluoride), are alter-
natives since they offer low phonon energy, minimizing non-radiative losses that can

quench the emission in the mid-IR region [101].

4.5 Dysprosium-doped yellow fiber laser

Dysprosium ions are used in Dy-doped fiber laser. To create yellow light, dysprosium-
doped active core of the laser performs a significant role. Direct yellow emission
occurs between wavelengths of 570 nm to 590 nm. This advanced yellow laser has
potential for the researcher due to its capability to produce yellow emission without
any complex features and it has more output efficiency. yellow emission is hard to
achieve by other conventional laser gain mediums. Dy-doped fiber lasers are pumped
by a blue diode laser [104]. The (Dy**) ion creates a strong yellow fluorescence due
to the transition from the energy level of *F, /2 and °H\; /2 energy levels. In a ground-
breaking investigation, the research group of J. Limpert et al. for the very first time
demonstrated continuous wave (CW) yellow emission at room temperature from a
Dysprosium-doped ZBLAN fiber laser. The wavelength range is 575 nm and 478
nm, and output power is in the milliwatt level. This was achieved by using a bulky,
air-cooled Argon-ion laser emitting at 457 nm as the pump source. Later in 2011, ad-
vancements were made using a fluoro-aluminate glass-based (Dy**)—doped optical
fiber, which had a low loss of 0.3 dB/m at 532 nm, enabling yellow laser oscillation
[105]. During 2020, developments in Dy-doped fluoride fiber construction and the
progress of high-power Gallium nitride (GaN) laser diodes, basically a blue diode
that emits at 445 nm, resulted initial demonstration of a GaN laser diode. which
is pumped Dy-doped ZBLAN fiber laser for yellow light emission. This was ac-
complished by employing a straightforward experimental arrangement, marking an
important revolution in the field. In that investigation, the Dy-doped ZBLAN fiber
used was initially intended for mid-infrared emission. To investigate the yellow laser
performance, the researchers established two special fiber lengths, 0.6m and 5.95 m

offer insights into how the length of fiber influences the efficiency of laser and laser
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output [105, 106]. In 2021, again the research group of J. Limpert et al. investigated
the objective behind the low preliminary slope efficiency they had encountered dur-
ing the test. They observed that the fiber’s background loss and the ESA which is
excited state absorption of the intra-cavity for yellow light were dominant aspects.
By experimental and hypothetical analysis of the level 4F, /2 to °H |5 /2 lasing in the
Dysprosium doped ZBLAN fiber, they observed the output with a maximum 33 %
slope efficiency in a yellow laser, which is especially less than half of the Stokes
limit, which is nearly 78% [107]. Despite these important progresses in Dy-doped
yellow fiber laser research, the output power of the lasers remained controlled to the
milliwatt (mW) range. However, the studies assist in an important understanding of
Dy-doped fiber sources, attaining higher power is still a challenge in the laser fields
[108, 109].
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Figure 4.4: Illustration of Energy-level for Dy3+ in ZBLAN glass [107]. In this
demonstrated figure ground-state absorption (GSA) for -~400 nm and «~447 nm have
been marked by upward purple and blue arrows respectively. In ZBLAN glass, the
lower laser level, the lifetime of (°H,3 /2) of the yellow laser is equivalent to the upper

laser level (*Fy /2) yellow light is re-absorbed [110, 111].

The wavelength range of 565 nm to 590 nm produces yellow emission is raising
interest for their proper utilization in modern and prospective applications through
a variety of areas, involving metrology, high-resolution spectroscopy, biomedical
imaging, laser guide star systems, ophthalmology, and treatments for skin condi-
tions for example acne melasma. These various functions emphasize the significance
and versatility of yellow-emitting lasers in both scientific and medical technologies
[112, 113, 114, 115, 116]. Dysprosium (Dy3+) is a tremendous candidate for con-
structing a yellow fiber laser that is more designed and efficient. The transition from
the energy level *F, /210 °H|; /2 energy level, demonstrated in Figure 4.4 above, pro-
duces strong yellow fluorescence light. Compared to traditional methods such as dye

lasers or nonlinear processes Dy3+ is predominantly attractive for emitting yellow
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light in an effective approach these methods are more complicated and practically
less suitable for compact designs [117, 118]. The erbium-doped fiber amplifier is the
standard and easiest three-level energy model system. By this three-level system, im-
portant features of the amplifiers can be understood. However, for some rare earth
ions with short cavities, this model is not sufficient to explain the system. For bet-
ter understanding, a system with more than 3 levels is required. Such as: thulium,
neodymium, and dysprosium ions. For our experiments, we have considered four
four-level systems of Dysprosium fiber laser. The ground state is O level and the high-
est energy level state is three. In this state, usually, we pump the energy level one and
level number two. this is considered a lower and upper-level lasing transition. Level 2
has a long lifetime for a highly efficient laser and amplifier compared to other levels.
This is also known as a metastable state. Ny, N1, N>, N3 are denoted as the population

of the energy levels.

4.5.1 Rate equations of Dy+3 doped fiber laser:

The rate equations [109] explain the population in a four-level system of Dy3+ ions,
also applied in Dy-doped fiber lasers. These rate equations show the effect of popu-
lations of different energy levels variation over time due to transitions between them,
stimulated by pumping and spontaneous or stimulated emission.
Ground state Ny

% = —Wo3No + (W30 +A30)N3 +A10N 4.1

First excited state population N,

dN;
7; = (Wa1 + A1 +War 5+ Wa1)No — ANy — (Wi +Wigp +Wigp)Np - (4.2)

Second excited state population N,

dN-
th = (Wa1 +A21 +Wai g+ Waip)No — A3oN3 — (Win +Aja + Wizp +Wigp)Ny (4.3)
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Third excited state population N3

dN-
7; = —W()3N() — (W()3 +A30)N3 +A32N3 (4'4)

For a steady-state condition, the time derivatives will be zero and this can be written

as below:

dNo _dN, _dNy _dN; _

a o da A d *3)

The total population ; can be expressed below,

N;i = No +Ni + N+ N3 (4.6)

Equation from 4.1 to 4.6 can be written as below:

_ce—bf _af—cd
N = ae—bd’N2_ ae —bd

where the coefficients of a, b, c, d, e, and f are respectively,

4.7)

(Wi2 +Wizp + Wiy +Ajo), (War +Az1 +Waip +Waypp),0, (4.8)

(Wos +Az0 + Az +Woz)Aro
WozAsz

+1,1and1

Where,
a=Wip+Wip+Wigp+A10,0 =Wo1 +Ax1 +Warp+Wayp 4.9

(Wos + Az + Az +Wos)A1o

c=0,d=
WozA3z

Tle=1f=1

These equations define the population inversion and steady-state performance of
a four-level Dy- doped fiber laser system [109]. Mathematical methods are often used
to solve them and predict laser performance. P represents the power. whether for the
pump or signal power or amplified spontaneous emission, 612(21) is the absorption

or emission cross-section between energy levels 1 and energy level 2.
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Paremeter Definition Equation or Relation
Pump absorbtion
WO3 (603Pp)/hvp
rate at A,
Stimulated emission
W30 (030Pp)/hv
rate at A,
Spontaneous emission
A30 1/ To3
rate from level 3
Spontaneous emission
rate from level 1
Stimulated emission
Wai (021 P5)/hv
rate at Ag
Spontaneous emission
A2 1 p 1/ T1
rate from level 2
Stimulated emission
Wair ASE term
rate at Aase s
Stimulated emission
Waip ASE term
rate at Assgp
Wio Absorption rate at Ag (021 Py)/hvg
Wias Absorption rate at Aysg ¢ ASE term
Wi Absorption rate at A4sgp ASE term

Table 4.2: Representation of the coefficient from the equation 4.1 to 4.7 [109]
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4.5.2 Power propagation equations of Dy>-doped fiber laser

The power propagation equations [109] in a Dy-doped fiber laser explain the methods
of the pump and signal powers evolving along the length of the fiber [109]. These
equations account for the absorption of the laser pump, the stimulated emission of

the signal, and losses in the fiber such as excited-state absorption (ESA) and fiber

attenuation.
d dpp _
p I »003NoP) +FpG3ON3POP ap, (4.10)
z
dp, N
T2 = [.0uNP+T,ouNoP — OP +ASETerm(A) > (@.11)
e 1
d Mo
p?liEF = —I5012N Paser + Us021 N2 Paser — OPasErR +ASETWm(/1ASEF)N1
(4.12)
J N,
p;‘iEB = —I50612N1Pases + 1s021 N2 Pasep — OPases +ASETerm()LASEB)N2
(4. 13)

overlap integrals between pump radiation and active ion distribution is I',, and

overlap integrals between signal light, and active-ion distribution is I’ .

/M/ r(r,9) r— 4.14)

_ (s) (I”, ¢7Z)
Pls) Pp(s) (Z)

In the above equation, 4.15 I,is the intensity of the pump beam. Frequency for

(4.15)

this laser pump v, = A The intensity /; of the transverse field corresponds to the
magnitude of the Poynting vector of the fundamental mode of the fiber at wavelength

As . optical power along z will be:

2n ra dr
:/0 /b Is(r,q),z)r@ (4.16)
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The Dy-doped fiber commonly referenced in most research papers on yellow
fiber lasers is manufactured by Le Verre Fluoré [111]. which was founded in 1977 in

France, the leading manufacturer of fluoride and germanate optical fiber.

4.5.3 Dy- doped fiber laser model Analysis

We have chosen the FDTD method for developing and analyzing the Laser model.
The rate and propagation equations (1) to (12) can be expressed in this section for

dysprosium-doped fiber.

aNZ(th) k Fka'k — NZ(th)
>, :k:1 vy [612(A)N1 — 021 (M) No] [P (z,1) + P (2,1)] — [111]
4.17)
N; = No+ Ny + N, + N3 [111] (4.18)

j:(9P13[(z,z‘) +i8P[f(z,t)
9z v, Ot

= —T, [0 ()N — 6P (4,)N°] P> (z,0)[111] (4.19)

—04y(Ap)P, (.1)

iapki (z,1) N 1 9P (z,0)

5 Tu o =T [621 (A)Na — 012 (A)N1] PE(2,1) — 00 () PE(2,1)[11]

(4.20)

hc?
+ [ 209 (lk)NZFAA«k

k
The dysprosium dopant concentration is N; and is uniformly distributed in the
fiber. The ground and stimulated populations are Ny and N3. N; and N, . This rep-
resents the lower and upper lasing level populations, respectively. Pp is the pump
power and P, indicates the Amplified spontaneous emission power for the forward
signal. P, can be referred to as the lasing or signal power. ASE can be regarded as a

weak background noise. The group velocities of the pump and ASE in the fiber are
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denoted as v, and Vi, respectively. In this Dy-doped fiber system, the effect of chro-
matic dispersion can be disregarded. Hence, v is independent of wavelength. Here,
003 and 07 represents the pump absorption and yellow signal emission cross sec-
tions of dysprosium ions, respectively. A is the doped area of the Dy-doped fiber, and
I', (T') is the overlapping factor between the pump (ASE) field and the fiber-doped
area. The initial boundary conditions on the propagating waves associated with the

above partial differential equations (PDEs) are written as:

Py (0,1) =Py (1)

P, (L,t)=P, (1)

PS(0,6) =P (1), k=s 4.21)
PkJr(O?t):(L k;és

P (Lit)=0, k#s

In the equation above, P, () and P, (¢) are forward and backward power. ASE
forward and backward powers at the beginning and end of the fiber are zero. P,j (0,1),
P (L,t).

4.6 Validation of the Forward-Time Centered-Space approach

For our experiment, we made some analysis with a MATLAB toolbox that is specially
designed for Er and Yb doped fiber amplifiers and laser. Forward-Time Centered-
Space (FTSC) explicit method is chosen for our numerical experiments. To be more
confirmed about the accuracy of the selected model some numerical analysis has been
performed for Er doped fiber amplifier. Then this model was modified for our desired

four-level system for dy-doped fiber amplifier system [109].
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4.6.1 Er-doped fiber amplifier analysis by FTCS method

In fiber optic networks, Erbium-doped fiber amplifiers (EDFAs) are widely used to
amplify signal in the long-wavelength range near 1550 nm. It is suitable for long-
distance systems utilizing fibers with losses of less than 0.2 dB/km. The most com-
mon EDFA arrangement in real-world applications is the forward pumping structure
containing a 980 nm pump. This framework is chosen due to its efficient utilization.
economical, steady, and fiber amplifiers with low power consumption. An Er-doped
fiber amplifier with physical parameters comparable to the one considered in [109],
is studied. Energy levels of the Er-doped system, there are three energy levels: the

“Is /2,4 I3/, and I /2 representing respectively the ground state, the upper state,
and the metastable state.

10-25
7F T T T T T T T T

Cross sections (m2)

1 1 1 1 1 1 1 1 1
1460 1480 1500 1520 1540 1560 1580 1600 1620 1640
A (nm)

Figure 4.5: Cross-section spectra of an erbium-doped fiber amplifier (absorption and
emission).

The populations of the different levels are denoted as Ny, N, and N3. A popu-
lation inversion is required between levels 1 and 2 to achieve amplification. Since

state 1 is the ground state, at least half of the total population of erbium ions needs to
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be excited to level 2 to have population inversion. In this observed EDFA, the pump
wavelength is considered 980 nm, which excites the ions to the upper level *1;, /2- The
upper-level lifetime is nearly 1 pts. By non-radiative transition, ions rapidly decay to
the metastable state *I;5 /2 due to heat release. The time constant for the metastable
energy state is 10ms. The fiber features a core radius of 1.4 um and exhibits a re-
fractive index difference of 0.026 between the core and the cladding. The overlap
integral, which measures the interaction between mode intensity and erbium distri-
bution, is I' = 0.40 at 1550nm and I' = 0.64 at 980nm. Additionally, this fiber has
an Er’" concentration of N, = 0.7 x 10" cm ™3 [119, 120, 111]. This EDFA model
was selected due to prior experimental and theoretical evaluations [120, 111]. The ab-
sorption and emission cross-section spectra for the EDFA are presented in the figure
above. It is shown that for erbium, the emission cross-section exceeds the absorp-
tion cross-section within the wavelength range of 1540 — 1620 nm, while at the pump
wavelength of 980 nm, the emission cross-section is zero. Varying pump input powers
stimulate the population inversion of the upper state in the Er-doped fiber amplifier.
When the pump input power decreases, the FTCS method demonstrates similar be-
havior of population inversion. To verify this method, some other parameters have
been calculated, such as signal gain and ASE. The results are compared to other

methods for further confirmation [111].
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Figure 4.6: Er-doped fiber amplifier, pumped at 980 nm for various pump powers,
upper state population along the fiber length (14 meters). For pump power of 40 mW,
10 mW, and 4 mW (Blue lines) respectively. This graph was adapted from [111].

The figure 4.5 represents the absorption emission cross section for an Er-doped
fiber amplifier. This has been observed, from approximate wavelength 1540 nm to
1630 nm range, the emission cross-section is higher compared to the absorption
cross-section. In the figure 4.6 obtained from [111] demonstrated the depletion be-
havior of population inversion to the fiber length change while pump power de-
creases. For pump power of 40 mW, the population inversion reaches a peak in 6
to 8 m fiber length. for the low pump power 4mW, upper state population inversion
is very low. Another crucial parameter ASE of erbium doped fiber amplifier is con-
sidered to verify the model of EDFA. In the wavelength range for emission cross
section from 1450 nm to 1600 nm, forward and backward ASE power is calculated.

From figure 4.7 it is demonstrated that the predicted numerical results from the pro-
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posed FTCS method show a good agreement in [111]. The backward ASE becomes
stronger while it travels through the fiber since flows across a high population in-
version region. However, forward ASE moves through a region where the inversion
of population decreases gradually. This results in less amplification in fiber. Forward

ASE increases deliberately in associated to backward ASE [119, 111].
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Figure 4.7: Forward and backward ASE power as a function of fiber length 14 m.
EDFA pump wavelength 980 nm. For different pump input power: 10 mW (left) and
40 mW (right)[111] .
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4.7 Theoretical Analysis of Dy>*-doped ZBLAN Visible Fiber
Lasers

In this section after FTCS method verification, this model is used for dysprosium
doped fiber laser analysis. To explain the energy levels of dy- doped a simplified en-
ergy level diagram is demonstrated figure below. The transition from *F /210 °H |, 2
level generates yellow emission (573 nm). In the ZBLAN lower level (°H,; /2) life-
time is 0.65 ms. This lifetime is comparable to the energy level *F, /2> Which is around
1.5 ms. The yellow emission light is also re-absorbed. population accumulation in

lower laser level causes the reabsorption of yellow emission.
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Figure 4.8: Energy level diagram of dy doped fiber laser. the lifetime of the lower laser
level ®Hy3/2 of the yellow transition is comparable to the upper laser level *F, /2 In
ZBLAN fiber. Yellow light reabsorption is demonstrated by the yellow dash upward

lines.

4.7.1 Dy-doped fiber laser parameters

The dysprosium-doped fiber laser we considered for our analysis is a similar fiber
laser fabricated by Le Verre Fluor. (France) [110]. To begin with, the absorption and
emission cross-section is demonstrated by the extraction of the experimental data

from [107, 110]. The numerical analysis parameters used in the experiments are listed
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below. Structural parameters of the investigated Dy-doped ZBLAN fiber laser are

listed in Tables 4.3 and 4.4 .

Parameter Value
Apump 450 nm
Apump 573 nm

Oup(p)» Pump absorption cross section | 0.64 x 10~2m?

Om(p)» Pump absorption cross section 0
Cun(p) 0.1%10"2m?
Com(p) 0.9 10" m?
I, pump overlap factor 0.70
I';, signal overlap factor 0.65
132 100us
T10 650us
1 1.5ms
T30 1%1072m™3

Table 4.3: Parameters of dy-doped fiber laser for simulation

Fiber parameter Value
Heore 1.48
Relad 1.47
Numerical aperture 0.16
deore 12.5 um

Doping concentration

3.66% 10%m 3

Fiber backgroundless

0.18 dB/m

Length

4 meters

Table 4.4: Physical parameters for fiber design.

The absorption, and emission cross-section is calculated from [110] in the wave-

length range of 550nm to 600 nm. This fiber is pumped by a GaN laser diode with
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emission at 447 nm wavelength.
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Figure 4.9: Emission and re-absorption cross-sections of two different energy levels,
*Fy)> to °Hy3/2 , in the Dy** ion, estimated from the established numerical method

[106].

From the table of physical and structural parameters of Dy-doped ZBLAN fiber,
it is denoted that the absorption cross-section is Oupp for the pump wavelength A,,.
The reabsorption and emission cross-sections are respectively Oyps and Ogpys at the
signal wavelength A;. The Dy-doped fiber laser energy level lifetimes are 35, 721,
T30, and T1g. The reflectivities of the input and output mirrors are denoted as Rj, Ry,
R3, and Ry4. The input mirror has reflectivity R; and the output mirror has reflectivity
R, at the signal or laser wavelength. Both mirrors are considered to be transparent at

the pump wavelength (R3 = R4 = 0) so that the pump can pass through the fiber once
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[111]. The values are Ry = 90%, Ry, = 50%, R3 = 0, and R4 = 0.

4.7.2 Dy-doped fiber laser normalized population inversion
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Figure 4.10: Normalized population distribution of different energy levels along 4m
dy- doped fiber for ESA ON, P, is 100 mW .

The numerical analysis is performed by the FTCS method on the Dy-doped rate equa-
tions explained in the previous section 4.5.1. The normalized population distributions
N; = Ny + N1 + N, + N3 for the yellow laser levels have been calculated by the FTCS
method as a function of fiber length [111]. For this simulation, we have considered

the signal input power of 100mW and for another simulation signal input power of
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150mWand for both of the simulation the pump input power of 450mW is consid-
ered. When considering the ESA, the normalized population of the *F, /2 level is
marginally higher compared to the ESA-off state or when the ESA is ignored during

the simulation. This is demonstrated in 4.10 and 4.11

Additionally, if we consider all other energy levels, °H; /25 “Is /2, and °H,5 /25
when the ESA is ignored, the population increases. The population of *1;5 /2 1s very

minor due to the non-radiative transition from the level *F, /2
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Figure 4.11: Normalized population distribution of different energy levels along 4m
dy- doped fiber for ESA OFF, P is 100mW .
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In figure 4.12 and 4.13 the signal input power is increased to 150 mW for Ex-
cited state absorption ON or OFF. Again Pump input power is 450 mW For both of
the simulations, the population in energy levels is slightly higher compared to the
previous signal power of 100 mW. It is noticeable that when ESA is considered the
normalized population is significantly higher than ESA OFF state. The population
distribution is very negligible for *I; /2 in both situations.
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Figure 4.13: Normalized population distribution of different energy levels along 4m
dy- doped fiber for ESA OFF, P is 150mW .
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4.7.3 Effect ESA of power evaluation in Dy-doped fiber laser

In this section we have evaluated the ESA effect for input signal power and input
pump power. During this analysis, the pump and signal power along fiber length
during ESA ON and OFF is considered. When ESA is accounted signal output power
is 147 mW for input signal power 100mW (Figure 4.14). By ignoring ESA, higher
output signal power is achieved around 178mW (Figure 4.15). Pump power, for both
our numerical simulation is 450mW. Again, the amplification of the signal output
power is observed when the signal input power is 150 mW to investigate the effect
of ESA during the amplification of the Laser. These results are obtained in (Figure
4.16) and (Figure 4.17).

500 T T T T T T T

— F"= 450mW @ 450nm
400 - s P 147mW @ 5730m N

[
Q
o

Pump/Signal Power (mW)
n
Q
o

147.3

100

0 1 1 1 1 L
0 50 100 150 200 250 300 350 400

Fiber Length (cm})

Figure 4.14: Signal power and pump power changes along 4-meter dy doped fiber
laser. As an input power 100mW and pump power of 450 mW. For ESA ON.
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Figure 4.15: Signal power and pump power changes along 4-meter dy-doped fiber
laser. As an input power of 100mW and pump power of 450 mW. For ESA OFF.
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Figure 4.16: Signal and Pump power and Fiber length changes for ESA OFF, P is
150 mW .
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Figure 4.17: Signal power and Fiber length changes for ESA ON, F; is 150 mW .

The output power (213 mW) (Figure 4.17) is also slightly higher when ESA is
considered for input signal power 150 mW. ESA occurs because ion in the long-lived

energy level is transferred to higher energy level. While,ignoring ESA output power
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is approximately 250mW (Figure 4.16). Which is considered as a significantly higher
value compared to the output power during 100 mW input signal power.

To analyze the output power of Dy- doped fiber laser as a function of input sig-
nal power, signal power is varied from 70 mW to 130 mW. The Pump power 450
mW is considered for our simulation. The output power has significantly increased
while ESA is ignored. For the same input signal power, the output power impres-
sively changes. For instance, 70 mW input signal power output power is 106 mW
(Figure 4.18). and 130 mW (Figure 4.19) for ESA ON and ESA OFF respectively.
So, it has been illustrated by comparing the output power while ignoring the effect

of ESA according to higher signal input power a significantly higher output power is

achieved,
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Figure 4.18: Output power of the Dy-doped fiber as a function of the input signal
power (ESA ON)
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Figure 4.19: Output power of the Dy-doped fiber as a function of the input signal
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Again, we considered the signal input power fixed at 100 mW and varied the
pump input power from 200 mW to 500 mW. For ignoring ESA effect, output power

increases. It is because there is no loss accounted in the analysis.
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Figure 4.20: Output power of the Dy-doped fiber as a function of the pump power
(ESA ON)

(Figure 4.20) illustrate the evaluation of output power of Dy- doped fiber laser
as a function of pump power. here, we did the simulation for multiple pump power
ranging from 200 mW to 5S00mW, considering ESA. As the input pump power is goes

higher, the output power also rise significantly.
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Figure 4.21: Output power of the Dy-doped fiber as a function of the pump power
(ESA OFF)

We further analyzed the output power as a function of pump power (ESA OFF)
in (Figure 4.21). The output powers for different pump power is reported while ESA
is ignored. since we are not considering the any losses, a significant changes to the

output power is noticeable.

4.7.4 Amplified Spontaneous Emission power evolution

We analyzed the amplified spontaneous emission (ASE) both in forward and back-
ward directions Figure (4.22) and (4.23). This parameter has been calculated in the
presence and absence of ESA in the emission wavelength spectrum from 550nm to

600 nm [111]. From the demonstrated graph it can be remarked that, on ASE power,
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excited state absorption have shown their significant effects. when we consider ESA,
energy level *F, /2 population rises. If we consider little higher input signal power,
ESA effect will be prominent and ASE power will drop. We tried to compare the
ASE power along different fiber length such as Im, 2m and 3 meters for both for-
ward and backward ASE.
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Figure 4.22: Forward and backward Amplified Spontaneous Emission power evolu-
tion along the Dy-doped fiber. Input power 100mW for both ESA ON
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4.7.5 Effect of core diameter
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Figure 4.24: Output power of the Dy-doped fiber as a function of fiber core diameter
for ESA OFF.

From the figure 4.24 and 4.25 we have analyzed the output power evaluation along
with the fiber core diameter variation. It has been observed that, as we change the
fiber core diameter from 8.5 micrometer to 14.5 micrometer the output power sightly
decreased. But by ignoring ESA the output power changes significantly. There is no
background loss considered by ignoring ESA effect. Again the effect of ESA is very
prominent in this analysis. the output power drastically drop while ESA is considered
compared to ESA OFF. Also, Fiber length is a key parameter. the optimal length is
4m for our experiments. But for our experiments we changed the length to observe

the output power of laser. varying core diameter also plays significant role to the
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output of laser. As the core diameter decrease the light is more confined inside the

core and we are able to get more efficient laser output.
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Figure 4.25: Output power of the Dy-doped fiber as a function of fiber core diameter
for ESA ON.
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4.7.6 Effect of lifetime
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Figure 4.26: Output power of Dy-doped fiber as a function of lifetime of transition
level *F, /2 to level °H |, /2 and from s /2 to level “Fy /2 respectively

Finally, For numerical analysis, we performed a simulation to analyze the effect of
the lifetime of transition level *F /2 to level °H |5 /2 and from “Iis /2 to level 4F, /2
respectively (Figure 4.26). For ESA ON, Forward pump, Length of the fiber is 4m.
signal wavelength, Aps = 573 nm, pump wave length, Ap = 450 nm, signal power,
Ps=100 mW, pump power, Pp= 450 m. Focused on the impact of the lifetimes of
energy levels,Effect on output power of laser by varying the lifetime of level *F /2
and *I;5 /2-

As the lifetime has been varied for level *F, /2 a significant change was observed in

the output power of the Dy-doped fiber. Output power increases as we change the



4.7. Theoretical Analysis of Dy’ -doped ZBLAN Visible Fiber Lasers 101

lifetime. Increasing lifetime 3x for level *F /2 output power is almost double. varying
the lifetime from s to ms for the level *1;5 /2 an exponential decay was reported. This
work has demonstrated the influence of the lifetime on the output power of a Dy-
doped yellow fiber laser. From this part of the experiment, it has been observed that
for analyzing the fiber effect of the output power it is necessary to do more simulation
by varying other parameters. The experimental data is inadequate. By decreasing tau
to the value 1073 us, the Excited state absorption (ESA) on the output power of laser

can drastically reduce. The length of the fiber is also an important parameter.






Conclusion

In the first part of the thesis, we discussed the solar cell basics and laser scribing
process for solar cells. This part aimed to apply scribing techniques in different solar
cell samples. Different solar cell categories were briefly explained in chapter one of
this thesis. IMEM-CNR provided different solar cells to experiment laser scribing,
and the results were compared to mechanical scribing. Laser scribing was performed
on three different types of solar cells. Such as: standard CIGS solar cells, then Anti-
mony selenide solar cells, and Semitransparent solar cells. for each type of cell after
the scribing process, SEM analysis was done by IMEM to observe whether TCO of
cell is removed properly or not. Since the aim of our work was to remove TCO and
make the electrical connection to the solar cell. And this should be done carefully in
such a way that solar cell is not damaged, or any other part is not scribed. To achieve
this, we had to consider many parameters for scribing technique. The experiment was
done by Innolight Helios IR laser. Average power for this laser is SW. pulse duration
is 500- 800 ps, repetition rate 30-70 KHz, beam diameter 2.5-5.5 mm. for the first
CIGS solar cell laser scribing speed was 1000 mm/s and 2000 mm/s. pulse frequency
was chosen 25 KHz. After reporting all the electrical measurements, it was observed
that all scribing traces do not show melting sign since it occurs the deterioration in
cell performance. Some lines are not continuous and some of them are wider. TCO
was partially removed and some places TCO was not removed at all. The cell area
was reduced by 20 percents. The current dropped was also marked. In conclusion,
this scribing measurement shows very positive results and confirmed that proposed

LS for P3 scribing was successfully done on CulnGaSe based solar cell on glass.
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Another type of cells consists multilayer CIGS. in this cell the absorber was replaced
by Sb2Se3 (1.5 micron). The scribing was done at very high speed 1000 mm/s, 5000
mm/s. this speed occurs individual spots of scribing on cells. And this affects the mul-
tilayers of solar cells. By SEM analysis it has been cleared that TCO was removed,
and absorber was undamaged. Therefore, the laser test shows promising results. By
the EDAX results it shows that significantly TCO was removed in this type of solar
cell. Thus, it can be said that higher speed can be effective for laser scribing process.
From the final process after doing mechanical and laser scribing, all the electrical
measurements were achieved for this type of cell. Since there was TCO presence, the
sample was washed by ethanol for 3 minutes to overcome this problem. However,
it reduces the V,.; over 50 percent. So, this experiment is not recommended for this
structure. Finally, the semitransparent cell was considered for our experiments. This
structure is developed in a way that CIGS absorber can be coupled with a silicon-
based cell to improve efficiency. The first step was done by scribing at speed of 1000
and 2000 mm/s. then we consider different scribing speed V= 20, 30,50,100,200,500
mny/s. from the SEM analysis was done for different speed. From SEM analysis it is
observed that the effects are visible at three lowest speeds. Finally, the scribing was
done at 100 mm/s, and this shows a discontinuous trace.

In this part of the thesis fiber laser for ocular disease has been analyzed. A model
was developed of Dysprosium doped fiber laser and the physical and numerical pa-
rameters was analysis to observe the laser output efficiency. The rate equation and
power propagation equation of the dy-doped fiber laser were implemented. Then this
model was verified for other rear earth doped. Theoretical analysis of dysprosium
doped ZBLAN fiber laser was performed by a MATLAB model. The optimized pa-
rameters of simulation were studied from many other researchers. Normalized pop-
ulation inversion for different energy level can be observed for different signal input
power with ESA ON state and ESA OFF. Again, another simulation was performed
for ASE effect to analyzed output power. Effect of ESA for power evaluation in dys-
prosium doped fiber laser showed in this part of the thesis. Finally, the simulation
of the effect of lifetime of transition level on output power was observed. As a final

remark, choosing optimal fiber parameters for simulation and their effects on output
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power of laser is investigated. But this model requires more numerical simulation by
varying other parameters to achieve the highest efficiency. During all of the simula-
tion it is important to compare the results for both condition in presence of ESA and
ignoring ESA. Nevertheless, intensive research is required for this dysprosium doped
laser model. And further development is necessary to get the high output efficiency

of laser.
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