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Diversity is another name for science because it leads to innovation.
Through innovation, people have been able to recognize and better
understand many natural phenomena throughout history.

This is one such story.
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PREFACE

The term "discovery" in science in the past has usually been called
the product of successful investigation. The tests were mainly performed
with the help of constructions or aids in science, which today we call
innovations in that aspect. Many scientific phenomena and effects in the
past were unknown, so researchers were able to observe and try to explain
them with the help of a designed and engineered aid (i.e., the whole
experiment). People had to be much more inventive in performing
experiments and designing the various aids mentioned in performing
scientific experiments due to the lack of today's technologies and scientific
instruments. This difference in the performance of scientific experiments
has contributed to the possibility of looking at discoveries from diverse
perspectives (we often say the possibility of looking at a problem from a
completely different angle than usual), and this is exactly what leads to a
better understanding of science and discoveries in general. As science
developed, so did the new generation of instruments for their performance
and measurement. With the development of instruments and digitalization,
there was a need for uniformity in science. Uniformity has largely
eliminated the innovative element of scientific research in terms of the fact
that uniformity stands on the opposing side of diversity.
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NOTES FOR THE READER

Through this part of the text, I would like to take you through a
story whose meaning should be the will and desire to do something, as well
as the fact that when you own it, then other mostly material things that you
do not have will work in your favor and not to your detriment. In this part
of the text, I will try to write in the simplest possible way without going into
scientific details as much as possible, in the hope that this note can be
understood by the general population, anyone interested in science and
research, as well as anyone wanting to learn more about the use of solar
energy.

This story related to work in the photovoltaic field began
approximately decades ago with syntheses of the semiconductor antimony
sulfide, Sb,S;. This semiconductor, which belongs to the V-VI group, is
well-known to be suitable and quite promising as a material for application
in the solar cell. We were extremely surprised concerning the insufficient
knowledge about the mentioned semiconductor, which is considered,
according to the scientific literature, to be promising for application in every
respect of the electronic and optical properties relevant to the application.
So, the first steps were to perform high-temperature organic synthesis for
the purpose of understanding the growth mechanism and obtaining non-
doped and doped Sb,S; amorphous and crystalline nanoparticles of different
shapes. Both the growth mechanism and the nanoparticle morphology are
quite important for solar device applications. The kinetic control of the
reaction allowed tuning of the electronic properties such as the optical
bandgap of the nanoparticles, while the shape of the synthesized nanoparticles
can play a significant role in electron transfer in the designed solar devices.
For example, high aspect ratio nanowires are desirable for industrial
applications, whereas small bandgap energy-designed materials are suitable
as absorbers for solar cells (the main issue with this material is the optical
band gap (found in the literature ranging from 1.7-2.2 eV), which is slightly
higher than the ideal value (~1.4 eV) for a solar cell absorber). As a result,
Sb,S3 with a small bandgap could be an intriguing semiconductor with
unique optoelectronic properties. Unfortunately, as we already mentioned,
many electronic and optical properties were not known at that time, nor were
any reported syntheses of doped antimony sulfide nanoparticles. Therefore,
our research related to the synthesis of applicable nanoparticles of this
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semiconductor, as well as the experimental characterization of the obtained
material, had to go hand in hand with theoretical derivations. The theory
had to be confirmed and help the experiments better understand the obtained
material, i.e., the mentioned material in general. By combining experimental
and theoretical results, confirmations, and help from both sides, we can
know we are on the right track to learning things about materials for which
we have insufficient knowledge. We will give just one example of the
importance of the above-written piece in an understandable way to a broader
audience of readers. Generally speaking, nanoparticles are synthesized in
the domain of materials not only to have smaller dimensions but also to
distinguish their unique electronic properties from those of bulk material.
For those synthesized nanoparticles to fulfill the demand for different
electronic properties compared to bulk materials, they must reach certain
nano dimensions, which are different for different semiconductors. That
effect is named the quantum confinement or size effect. In theory, quantum
confinement effects become significant when one dimension of the
nanocrystal approaches the de Broglie wavelength of electrons and holes in
bulk semiconductors, A. = h / (2mesr kT)"?, where mef is the effective mass
of the electron (or hole for An). Ae and A are typically 10-100 nm for most
semiconductors. Unfortunately, we were unable to locate effective mass
values for Sb,S; in the literature. We discovered a lot of literature claiming
to have observed quantum size effects when one dimension of a nanocrystal
is quite large (50-100 nm, and even larger) and it receives a band-gap
energy value of more than 1.7-1.8 eV. We are adamant that this problem be
resolved. Furthermore, the excitons' Bohr radius, acx, which describes the
characteristic separation of a bound electron-hole pair in a bulk semiconductor,
is an important length scale. Excitons are quasiparticles composed of bound
electron—hole pairs that are attracted to one another via the Coulomb
potential. Because the exciton binding energy in most bulk semiconductors
is low in comparison to kT at room temperature, electrons and holes are not
bound. However, when the dimensions of the synthesized semiconductor
nanoparticles are reduced to less than the a.x, quantum size effects begin to
play an important role. It was the theory combined with the experiments that
provided us with the answer about the critical particle size that we have to
reach to be able to invoke the effect, while all previous claims about the
quantum size effect were reduced to an assumption. At that time, in the
infancy of the development of materials for application in solar cells, in
2012 I gave a lecture at an international conference in Rhodes, where I met
Prof. Dr. Daniela Vanmaekelberg from the University of Utrecht. Since I
was a Ph.D. student and received my doctorate at Utrecht University, [ knew
the professor from previous collaborations with his group. Because of my
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work on the development of antimony sulfide semiconductor materials for
possible use in solar cells, the professor invited me to attend the Quantsol
workshop, organized by the European Society for Quantum Solar Energy
Conversion, of which he is president. I was delighted with his invitation and
joined the meetings the following year. The group was built by eminent
professors who dealt with solar cells, materials, and theoretical physics.
Until that time in our research, we mostly dealt with the synthesis and
characterization of materials, both experimental and theoretical, and from
that point, it was clear that we would have to go a step further toward the
application and production of solar cells to show the application side of our
synthesized material. Since then, our story related in the first place to the
design of solar devices has begun.

Considering that no one in our institute was previously involved in
the design of solar cells and that the infrastructure did not exist, in the initial
steps, it was difficult. We only had instruments, such as a nano voltmeter
and a multimeter, to measure the current-voltage dependence and the dark
current. Because our first synthesized materials were crystal samples of
antimony sulfide semiconductors, which morphologically included only
elongated shapes such as wires, rods, and bars, many methods of film
deposition, such as deep and speed coating, were not useful. Having no
further infrastructure that could help us, we set out to manually design and
build a system for dispersing synthesized nanoparticles and making films
on the conductive glass that has been advanced over time. It should be
emphasized that making perfect films from a synthesized semiconductor
nanoparticle on a conducting glass as one of the electrodes is one of the first
steps in making solar cells. Over time, there have been many attempts to
improve the design of solar cells, which primarily refer to good contacts in
the cell, cheap solutions for the second electrode, an attempt to replace the
liquid electrolyte with the synthesis of cheap electrolyte carriers, and the
cheaper and more economical synthesis of conductive polymers. We should
only mention here in general that cheap technology and the design of solar
cells are crucial because the market is always seeking, and always will, more
inexpensive solutions than the existing ones. However, it should be
emphasized that the ratio of cost to efficiency represents the true measure
of an economic solution.

The next problem we encountered was a sun simulator, for which
we did not have the resources to provide, so we had to solve the problems
of illumination devices as well as cool the surface of the solar cell. We
purchased halogen and tungsten lamps, whose spectra closely matched that
of outdoor light, to illuminate the solar devices we built. It should be
emphasized that in indoor measurements on experimentally made solar
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cells, various artificial light lamps are used, which simulate outdoor lighting
well, xenon, halogen, tungsten, and others. These same types of light lamps
are also found in sun simulators. To solve the problem of cooling the surface
of the solar cell, we created optics with flowing water in which the water
that serves for cooling is not in direct contact with the solar cell. Since the
cooling system also contains an optical segment, convex lenses, we could
change the intensity of light as well as their spectra, which can affect the
current-voltage response of the solar cell. It should be emphasized that
cooling the surface of solar cells and panels is extremely important, both at
higher intensities and at lower intensities on a longer time scale, because of
the devastating effect of temperature on the material from which solar cells
and panels are made, and so for their longer life.

In the beginning, we were not even aware of how much this
construction of the optics with indirect cooling of the surface of the solar
cell or panel would help us manipulate the spectra at higher as well as lower
light intensities, nor did we understand the significance of that. In addition,
the issue of cooling the surface of the solar panel was significant for the life
and durability of solar panels, especially at higher light intensities and
concentration effects. At the time when we constructed optics, only sporadic
scientific papers showed that even at lower light intensities (depending on
the lamp used, which is usually associated with the difference in radiation
spectra apart from another possible light effect), we could get better
efficiency from solar cells than at higher ones. From that moment, we start
working toward manipulating light intensities and spectra to obtain a better
photovoltaic response or efficiency and try to comprehend the obtained
measurements on different solar cells and understand the possible additional
light effects.
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CHAPTER ONE

LIGHT MANIPULATION AND INNOVATION

General introduction and problems in photovoltaics

Environmental exploitation caused by the traditional harvesting of
energy (combustion of fossil fuels), as well as the fact that the overall
reserves of global energy potential (natural gas, uranium, coal, oil) have
been drastically reduced recently, lead to the immediate search for
alternative energy sources.'” Sunlight, biomass, wind, and marine energy
are vital and renewable energy sources for the twenty-first century.’® Their
potential utilization is still unsatisfactory. Among these cost-free renewable
sources of energy, solar energy is the most abundant. However, the use of
solar energy compared to the potential is still negligible. In a single hour,
the amount of power from the sun that strikes the Earth is more than the
entire world consumes in a year. Light (or electromagnetic energy) can be
harnessed for a variety of applications by converting energy from one form
to another, of which the most important ones are generating electricity with
photovoltaic (PV) cells and heating water. A solar cell, also called a PV cell,
is a device that converts the energy of light into electrical energy through
the photoelectric effect. In 2019, only 11% of global primary energy came
from renewable technologies, and around 1% of global energy came from
solar technologies. It is hard to believe that there is such a powerful source
of energy as the sun without us being able to use it more efficiently than we
have so far. Logically, there are things we do not understand well enough
and, therefore, do not use effectively.

Most scientists in this field agree on a few facts about solar cells.
One of them is that the low efficiency and high cost of currently used solar
PV systems, a part of their reliability and durability, are one of the primary
reasons for their reduced availability and usability.” For photovoltaics to
become a more mainstream and pragmatic energy source, the efficiency of
solar panels will need to improve drastically. This idea is in line with Goal
7 of the Sustainable Development Goals of the United Nations. It should be
emphasized here that the reported maximum silicon (Si) solar cell efficiency

printed on 2/14/2023 2:46 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

2 Chapter One

is 29%, which is quite higher than the most efficient solar cells obtained in
a laboratory, that is 25%?® and large-area commercial, 24%”° cells."!

It is clear that the most efficient crystalline Si-solar cells have
almost reached their theoretical maximum efficiency, so it is not clear how
efficiency could be increased “drastically’” with today's knowledge. For
now, the theoretical solar conversion efficiency maximum is around 33.7%
for a single p-n junction with a bandgap of 1.4 eV, determined by the
Stockley-Queisser Limit.!? Apart from the fact that efficiency is not the only
limiting parameter, in reality, the efficiency/cost ratio must be considered.
Also, the fact that the most efficient crystalline Si-solar cell has almost
reached its theoretical maximum efficiency means that the competitive
product has to be significantly cheaper, apart from their reliability and
durability, with still good efficiency. Further, polycrystalline and
monocrystalline Si solar cells are leading the photo-voltaic market,
constituting more than 93% of the market with a development history of
nearly 70 years. All the other types of cheaper solar cells (dye-sensitized,
thin-film PV, organic, perovskite, etc.) that are currently on the market or
will appear soon as cheaper products, will hardly manage to compete with
Si-solar cells in terms of material abundance, safety, and improved
technology. We do not have decades before all fossil fuel reserves disappear
to upgrade and improve new solar cells made from a material that is not
even remotely represented as silicon. So, any cheaper type of current or new
solar cell or module design can serve more as a backup than a replacement
for Si-solar cells. Photovoltaic (PV) energy is on the edge of becoming one
of the main global sources of energy, and crystalline silicon will dominate
the market with no sign of change in the near future. As was mentioned, in
the last 20 years of development, the efficiency of crystalline Si cells has
increased from approximately 21% to 26%, reaching an almost theoretical
maximum.'3!'* After so many years of improvements, it is difficult to find a
way in which efficiency can be drastically increased through the design of
solar cells or panels. Furthermore, a major issue in photovoltaics is reliability
and durability, with material properties such as temperature resistance
(cooling the surface of solar panels to maintain room temperature) being
required to meet a photovoltaic product's longer lifetime warranty. The
exposure of the material from which the solar panels are made to high
temperatures (in the absence of a permanent cooling solution) changes the
electronic properties of the material, such as the energy gap on which the
photo effect depends. Other officially stated problems, such as
manufacturability (searching for disruptive new cheap materials), subsidies
(a challenge to the photovoltaic industry regarding subsidy problems), and
regulation (competitiveness of photovoltaics to other energy sources), have
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either been mentioned or have an indirect impact on the mentioned
challenges.

It should also be noted that the efficiency of solar cells is not the
only or most important parameter in designing PV devices (the only
parameter by which one should judge whether or not something is
promising), particularly when it comes to their performance in low light.
We've been attempting to comprehend the significance of low light and how
it can be used, primarily for the purpose of comprehending it and then
developing efficient PV devices. Standard low-light conditions have yet to
be established, but they are required to exist as guidelines for our research.
As a result, the efficiency of the PV devices under standard testing
conditions (STC) should not be compared to efficiency under conditions
that have not established the low light standard testing conditions. If we do
not understand why the same solar devices exhibit higher efficiency at lower
light intensities than at higher ones, it means that those values are
incomparable. In this regard, perhaps the solid efficiency of cells at low light
intensities with low-cost technology in the majority of Earth's conditions
could compensate for the higher efficiency in rare and extreme conditions
of the established standard testing conditions, STC (irradiation of 1000
W/m?, module temperature of 25°C, and standard spectrum AM 1.5).!52! In
other words, there is a good chance that cells with the same efficiency as
those operating under the extreme conditions of standard testing conditions
(STC) can be designed to have a specific spectral distribution of low-
intensity light. Light cannot be changed at different intensities, but different
designed lens systems can change its distribution at different wavelengths.
This knowledge will be incorporated into future cell technology as soon as
one understands how to change the spectral light distribution and determines
the most optimum one for the fabricated low-light intensity cells with high
efficiency.

Therefore, finding ways to improve the operating characteristics
and the general efficiency of the available and currently developed
technology by expanding our general knowledge, on the one hand, and
trying to solve all the other more technical problems mentioned, on the other
hand, are the most important tasks.

An optical system for cooling, light manipulation, and
improvement of the photovoltage response of solar cells

In this part, it will be explained the significance and importance of
light manipulation through innovation (water-flow-lens (WFL) system) for
better and more efficient output (enhanced electricity production) of the
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tested solar devices, presented in this book. Manipulating sunlight spectra
and intensity through innovative design to increase the efficiency of solar
devices is one way to expand our knowledge of the effects of light and make
significant progress toward better solar energy utilization. By the term
"manipulation,”" we primarily allude to light phenomena for which we do
not yet have an explanation, such as the dominantly higher efficiency of
solar devices than expected at lower light intensities and non-uniform or
non-linear basic current and voltage characteristics of the solar cells, which
at least depend on the light spectra and intensity as well. Only with a better
understanding of the light effects, we will make progress in harnessing the
sun's energy. It should be noted that the amount of solar energy flux that
reaches Earth is determined by the geographical area's latitude. Annual solar
irradiation exceeds 1600 kWh/m? in some parts of the United States, Africa,
the Middle East, and Australia. Other parts of the Earth receive far less solar
irradiation, so it is critical to research and develop solar cells that can operate
at lower light intensities. Along with developing new solar cells, the goal of
the research is to achieve high efficiency at low light intensities.

Our original construction of the optics, the WFL system,
technically solves the manipulation of light spectra and intensities while
simultaneously cooling the surface of solar panels. In many published
scientific papers®>>4, we explained the necessity of such a construction as
well as the importance of manipulating light through the design of the WFL
system for more efficient output of existing solar devices, and that is why
we consider ourselves pioneers in this field of light manipulation, especially
at lower light intensities. The optical systems for cooling, light manipulation,
and improving the photovoltaic response of commercial solar panels are
designed and built so that certain natural external changes are monitored
and controlled by solving several technical problems at the same time. Apart
from changes in the light spectra and intensity, there are also additional
effects of the interaction of light with different environments on the way
light reaches the surface of the solar cells. Usually, each of the above-
mentioned issues, such as cooling the surface of solar panels or increasing
light intensities to increase electricity production, is considered and solved
separately. However, effects in nature related to heating, changes in the
angle, intensity, and radiation spectrum of the sun are combined effects that
act in nature simultaneously. It should be emphasized here that the designed
optical system with a flowing water system allows us to combine several
technical solutions into one optical system, the WFL system. This primarily
refers to technical solutions, surface cooling, increasing and decreasing light
intensities, as well as light spectra manipulations that are achieved after the
passage of external light through the optical part with flowing water on the
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carrier. As was mentioned, additional light effects and the interaction of
light with different environments have been studied through different
experiments. Cooling of solar panels is extremely important and cannot be
left out. Since solar panels are not in direct contact with water, this WFL
system is significantly safer for cooling and allows solar panels to live
longer since they are covered with optics. Simultaneously, the system
enables cooling depending on the speed of water flow and at a concentration
effect, i.e., far higher light intensities than standard test conditions. Further,
the manipulation of light spectra at lower (lower than the standard test
conditions (STC) of 1000 W/m?) as well as higher light intensities (higher
than STC) causes significant increases in the efficiency of solar panels,
leading to higher electricity production.

The importance of the essence of this design will be explained in
more detail below. We already mentioned that there were two directions for
improving the photovoltaic area, i.e., the production of a larger amount of
electricity from solar panels. One direction is related to the design of new
solar panels or materials from which solar panels are made, as well as the
design of photovoltaic devices, in order to achieve cheaper, more reliable,
and durable products than today's most commonly used silicon solar cells.>>
37 Because of the still too high price of currently used solar panels, this
direction could be called a low-cost approach. As we already mentioned in
this chapter, this approach is not realistic to achieve (in a sense of silicon
replacing) due to the theoretical maximum efficiency of Si-solar cells in a
very extensively developed technology in the last 70 years on one hand, and
the abundance of silicon on the other hand.

The second direction covers finding a more effective way to use
already designed panels in terms of reducing the cost of electricity
production or better utilization. This second direction includes everything
required to maintain and use solar panels at their maximum possible use®®,
and these are surface cooling systems for panels®>*!, optics to improve the
photovoltaic response of solar panels*****, and a crucially important segment,
which includes manipulating light intensities and light spectra (aside from
the additional light effects)*7 to produce more electricity. Our designed
optics with flowing water belongs to the second described direction of
improving the operation of solar panels and the production of a larger
amount of electricity. To additionally emphasize, by the term “manipulation
of light intensities and spectra”, we primarily allude to light phenomena for
which we do not yet have an explanation, such as the higher efficiency of
solar devices primarily at lower light intensities, which clearly at least
depends on the light spectra. Moreover, when we say there is no
explanation, we primarily mean the additional light effects, which we still
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do not understand, and the real nature of light, both particles and waves,
which should be in accordance with the observed effects.

It is widely acknowledged and accepted that one of the
requirements for the successful application of solar panels is that the
surfaces of the panels be kept at a tested temperature of 25 °C. *3-° It should
be noted that the change in solar panel efficiency is not strongly related to
the tested temperature and occurs at temperatures lower or higher than the
tested one, expressed as a percentage of temperature coefficients, illustrating
the change in solar panel efficiency with increasing or decreasing
temperature. As defined by the Standard Test Conditions (STC), an elevated
test temperature greater than 25 °C causes a drop in the conversion rate of
between 0.40 % and 0.65 % per degree Celsius. 352 Apart from the cooling
technique, the increase in electrical efficiency is determined by the size and
type of solar panel device, as well as the season of the year and geographical
location (light intensity, light spectra reaching the surface of the solar panel,
and the angle at which light falls) and increases overall efficiency and
electricity, respectively. In general, the intensity of solar radiation and the
quality of semiconductors from which the solar panel was made are factors
we can control, while variations in solar radiation or solar spectra reaching
the surface of the solar module cannot be controlled.> Broadly speaking,
various semiconductors used in solar cell modules have different band gaps,
which represent an electronic characteristic of a given material. As a result,
the entire spectrum of solar radiation is ineffective for photoelectricity, and
only photons with energies equal to or greater than the bandgap of the PV
material used are useful. The remaining photons in the solar spectrum will
dissipate their energy as heat, lowering the output of the PV cell or module.
Therefore, we need to eliminate the unnecessary solar radiation spectrum
(to avoid heating) and maintain the cell surface at an ambient temperature.
This cannot be done if there is no filter/cooling system with a liquid, which
results in changes in light intensity and spectra as light passes through
different environments.?® In this manner, realistic, reduced light intensities
and the impact of altered light spectra on the efficiency of commercial solar
panels are realities, and we should try to understand them. However, if we
want to get higher electricity production and better use of solar energy, we
have to manipulate different light intensities and different light spectra and
try to understand all the additional light effects. This cannot be implemented
without an optical design like the WFL system (or some similar construction),
a system with the effect of cooling, reducing and increasing the light
intensity, and modifying the light spectra that reach the surface of the solar
panels, apart from the additional light effects that it can cause. When we
talk about lower light intensities and light spectra, it should be emphasized
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that their changes are very important, as well as the interaction of light with
the environment, which is also sometimes very complex to understand. By
constructing an optical system with flowing water, we have shown so far
that by modifying the light spectrum, for the same light intensity (both at
lower and higher light intensities), the system, therefore, constructed,
increases the efficiency of solar cells, in the first place of silicon solar cells,
dye-sensitive solar cells, and our designed and based on synthesized doped
and undoped antimony-sulfide solar cells.

Apart from intensity reduction and changes in the spectra, there is
also an additional relevant issue concerning the fact that when narrowing
down the spectral distribution, conversion efficiency increases significantly.>*5
But when we go down in light intensity, and the fact is that we do that with
any filter/cooling system, then things are not so simple and must be viewed
from another perspective. Huge changes in the efficiency of the same device
at low and lower light intensities can be produced by different artificial light
sources that simulate outdoor radiation and which, in fact, have broadly
similar spectra. Additionally, most experiments performed at lower light
intensities have been carried out by using artificial light sources so far. For
this reason, combining outdoor and indoor experiments could be one way
of understanding the behavior of PV devices at both realistic, different
spectra and low or lower light intensities. Besides, a significant concentration-
effect should be mentioned. Broadly speaking, optical components have
been used so far to concentrate sunlight and focus it on solar panels,
increasing the light intensity several times. In this way, the production of
electricity increases®®>%, but the mutual effect with the cooling system at the
same time on the surface of the solar panels is not solved. Our designed
WFL system enables cooling depending on the water flow velocity and with
a concentration effect. The joint effects are very significant because they, as
such, combine to exist in reality and work together. In the described
construction, we combine everything that has been proven over years of
research to be the best way to improve the operation of solar panels and
increase electricity production, which is water. As a proven best medium
for cooling, water flow because it has been shown to increase the electrical
yield, manipulation of light intensity as well as light spectra that produce a
better photovoltaic response, and the effect of concentration, which always
increases the electrical yield. It is significant to emphasize here that the
simulation of combined effects achieved by simulating external conditions
leads to the effect of an increase in current production even at lower light
intensities with appropriate light spectra. Through experiments, the optical
construction made in this way helps us try to go deeper into the nature of
light, as well as additional light effects, and try to understand the ambiguity.
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For instance, in photovoltaics, light is, in most cases, only discussed in the
form of photons as particles. However, because of optics and the fact that
light passes through different environments, we have every right to consider
the phenomenon from the perspective of a wave point or the photon as a
wave. Further, we noticed that the V,. and ;. without the use of the WFL
system mostly obeyed the role that decreases with decreasing light intensity
independently of spectra (there are also expectations observed for this rule
without additional light manipulation). That role drastically changes after
passing the light through the optical system. That should not be the case if
we look at light only in the form of photons, but we discussed this issue in
the last chapter of this book.

The general principle of operation of the WFL system

So how does the optical system operate? Briefly, the WFL system
technically solves the manipulation of light or light spectra that reach the
surface of solar panels at both higher and lower light intensities while
indirectly cooling the surface of solar panels. Since the solar panel is
completely covered with optics, the life span of use of solar panels is greatly
extended, which is also a significant form of savings. Depending on the
position of the optical part through which the cooling water flows (by
approaching and moving the optics away from the solar panel, as well as
moving the optical part at various angles in relation to the plane of the panel
or module), we can manipulate both light intensities and light spectra.
Depending on the position of the optical part, we can either have a
concentration effect in which the light intensity increases, or a reduced light
intensity with simultaneous indirect cooling. At both lower (than the
standard testing conditions of 1000 W/m?) and higher light intensities, when
light passes through the optical system, at least the light spectra that reach
the surface of the solar panel change. The change of light spectra even at
lower light intensities provides a higher efficiency of solar panels, i.c.,
higher electricity production. Water that flows through the designed optics
all the time indirectly cools the surface of the solar panels by cooling the
outside environment. Depending on the light intensity, the water flow
velocity can be changed, allowing the panel surface to be kept constant at
the standard temperature for the panel operation.

In brief, the optical/lens system consists of two curved glass lenses
(two convex surfaces in the spherical form) through which cold water
circulates continuously, while the thickness of the water layer at the widest
central part is the thickest (figure 1). Water pipes are integrated into the
lens's inlets and outlets while the system remains completely closed and safe
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for use. Because the water layer is not in direct contact with the cell's
surface, the cooling is related to maintaining an outdoor temperature.

Figure 1 shows photographs of the basic settings for indoor
measurement with the WFL system using the halogen (A) and tungsten (B)
lamps as the artificial light sources and outdoor measurement with natural
radiation (C).

Air n~1.0 F

Glass n,~1.458 W
Water n,~1.33 | |
Glass n,~1.458

Air n~1.0 A
Glass n,~1.458 lght ntensich \“, '
(cell surface) B \‘V

Figure 1. Photos of the basic settings for indoor measurement with the WFL system
using the halogen (A) and tungsten (B) lamps as the artificial light sources and
outdoor measurements with natural radiation (C). The solar cell is located under the
holder of the optical part in the image at a different distance from the optics. The
schematic structure is composed of the interface through which light passes, air-
glass-water-glass-air glass (cell surface) with corresponding refractive indexes (D),
and a ray of light striking the air-glass interface from the upper level, transmitting
into the glass and then striking the glass-water interface (E). A schematic view of a
lens and the two possible positions of the solar cell compared to the light source,
with the lower light intensity than the incident light (A) and a concentration-effect
(the higher light intensity) at the focal point (B).

In the figure, photographs of the WFL system used for cooling (flow glass
water lens), reducing the intensity of light, and changing the light
distribution (spectra) are shown. As well, figure 1D shows the schematic
structure composed of the interface through which light passes, composed
of the interfaces air/glass/water/glass/air/glass (cell) with a corresponding
refractive index. The picture shows (figure 1E) a ray of light striking the air-
glass interface from the upper level, transmitting into the glass, and then
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striking the glass-water interface. It can be noticed that at each interface,
some of the rays reflect. Among other things, the behavior is affected by the
incidence angle, ©, which is affected by the reflection losses in the PV
system.

Furthermore, it is well known that when a layer of water is hit by
a solar ray or light, it selectively filters the various wavelengths of the light,
acting as a chromatic filter. Red color (longer wavelengths) absorbs the
most strongly, while violet color (shorter wavelengths) absorbs the least.

Tunsten lamp spectrum
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Figure 2. A schematic representation of the spectra of a high-pressure tungsten
filament lamp, as well as a photograph of the WFL system used for cooling (flow
water glass lens), reducing light intensity (from 550 W/m? to 50 W/m?), and
changing light distribution. The figure also depicts the wavelength dependence of
the relative transmittance with the use of the WFL system compared to the
transmittance of the tungsten lamp without it.

The wavelength dependence of the relative transmittance with the use of the
WFL system, compared to the transmittance of the lamp without them, was
used to confirm this effect in figure 2. The obtained results show minimal
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permeability in the UV region (up to 375 nm) and an almost constant value
in the visible and NIR regions, with no significant difference in relative
transmittance between 460 and 790 nm. It is important to emphasize that the
minimum transmittance in the UV regions results in a better match between
the tungsten lamp spectrum and the halogen spectrum. More about the
evident difference between different artificial lights that have been used for
performing indoor experiments and that quite well simulate outdoor
radiation is discussed in the last chapter of the book. Here it will be only
mentioned that by comparing the spectra of tungsten and halogen lamps, the
mismatch is evident in the infrared (IR) and the ultraviolet (UV) parts of the
spectrum. *° We also have additional effects when building the WFL system,
one of which is the depth of water in the thickest part of the constructed
lenses. Given the thickness of our water layer at 4 cm, it has been proven
and demonstrated®® that the constructed WFL system eliminates a
significant portion of the spectrum above 1000 nm. It is also worth
mentioning that water causes an increase in the length of the radiation path
in water, which is an important parameter for understanding the solar
spectrum modification in water. Taking all of the mentioned effects of water
into account, we can conclude that the dominant narrow energy part of
photons from 550 to 600 nm arrives at the surface of solar cells. Water is
also shown to reduce the impendence of incoming radiation and behave like
graded glass. Furthermore, it should be noted that it is widely accepted that
only water (mostly related to PV panels submerged in water) cannot
increase the short-circuit current of the PV cell, regardless of the spectrum
of the incoming radiation or the depth of the water. However, it has been
reported that increasing water depth results in higher photoelectric
efficiency for all tested commercial cells.®*-*” The photoelectric efficiency
will differ because each material has a different energy gap, but greater
water depth also means a different distribution of light spectra at any depth.
So far, our experiments have shown that at low light intensities, the
distribution of light cannot be ignored, and appears to be more dominant
than the intensity of light itself. To understand this, we must first understand
and connect the electronic properties of the material with higher and lower
light intensities, as well as the light spectra reaching the surface of the solar
cell or module. Furthermore, the behavior of solar radiation through a fluid
such as water, heat transfer oils, therminols, fluids®®”', and so on has been
theoretically reported. However, there has been relatively little experimental
work to date. About 40 years ago, J. D. Stachiw’ focused on the possibility
of obtaining a significant amount of energy in deep water. In 20107 and
20119, a systematic study of the behavior of photovoltaic (PV) cells in
shallow water was conducted. Morel’ investigates the effect of water on
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solar radiation, confirming previous findings and extending the comparison
with seawater through numerical simulation.®>% These findings were then
applied to solar pond technology and water desalination’®, as well as the
spectral response and efficiency of silicon solar cells in the presence of a
water layer®. In 2014, the first direct test of a submerged module's behavior
was carried out. There have been reports of attempts to use PV underwater
(UW) to increase the long-endurance power sources of UW autonomous
systems and sensor platforms.”® The Naval Research Laboratory (USA) is
currently working to reduce the cost of solar cells matched to the UW
spectrum by using organic solar cell materials.®” Other attempts, primarily
theoretical in nature, were made to investigate the thermal performance of
PV module encapsulation and front covers.”” Following that, these findings
are applied to PV systems to improve their performance. The cooling of a
concentrated PV system by immersing the solar cells in liquids’®, as well as
the increased electrical yield via water veil on PV modules’?, are being
investigated. According to the theoretical approach used for submerged PV
modules?, the integrated maximum response of the PV cells versus water
depth decreases slightly for lower bandgap materials and increases
significantly for higher bandgap materials. The plot of relative efficiency
versus water depth, on the other hand, shows a significant increase in lower
water depth for low bandgap materials and a slight decrease in lower water
depth for higher bandgap materials. Variations in the response of PV
modules to water depth may be related to different light distributions that
exist at various depths of water. Even for each solar cell, there is either a
constant increase or a constant decrease.

In principle, the reflection losses in a PV system are undesirable
and affect negatively the efficiency of the solar devices. A ray impinging on
the surface between two materials with different refractive indices (n), is
divided into a reflected and a transmitted component. Numerous systems
have been studied to reduce reflection losses (for instance, anti-reflective
coatings (ARC) on the glass), but Krauter’” by utilizing an optical model,
evaluates increased optical transmittance for materials with ideal properties
of n=1.33. These ideal properties cannot be achieved with solid materials,
but water, with a refractive index of 1.33, represents the perfect layer to
achieve the predicted increase. Further, figure 1F presents a schematic view
of a lens and the two possible positions of the solar cell compared to the
light source, with the lower light intensity than the incident light (A), and a
concentration-effect (the higher light intensity) at the focal point (B). Most
of our reported indoor measurements with the WFL system were performed
at lower or the same light intensities as the initial light source intensity
(marked as Iy) and the position of the solar cell was in the shade (I:<Iy),
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away from the focal point. In general, far from the focal point, the intensity
of light will always be lower than the initial light source. The distribution of
light (spectrum), of course, always changes with the changing position of
the WFL system.

Combining all these above-described effects and studying the
influence of intensity and spectra, as well as possible additional light effects
together with inevitable cooling, at the same time and not separately, is
crucially important. In natural conditions, any changes in intensity and
spectra have joint consequences, and temperature control of the surface of
the solar cell or module is of essential significance in the credibility of the
results and the maintenance of the solar system. To understand all those
influences, some innovation is needed. The WFL system, handmade in our
laboratory, enables cooling, decreasing, and increasing the intensity of light
and manipulation of the spectrum. Besides, manipulation on the experimental
level with the light intensity and spectra, together with some additional light
effects that we do not understand, can help us to expand our knowledge
concerning the interaction of light and to perhaps better comprehend the
nature of light, for which there are still disagreements over different
varieties of theory. The book discusses the possible reasons, such as light
intensity reduction, changes in spectral distribution, the effect of interfaces,
the effect of water on the solar irradiance spectra, and the fact that light,
from our perspective, could be observed as a wave (because it passes
through different environments before reaching the solar cell surface), for
the better response of different PV devices, using the WFL system,
compared with measuring without optics. It is evident that there is a range
of energy gaps for all the different solar cells observed, where the use of the
WFL system always improves the response of various photovoltaic devices.

In current photovoltaic power research, increasing conversion
efficiency has always been a major challenge. As previously stated, this
efficiency improvement can refer to designing materials with appropriate
electronic properties, improving a photovoltaic device, or optical design.
There have been numerous approaches to the design of materials and
devices, including the synthesis of new active layer materials with enhanced
carrier mobilities®!®3, the optimization of device architectures, the increase
of exciton diffusion efficiency®*®>, and the creation of favorable morphologies
for charge collection®**°. On the contrary, there has been very insufficient
research into studying and manipulating incident light coupling into active
layers, which has resulted in an increase in conversion efficiency. Micro-
lens structures on the solar cell surface have been considered for light
trapping.”*%* Furthermore, a few reports have been published on optical
designs to induce light trapping in PV cells, such as manufacturing on

printed on 2/14/2023 2:46 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

14 Chapter One

prism-shaped substrates®, V-aligned solar cells®>*, a patterned mirror-and-
lens light trap®’, and the use of a pyramidal rear reflector’®. It was also
reported that a nano-waveguide system was proposed for solar energy
conversion and amplification®, as well as a two-stage dish-style concentration
system to increase conversion efficiency.'” Furthermore, a mixed dye!®!
and ascorbic acid system'*?> on photogalvanic cells were used to boost
energy conversion. In addition, at a water depth of 4 cm®, an innovative
cooling PV technology consisting of submerging PV systems increases
photovoltaic efficiency conversion by about 15%. All of these applications
effectively increase light absorption in devices and boost performance by
10 to 30%. It should be noted that the designed WFL system has a water
layer thickness in the middle of exactly 4 cm.

We mentioned that having such a powerful source of energy as the
sun necessitates people's being able to use it more effectively than they
currently do. This approach, through innovation, we believe, can broaden
our knowledge of how to overcome this issue and more effectively use free
energy.
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CHAPTER TWO

AN OVERVIEW OF TESTED SOLAR CELLS

In this part of the book, we will present various types of solar cells,
dye-sensitized, different types of silicon (Si) solar cells, as well as some
types of Sb,Ss-based solar cells, on which we performed measurements with
and without the WFL system. Since our research began with insufficiently
studied semiconductors of group V-VI, antimony sulfide, and the
development of methods for the synthesis of doped and non-doped Sb,Ss3
nanoparticles for use in different cells made and developed in our
laboratory, these diverse types of devices will also be presented apart from
commercial cells. We already pointed out at the beginning of the book that
our first research related to solar energy began with the development of
materials as well as solar cells themselves, while we were not even aware
of the possibility to extend our knowledge with light manipulation and the
use of WFL systems. We must emphasize here that at the time of
semiconductor material development, obtaining our first solar cells and the
construction of optics, there were only sporadic scientific papers that
demonstrated the remarkable characteristics of different solar devices at
lower light intensities, obtained mainly by using different light lamps
without going into details. Unfortunately, the most limited number of
experiments comparing the responses of solar devices with and without
WFL systems, in which we best monitored the impact of light manipulation,
were performed on Sb,S; solar cells. At the same time, the largest number
of experiments at lower light intensities by using the WFL system were
performed on the mentioned solar devices. Further experiments with light
manipulation were applied to laboratory-obtained dye-sensitized solar cells.
Last but not least, various crystalline and amorphous silicon solar cells have
been studied as cells with the most advanced technology and the largest
presence on the market, for which this application would be the most
interesting and significant.
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Application of the WFL system and light manipulation
to dye-sensitized solar cells

Solar cells are classified into silicon, semiconductor compounds, and novel
materials, which include dye-sensitized, colloidal quantum dots, organic,
and perovskite solar cells, based on the primary active material.! So, in
addition to the antimony sulfide cells discussed in the last title of this
chapter, which are broadly classified as semiconductor solar cells, as well
as the Si solar cells whose results will be presented in the following title in
this section, here we will review the results of dye-sensitized solar cells,
which are classified as the third and final classification of solar cells based
on new materials. Dye-sensitized solar cells has been thoroughly
investigated over the last 20 years, and research interest is continuing due to
their very appealing attributes, such as low-cost production and fabrication
with relatively high conversion efficiency, which make them a strong
candidate to compete with conventional Si-solar cells.?® The importance of
understanding the influence of the spectral distribution of a light source that
comes to the surface of solar cells was emphasized”!! in this chapter using
various light sources (xenon, halogen, tungsten), using them as standards
that best match outdoor radiation at standard testing conditions (STC)
(temperature of 25° C and irradiance of 1000 W/m? with an AM 1.5 spectra),
as well as the influence of the WFL system. Unfortunately, there are only a
few reports that look into the impact of low light intensity and different
spectra, and they show that the spectral mismatch between different
artificial lamps and outdoor radiation has a significant impact on the
experimental performance of solar water-splitting devices.!? As previously
stated, the spectrum and intensity of light can be changed without changing
the light source by using the described water flow lens (WFL) system. This
WFL system was applied to various types of cells, and all tested cells
(described in this chapter) demonstrated improved photovoltaic performance.
As a result, the confirmation that diverse spectra and intensities can result
in different performances for the same solar cell is extremely significant.
In this section of the chapter, we present a dye-sensitized solar cell
that was tested with three different lamps (xenon, halogen, and tungsten) at
various light intensities reached by using the WFL system. For each
measurement and each light intensity, we also compared the results without
using the WFL system. The most significant results are obtained at lower
light intensities (below STC, 1000 W/m?), and the power generation at
lower intensities is extremely important for indoor applications and cloudy
locations. Conditions for measurements at lower intensities (standard
testing conditions at low light intensity) are not yet established and are
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heavily dependent on measurement parameters. Until now, the majority of
investigated cells (organic, dye-sensitized, etc.) have demonstrated better
performance at lower light intensities in the scientific literature.'>'® The
dye-sensitized solar cells in this chapter were observed using xenon,
halogen, and tungsten lamps, as well as the WFL system, to improve the
efficiency of the made solar devices and investigate the impact of light
spectra and intensity. The dyes and solvents were used to divide the dye-
sensitized solar cells into four groups, as explained in the following section.
These cells have been thoroughly investigated'*?!, and we wanted to
demonstrate and emphasize how important it is to be aware of light
intensities and spectra (and possible additional light effects that will be
studied more in the next chapter) and how we can manipulate them to
improve the performance of solar cells.

Figure 1. Photos of the experimentally made dye-sensitized solar cells.

We will not consider here the experimental details of making solar
cells or details of the measurements®?, because the focus of this book is on
the results obtained by manipulating light and the conclusions that emerge.
Figure 1 shows a photo of experimentally made dye-sensitized solar cells.
Further, under this subject, we will follow results with and without
employing the WFL system observed under lower light intensities and
results obtained under standard testing conditions (STC), 1000 W/m?
without light manipulation. Measurements under STC were made by using
a xenon lamp, while measurements with light manipulation were performed
by using halogen and tungsten lamps. All these different lamps are
frequently used for experimental laboratory measurements since their
spectra simulate quite well the AM 1.5G global irradiance standard
spectrum. Figure 2 illustrates the spectral distributions of three different

printed on 2/14/2023 2:46 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

An overview of tested solar cells 25

lamps, xenon, halogen, and tungsten, as well as the AM 1.5G global
irradiance standard spectrum, and the distinctions in their spectra are
evident. All of these light sources are used to examine solar cells, but we
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Figure 2. Spectral distributions of the Philips ELH 120V 300W halogen lamp, the
xenon lamp, the high-pressure tungsten filament lamp, and the AM 1.5G global
irradiance spectrum.

realized through various experiments that even minor changes in the
spectrum cause significant variations in voltage, current, efficiency, and
overall solar cell performance. So, regardless of whether we consider each
of these lamps to be a light source that accurately simulates outdoor
radiation, their spectra differ, and these differences can have a significant
impact on photovoltaic device performance. In brief, solar cells are labeled
using dyes and solvents. XA represents the cell group XY1: D35 with
acetonitrile, XP represents XY 1: D35 with 3-methoxy-propionitrile, YA
represents Y 123 with acetonitrile, and YP represents Y123 with 3-methoxy-
propionitrile. More than ten solar cells in each of the mentioned groups were
measured in each group to identify if the results were repeatable, though
only some of the results were presented here. The characteristics of the
current-voltage (I-V) curves for XA, XP, YA, and YP solar cells measured
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Figure 3. [-V curves for XA, XP, YA, and YP solar cells, measured with the xenon
lamp in a solar simulator under standard testing conditions (STC) and without light
manipulation.

with the xenon lamp in a solar simulator under standard testing conditions
(STC) and without light manipulation were presented in figure 3. As can be
seen, the resulting curves are very similar within the same group of cells;
there are no measurements that differ. The results presented under standard
testing conditions (STC, 1000 W/m?) should be the best in terms of voltage
and current values, efficiency, as well as the shape of the curves obtained
by measuring these solar cells. Significantly, after the involvement of light
manipulation in measurements and experiments, we will see that this is not
the case. Table 1 shows the values for short-circuit current /i, open-circuit
voltage V., fill factor FF, and efficiency PCE for all different groups of
solar cells measured under standard testing conditions (STC) and with a
xenon lamp. The efficiencies are calculated relative to the surface of the
observed cells, and the entire surface of the cell (1 cm?) was illuminated
during the measurements. The fill factors were calculated using the formula
FF = 1,V,/IscVoc, where I, and V,, are the maximum current and voltage,
respectively. The efficiency # was calculated from the relationship =
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Table 1. All different groups of solar cells with appropriate characteristics (open-
circuit voltage (Voc), short circuit current (i), fil factor (FF) and efficiency (PCE))
measured at standard testing conditions (STC) and with a xenon lamp.

1000 W/m?
Xenon lamp
Sample | Voe(mV) | IL.(mA) | FF | PCE (%)
XAl 939 1.60 0.75 1.13
XA2 940 1.57 0.75 1.11
XA3 960 1.62 0.69 1.07
XA4 939 1.54 0.71 1.01
XAS 911 1.57 0.72 1.03
XA6 943 1.53 0.77 1.11
XP1 982 0.86 0.53 0.45
XP2 951 0.94 0.51 0.45
XP3 972 0.88 0.50 0.43
XP4 955 0.84 0.57 0.47
XP5 949 0.83 0.56 0.44
XP6 941 0.95 0.52 0.47
YAl 993 1.80 0.73 1.30
YA2 953 1.80 0.72 1.23
YA3 964 1.75 0.73 1.23
YA4 934 1.77 0.73 1.21
YAS 940 1.81 0.72 1.22
YA6 930 1.78 0.74 1.22
YP1 1000 0.92 0.53 0.49
YP2 1013 0.97 0.52 0.51
YP3 991 0.98 0.51 0.50
YP4 1014 0.99 0.54 0.54
YP5 998 0.93 0.54 0.50
YP6 1003 0.97 0.50 0.49

Voelse FE/Pinpus X100, where Piypy: 1s the input light energy. These parameters
are discussed in more detail in the next chapter. It is well known that results
under standard testing conditions (STC) and without light manipulation (or
without using the WFL system) should be the best in terms of the solar cell
parameters mentioned above, and the next figure 4 shows measurements
which reveal that this is not the case. As can be seen in figure 4, short-circuit
current as well as short-circuit voltage decrease with decreasing light
intensity within the same lamp (the same spectra) without light manipulation
as expected. However, the decrease in the light intensity is much more
pronounced with the fill factor that remains almost constant, which overall
gives higher efficiency at the lower light intensities without light spectra
changes. Those measurements were performed at the sun simulator by using
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filters to change the light intensities that ensure that the spectrum after
passing through the filter does not change.'*?! It is quite an important fact
that, without spectra changes, dye-sensitized solar cells can exhibit higher
efficiencies at lower light intensities. This could be one more confirmation
that measurements of the solar cells at not yet established standard testing
conditions at lower light intensity should not be compared with established
standard testing conditions at higher light intensity (1000 W/m?). Further
results and comments are discussed in the following chapter.
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Figure 4. I-V curves for YA solar cells measured with the xenon lamp in a solar
simulator under different light intensities, standard testing conditions (STC) of 1000
W/m?, 500 W/m? and 100 W/m? without light manipulation. The figure also contains
a table with appropriate characteristics of the measured cell YA, including the
calculated efficiencies.

Next, we observe what happens when we change the lamps (spectra) as well
as the light intensities (figure 5), intending to emphasize how changes in
solar cell characteristics can be influenced at least by light spectra
independent of light intensity. No matter how similar the spectra are to us,
the small differences between their spectra presented in figure 2 can lead to
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Figure 5. [-V curves and efficiency for XA, XP, YA, and YP solar cells at different
lamps (spectra) and the light intensity of 500 W/m?, 350 W/m?, and 50 W/m?
recorded with the xenon, halogen, and the tungsten lamp.
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quite diverse characteristics of the same solar cell. As is more than clear
from figure 5, solar cell characteristics, short-circuit current, and short-
circuit voltage, as well as efficiency, don’t follow the trend that the above-
mentioned characteristics decrease with decreasing light intensity. As can
be seen, the lowest efficiency values obtained are typical of cells measured
at 500 W/m? with the xenon lamp, while the halogen lamp and a light
intensity of 350 W/m? produce the highest values of I, Vo, and efficiency.
It should be noted that designed dye-sensitized solar cells generally exhibit
better performance at lower light intensities, as was demonstrated in the
previous measurements. '%-2!

The use of the WFL system was mentioned in the introduction
section of this chapter as a way to change the spectra of light and generally
improve the characteristics of solar cells. Hence, in this configuration, we
have the same power output and light intensity, but at least the spectra that
reach the surface of the solar cell have changed. In figure 6, /-V curves and
efficiency for all solar cells observed at the same light intensities of 350
W/m? and 50 W/m? without and with the use of the WFL system are given.
As can be seen, the values of I, V.., and efficiency with the WFL system
are significantly higher when compared to the same lamp and light intensity
without the use of optics with flowing water. The only thing operating here
was the WFL system, which at the very least changed the light distribution,
one of the facts apart from other additional light effects discussed in greater
detail in the following chapter. The values of /. and efficiency are more
than twice as high as for halogen lamps and have an intensity of 350 W/m?>.
Also, XA and YA have much higher values (10.2 % and 12.6 % respectively)
compared to XP and YP (4.6 % and 5.5 % respectively). The open-circuit
voltage maintains very high values, even though there is a noticeable slight
increase. The results for all cells obtained at 5% sun and tungsten lamp are
impressive and reach the very low light intensity efficiency of the best
various solar cells observed at standard testing conditions (STC). Efficiency
values for XA and YA are nearly 28 % and 31 %, respectively, while
efficiencies for XP and YP are nearly 17 % and 19 %, respectively. Doscher
et al.'? discovered that a tungsten light source can provide a current density
of 80 mA/cm? for Si at STC, whereas the general current-density limit for
Siis only 44.1 mA/cm?. Hence, apart from the power output, it appears that
the light distribution had a considerable influence on /. in the first set of
experiments. After all, in this set of experiments, it seems that the spectrum
of the lamp, at least, has a significant impact (more than light intensity) on
the characteristics of solar cells. Naturally, the design of the cells
experiences a significant impact, as expected. Improvements in short-circuit
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Figure 6. I-V curves and efficiency for XA, XP, YA, and YP solar cells observed at
the same light intensities of 350 W/m?, and 50 W/m? without and with the use of the
WFL system.

current, efficiency, and, in some cases, short-circuit voltage obtained after
passing the light through the water and curved glass are at least additional
spectra influences, although additional light effects must be taken into
account, which were discussed in more detail in the following chapter. It
should be emphasized that the processes themselves in designed dye-
sensitized solar cells will not be considered here, because they are not made
by our group.
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Application of the WFL system and light manipulation to
monocrystalline, polycrystalline, and amorphous Si-solar
cells

Polycrystalline and monocrystalline silicon (Si) cells are the most
commonly used types of solar cells in the PV market, accounting for more
than 93% of PV cell production in 2016. Because silicon is both
environmentally friendly and one of the most abundant resources on the
planet, crystalline silicon solar cells are expected to play an important role
in the future PV market. The abundance and safety of silicon cells, on the
one hand, and the advancement of technology over nearly 70 years, on the
other hand, give silicon cells a dominant position over all other types of cells
available in the photovoltaic market.?*2” The reported maximum efficiency
of silicon solar cells is 29%,2%3'while the theoretical maximum solar
conversion efficiency is around 33.7% for a single p-n junction with a
bandgap of 1.4 eV, as determined by the Stockley-Queisser limit.>> More
about solar cell efficiency and the Stockley-Queisser limit in detail will be
discussed in the next chapter. Aside from the fact that efficiency is not the
only limiting parameter, the efficiency/cost ratio, apart from durability and
reliability, must be considered in reality. In addition, because the most
efficient crystalline Si-solar cell has nearly reached its theoretical maximum
efficiency, the competitive product must be significantly cheaper while still
being efficient. In terms of material abundance, safety, and improved
technology, all other types of more inexpensive solar cells (dye-sensitized,
organic, perovskite, etc.) that are currently on the market or will appear as
cheaper products in the near future will struggle to compete with Si-solar
cells. Any less expensive type of current or new solar cell/module design
can serve as a backup rather than a replacement for Si-solar cells. As a result,
the most important tasks are testing and discovering ways to improve the
operating characteristics and overall efficiency of Si-solar cells. On the
other hand, in the previous chapter, we emphasized the importance of
manipulating light through design optics (the WFL system) to improve and
optimize the output of existing solar devices. Specifically, it is widely
accepted that changes in the spectra that arrive at the surface of a solar panel
are an uncontrollable factor. However, we can deal with light intensity and
the quality of the semiconductor used in the solar panel, both of which have
a direct impact on efficiency.** Indeed, independent of our research, some
authors have reported findings that different types of solar cells perform
better photovoltaically at lower light intensities®*3°, different artificial light
spectra, 233384041 and different water depths**® (different intensities and
spectra at each depth). That is why we must and can find a way to manipulate
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light intensities and spectra in conjunction with the inevitable cooling of the
solar surface cell/module to understand additional light effects and why this
is happening. For example, for Si-solar cells, many authors have reported
higher efficiencies than the theoretical maximum predicted for silicon solar
cells, up to 40%—60%, with a dielectric liquid thin-film that can increase the
efficiency®-3! or others who have reported results indicating that the direct
liquid-immersion cooling method*>*® could be an acceptable method for
increasing the efficiency. The conversion efficiency of the monocrystalline
Si-solar cell, which is 16—-18% under standard testing conditions (STC),
decreases to 3—6% under artificial LED light, whereas the amorphous Si-
solar cell increases from 8% to 20%.>” Computer simulations and indoor
data measurements were used to investigate the significance of the spectral
effects of silicon PV devices.’®>

IXYS KXOB22-12X1F

Figure 7. Photos and the main operating characteristics of the monocrystalline Si-
solar cells, KXOB22-01X8F and KXOB22-01X8F.

Repeated studies have been conducted on "useful fractions," which are
defined as the ratio of measured spectral irradiation to measured global
irradiance.®®! Ghitas demonstrated that shifting the solar spectrum toward
the infrared region produces a negative impact on the device performance
of a multicrystalline silicon module.® It is critical to combine all of these
effects and study the influence of intensity and spectral together with
inevitable cooling at the same time, rather than separately. Any changes in
intensity, spectra, or some additional light changes, have joined consequences
in natural conditions, and temperature control of the surface of the solar cell
or module is critical to the credibility of the results and the maintenance of
the solar system. To comprehend all of these influences, we must employ
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some optical design with liquid, such as our design, the WFL system, which
was thoroughly described in the previous chapter. Because of the preceding
discussion, we demonstrate the results of high-efficiency monocrystalline
Si solar cells as well as amorphous Si solar cells for indoor and outdoor
applications in the following text. The WFL system is maintained to
measure cells under artificial light, with halogen and tungsten lamps, and in

Chapter Two
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As in previous experiments, we used water as the best cooling
liquid in these experiments.®%> With changes in spectra, the water flows
increase electrical yield while resulting in increased photovoltaic output,
independent of any increase or decrease in light intensity. Moreover, a
concentration effect with different spectra always improves overall
efficiency. Figure 7 depicts the photo and current-voltage characteristics of
the monocrystalline Si solar cells used in these tests (indoor and outdoor),
IXYS KXOB22-12X1F and KXOB22-01X8F-ND, as provided by the
companies (IXYS Korea®® and Amorton Sanyo®’). At standard testing
conditions (STC) of 1000 W/m?, the current-voltage and power-voltage
characteristics (open-circuit voltage and short-circuit current) of
monocrystalline Si-solar cells are given in the same figure. Monocrystalline
Si-solar cells have a good response over a wide wavelength area and, as a
result, can be used in both indoor and outdoor applications with a cell
efficiency of typically 22 %.

We explained in the first chapter of this book that, aside from its
cooling effect and spectrum change, the WFL system can be used in two
independent regimes depending on the location of the tested solar cell
relative to the WFL system and the light source. It means that it can reduce
the light intensity if the solar cell is in a different shadow location and
increase the light intensity if the solar cell is in or near a focal point, a
phenomenon known as the concentration effect.”?>%® We can test the
influence of different spectra by implementing manipulation regardless of
whether the light intensity is increasing or decreasing. Figure 8 depicts the
I/V curves recorded under outdoor conditions for two commercial
monocrystalline Si solar cells, KXOB22-12X1F% and KXOB22-01X8F%,
with and without a WFL system and using daily light. The geometry was
kept the same for both indoor and outdoor experiments (described in detail
in the previous chapter), in the sense that the sun's rays fell vertically on the
surface of the WFL system and the hole set-up in general. It should be noted
that each expression for determining the efficiency of silicon cells ignores
differences in light spectra. Hence, the efficiencies are not given; otherwise,
the values would be unrealistically large. More about comparisons of
different solar cells' results and understanding the behavior is described in
the following chapter. Figure 8 shows that the short-circuit current (/) and
open-circuit voltage (V,.) measured without the WFL system agree with the
results provided by IXYS Korea® and Amorton Sanyo®” at 500 W/m? and
1000 W/m?. The use of the WFL system leads to a significant increase in
short-circuit current for both cells, up to 3 to 5 times greater than measured
under standard testing conditions. It should be noted that the current-density
limit generally for Si is 44.1 mA/cm?, whereas after use of the WFL system,
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Figure 9. Indoor /-V curves for commercial monocrystalline Si solar cells, IXYS
KXO0OB22-12X1F and KXOB22-01X8F-ND, with and without the use of the WFL
system, using tungsten and halogen lamps as the initial light source.
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current-density increases to 106 mA/cm? for the Si-cell, KXOB22-12X1F.
Further, the ratios of the /. and Pj,pu are 4.9 and 17.6 without and with the
use of the WFL system, respectively, for the Si-cell, KXOB22-01X8F. It
seems that a huge increase in /. cannot be justified by an increase in light
intensity, due to the enormously large value of efficiency that overcomes
theoretical value and our current knowledge. In figure 9, indoor current-
voltage curves for commercial monocrystalline Si-solar cells, IXYS
KXO0B22-12X1F and KXOB22-01X8F-ND, with and without the use of the
WFL system, using tungsten and halogen lamps as the initial light source,
are shown. In figure (first dependence), indoor measurements are depicted
for an IXYS KXOB22-12X1F Si-solar cell with and without the WFL
system, using a tungsten lamp as the initial light source at constant low light
intensities of 50 W/m? for both presented curves (the solar cell is located far
from the focal point and thus in the shade). The results are given for the
entire 1.54 cm? surface of the solar cell. The ratio of short circuit current
(Zs) to input light energy (Pinyu) for measured /-7 curves is 4.42 for an /. of
22.5 mA and 8.96 for an /. of 45 mA without and with the WFL system,
respectively. As can be seen, the ratio (/;/Pjspu:) is much higher after passing
through the WFL system, implying that short-circuit current is quite high
for such low light intensity. Furthermore, the open-circuit voltage (V) for
the light intensity of 5% of the sun should be 530 mV, according to company
data for the silicon solar cell. In our case, it is 620 mV, which increases to
nearly 650 mV when the WFL system is employed. On the other hand, the
short circuit current (Is) and open-circuit voltage (V) decrease as the light
intensity decreases in comparison to 1000 W/m? and without the WFL
system. The use of the WFL system improves both the open-circuit voltage
(Voc) and the short-circuit current (/). Further, figure 9 depicts a
commercial monocrystalline, KXOB22-01X8F-ND Si-solar cell under
artificial light conditions, tungsten, and halogen lamps. It should be noted
that the main operating characteristics of the solar cell (dimensions
22x7x1.8 mm), open-circuit voltage (V,.) and short-circuit current (/),
measured at an STC of 1000 W/m?, Air Mass of 1.5, and an operating
temperature of 25 °C, are 4.7 V and 4.4 mA, respectively. As can be seen,
small changes in the halogen lamp light intensity value resulted in huge
changes in /. and V,., with up to 7 times higher values of short-circuit
current. The short-circuit current (/;c) to input light energy (Piupyu) ratios are
5.2 and 24.8 without and with the WFL system in the measurements,
respectively.

Furthermore, in many confirmations thus far, these changes can be
attributed to the spectrum effect (or possibly some additional light effects,
which we will discuss further in the following chapter) that is always altered
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by the use of the WFL system. Next, there are no significant oscillations in
short-circuit current (/) and open-circuit voltage (V,.) for lower light
intensities, "shadow position," and a relatively weak tungsten lamp with and
without the WFL system. Here it can also be seen that for very small
differences in light intensities, /. and V. increase or decrease, confirming
that the light spectra are dominant at lower intensities.

AM-5907
CAR

100mW/cm? 55-50k-lux External | Weig
dimensio | ht (g)
Madel ns (mm)
Typical Typical Paax (Vop-
operating Prmax (Vop-lop) operating lop)
characteristics characteristics
AM-5907 | (5.0 V-45.7 mA) 241 mwW (5.0 V-20.6 mA) | 114 mW 750X | 183
(5.9 V -40.8 mA) (5.9 V- 55.0
19.3 mA)

Figure 10. Photo and the main operating characteristics of the amorphous Si-solar
cell for outdoor use, AM-5907 CAR.

At the "focal point position" where intensity increases, there is an obvious
huge improvement in /. and V., 4.81 mA and 4.78 V, better than the data
for the standard testing conditions (STC) given by the company, which is
additional proof of the at least spectra influence. Figure 10 depicts photos
and the main operating characteristics provided by the company (Amorton
Sanyo) for amorphous for outdoor applications Si-solar cell, AM-5907
CAR. For the same cell, the /-V curves at different intensities of the light
(artificial as well as outdoor) and with and without the use of the WFL
system are presented in figure 11. The typical operating characteristics are
given for both standard testing conditions, 1000 W/m? and lower light intensity,
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Figure 11. [-V curves for the three different light sources: artificial, tungsten,
halogen, and natural outdoor light for the amorphous Si-cell for outdoor application
(AM-5907 CAR) without and with the use of the WFL system.
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50 kLux, which is approximately 500 W/m?. The values are: the open-circuit
voltage (V) and short-circuit current (/), 5 V and 45.7 mA, measured at
1000 W/m?, respectively, while for 50 klux they are 5V and 20.6 mA (see
figure 10 for details). The outdoor measurements with and without the use
of the WFL system as the first /-J curve dependence are presented in figure
11. We can see that the current-voltage values are much higher with the used
WFL system, and we can measure quite high /. and V., almost matching
the values measured under standard testing conditions (STC). The /. and
Pinpu ratios are 5.1-5.3 and 10.5-26.5 without and with the WFL system,
respectively. As expected, oscillations at lower light intensities are much
more pronounced than in monocrystalline cells. Further, the next
dependence in the figure shows that at the lower light intensity (tungsten
lamp), the WFL system increases the values of /. and V,. independent of
the light intensity. We mentioned and confirmed in the previous dependence
that the efficiency of the monocrystalline Si-solar cell under standard testing
conditions (STC), decreases under artificial LED light, whereas the
efficiency of the amorphous Si-solar cell, in contrast, increases.’” As part
of at least the spectral influence, this could also explain the larger
oscillations in the presented dependences on the values of I, and V., as well
as the amorphous cell's better performance at low light intensities than the
monocrystalline Si-cell in the previous case. Unlike the monocrystalline Si-
solar cell whose surface was very small (1.54 cm?), the amorphous for outdoor
application has a large cell surface area (41.25 cm?), and therefore the "focal
point" measurements were not applied. Apart from the fact that amorphous
Si-solar cells show better PV response at lower light intensities, this is an
additional reason for not showing results at higher light intensities. The final
dependence on figure 11 confirms the previously stated and reveals that
there was no real improvement in the higher light intensity obtained using a
halogen lamp regardless of the used WFL system and changed spectra,
compared to monocrystalline Si-solar cells where oscillations were massive.
Overall, for both monocrystalline and amorphous Si-solar cells, it's evident
that at least spectra influence causes huge oscillations in operating
characteristics, just as for amorphous cells, oscillations are more pronounced
at lower light intensities comparable to monocrystalline as we expected. As
was stated in the previous title, the processes themselves in commercial
amorphous and monocrystalline Si-solar cells will not be considered here,
because they are made by solar companies and their processes are known
and described.
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Application of the WFL system and light manipulation
to solar cells based on synthesized doped and undoped
S$b2S3 semiconductors

This part of the chapter deals with the results of the development
of different solar cells based on the synthesized undoped and doped Sb,S;
semiconductor nanoparticles.”!*%-7" This semiconductor is one of the most
interesting and promising materials for use in solar devices because of its
high absorption coefficient and low bandgap, among other features.”'”
Before our report, there had been no report in science on the application of
synthesized Sb,S; material in different photovoltaic cell devices entirely based

composite p-doped Sb,S, + PANI
composite amorphous Sb,S, + PANI

composite n-doped Sb,S, + PANI
PANI '

Aluminium

Figure 12. The designed cell's schematic and an image of the thin film made of p-
doped Sb2S3 + PANI/amorphous/undoped Sb2S3 + PANI/n-doped Sb2S3 + PANI.
PANI stands for polyaniline, a conductive polymer.

based on this semiconductor. The devices are based on extensive reports of
quite a number of experimental and theoretical results on the synthesized
Sb,S; semiconductor.”*7 Figure 12 depicts a schematic representation of
one of the designed Sb,S;-based cell architectures.” A thin film of p-doped
Sb,S;+PANI/amorphous/undoped Sb,S; + PANI/n-doped Sb,S; + PANI
deposited on indium tin oxide (ITO) conductive coated glass is also depicted
in figure 12. Typical illuminated /- curves for fabricated cells under low
illumination of 250 W/m? and 50 W/m? measured with the WFL system are
shown in figure 13. The efficiencies of the manufactured cells are n=2.12%
for the light intensity of 250 W/m? and n = 9.03% for the light intensity of
50 W/m?. It is clear from the figure that the cells are more efficient at lower
light intensities. It is important to note that approximately 20 cells with the
same characteristics were created, and all of them exhibit the same behavior.
Figure 13 shows that the designed solar cell exhibits better efficiency with
the use of the WFL system at lower light intensities.” Again, the use of the
WFL system was found to be one of the possible explanations for the
resulting higher efficiency of solar cells at lower intensities.
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Figure 13. ITO/p-doped Sb2S3 + PANI/amorphous/undoped Sb2S3 + PANI/n-doped
Sb2S3 + PANI/PANI/electrolyte (0.5M KI + 0.05M12)/Al solar cell: illuminated /-7
curves for two different low-light intensities of 50 W/m? and 250 W/m?, measured
with the WFL system and a tungsten lamp.

Further, in figure 14, current-voltage characteristics of the same
cell under standard testing conditions (STC) and without using the WFL
system were measured using a halogen lamp. It should be emphasized that
previous figure 13, which was measured with the WFL system, was taken
with a tungsten lamp. It is obvious that the cells exhibit far higher efficiency
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Figure 14. The illuminated /-V curve for the designed solar cell, ITO/p-doped Sb2S3

+ PANI/amorphous/undoped Sb2S; + PANI/n-doped Sb2Ss + PANI/PANI/

electrolyte (0.5M KI + 0.05MI2)/Al, obtained at standard testing conditions (STC)
measured with a halogen lamp.
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at lower light intensities, with changed spectra, and when using the WFL
system. Further results and explanations of the design and commercial solar
cells are given in the next chapter. The illuminated surfaces of the designed
cells shown in the preceding figures measure 3 cm?. It is critical to
understand the dimensions of the cell because their size affects the
efficiency value. Figures 13 and 14 show efficiency calculations for the
illuminated surfaces of the cells. Different shapes of the illuminated /-V
curve are discussed in scientific papers when we characterize each cell
individually, *%%73%% and will not be covered in this book. Considering that
the designed solar cell was made in our group, here, unlike the previous
results, we will briefly comment on the processes in the cell. Figure 15
depicts a schematic band diagram of an ITO/p-doped Sb,Ss/amorphous/
undoped Sb,Ss/n-doped Sb,S3/Al junction. A typical solar cell has a p—a—n
(or p—i—n) diode structure, which is similar to that of an amorphous silicon
solar cell’!, with p-, n-, and a- (or i-referring to amorphous and intrinsic
(undoped)) layers. Light enters the device through the p-layer, which
efficiently supports hole collection. The reason for this is that holes have a
lower mobility rate than electrons. Experiments and theoretical calculations
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Figure 15. Schematically presented the band diagram of an indium tin oxide
(ITO)/p-doped SbaSs/amorphous/undoped SbaS3/n-doped Sb2S3/Al junction.

for synthesized Sb,S; revealed significant differences in the effective
masses of an electron and a hole (m." = 1.035 m. and m;," = 1.843 m,).”
According to calculations, a hole's effective mass is much greater than that
of an electron, implying that holes are less mobile than electrons. A
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transparent conductive oxide (ITO) film contacts the diode from the front
side, and a metal film serves as both a rear contact and a back reflector in
the simplest case. An electric field is formed over the intrinsic i- or a- layer
by thin (30 nm) p-doped and n-doped layers. Because of their shorter
lifetimes in doped samples, electrons and holes generated in doped layers
contribute to photocurrent. By the internal electric field, electrons and holes
generated in the undoped or amorphous layer are driven to the n-layer and
p-layer, respectively.

The charge carrier collection is primarily determined by the quality of the
doped and undoped layer materials, the strength and distribution of the
electric field, and the presence of PANI, a conductive polymer. It should be
noted that the cell made of doped samples without PANI functions as an
electricity generator, but with lower photocurrent and efficiency values. It
is also important to note that the extra layer of PANI does not affect the
cell's efficiency or operation, but only protects the film from electrolyte
corrosion. Figure 16 depicts the bandgap (E,), calculated Rydberg constant
(Rx), and Bohr radius (ax) of free excitons in several direct-gap III-V and
II-VI compound semiconductors, as well as the electron effective mass
(m.") and hole effective mass (my"). The theoretical and experimental results
were "integrated" to yield values for the synthesized Sb,S; semiconductor
(the structural, morphological, electronic, and optical properties of the
synthesized Sb,S; are combined with the theoretical calculations of the
electronic and optical properties of the synthesized powders). According to
experimental and theoretical calculations, this semiconductor has different
electronic properties than the most well-known and widely used semiconductor.
The calculated excitonic effects and effective masses of electrons and holes
are important in understanding the physical effects of Sb,S; use in solar cells
as well as the fundamental understanding of this semiconductor.”: 8184 The
calculated high dielectric constant (¢ =~ 11), combined with the simultaneous
high energy of Wannier—Mott exciton (Ecx =~ 0.1 eV and radius of exciton ax
=~ 0.9 nm (m¢" = 1.035m, and my," = 1.843m.), distinguishes this semiconductor
from other semiconductors used in solar cells, excitonic solar cells-Frenkel
excitons.®>* A more in-depth examination revealed that there are arguments
for both of the basic types of excitons observed in our case. Wannier-Mott
excitons, in particular, are primarily observed in semiconductors with
medium-sized band gaps in the range of 1 to 3 eV, which have a large radius
(the electron-hole separation is so large) that it encompasses many atoms
(hence the alternative name of "free" excitons). These have low exciton
energies due to the large electron-hole separation.®>¢ On the other hand,
Frenkel excitons, are found in insulator crystals and molecular crystals,
which have a much smaller radius, comparable to the size of the unit cell,
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and thus have higher exciton energies of the order of 0.1 to 1 eV. With an
exciton radius of a; = 0.9 nm (calculated for synthesized Sb,S; powder),
which is three times larger than the smallest distance between Sb-S atoms
in the unit cell, it is clear that we have an argument for both basic types of
excitons.

Crysta| Eg Rg a Crvsta' mo‘/mr mh‘/mf
(ev)  (meV) (nm)
GaN 35 23 31 GaN 0.13 08
ZnSe 28 20 45 ZnSe 0.13 0.65
cds 26 8 27 cds 0.19 0.8
.Zr;:; ig 112 :: ZnTe 0.12 0.5
: ‘ CdSe 0.06 0.62
CdTe 16 2 67
CdTe 0.05 0.46
GaAs 1.5 42 13 GaA 0.07 0.2
InP 14 a8 12 | ‘.;, : 0.08 0.3
Gasb 08 20 23 & : y
InSh 02 (0.4) (100) g 0.04 .
InSb 0.01 0.25
SbS, 1315 74 0809 Sb25, 035 S

Figure 16. On the left side of the figure are given the bandgap (Ey), the calculated
Rydberg constant (Rx), and the Bohr radius (ax) of free excitons in several direct-gap
I-V and II-VI compound semiconductors. The electron effective mass (m.") and
hole effective mass (mn") for III-V and 1I-VI compound semiconductors are given
on the right side. All the values for the synthesized SbaS3 semiconductor are obtained
by the integration of the theoretical and experimental results.”

Figure 17 depicts a schematic of the next designed solar cell made
of ITO/composite amorphous Sb,S; + PANI/TiO/electrolyte Ip/I/Al'°
Figure 18 depicts typical illuminated /- plots of fabricated cells made of
ITO/composite amorphous Sb,S; + PANI/TiOy/electrolyte I,/I7/Al under
low illumination of 250 W/m? and 50 W/m? using a tungsten lamp and the
WFL system. The calculated efficiencies of the cells are 1 = 0.74% for 250
W/m? and n = 2.71% for 50 W/m? light intensity, respectively. As in the
previously designed cell, it is obvious that the cells exhibit higher efficiency
at lower light intensities and with the use of the WFL system. The surface
of the solar cell is the same as in the previous design, 3 cm?.
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Figure 17. The designed cell's schematic, made of ITO/composite amorphous SbaS3
+ PANI/TiO2/electrolyte I»/I7Al. PANI stands for polyaniline, a conductive
polymer.
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Figure 18. ITO/ composite amorphous Sb2S3 + PANI/TiOx/electrolyte Io/I/Al solar
cell: illuminated I-¥ curves for two different low-light intensities of 250 W/m? and
50 W/m?, measured with the WFL system and a tungsten lamp.

Figure 19 shows the illuminated -V curve for the designed solar
cell, ITO/composite amorphous Sb.S; + PANI/TiO./electrolyte I/I7/Al,
measured with a halogen lamp, at standard testing conditions (STC), and
without the WFL system. The calculated efficiency of the cell is = 0.25%
for 1000 W/m? light intensity. There is obviously a very large difference in
efficiencies relative to light intensities in terms of higher efficiencies for
lower light intensities. We also see that the WFL system itself has the effect
of increasing the efficiency of the designed cells. Some of the results at
lower intensities with lower efficiencies without the presence of the WFL
system are presented in the next chapter. Also, as we already emphasized
here, the designed Sb,Ss solar cells are the first PV cells where we employed
the WFL system. We were unaware that through light manipulations, we
could start to understand the fact that some solar devices exhibited higher
efficiencies at lower light intensities. This is the reason for the low number
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of direct comparisons of results with and without WFL systems at the same
light intensities.

1054
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Figure 19. The illuminated /-V curve for the designed solar cell, ITO/ composite

amorphous Sb2S; + PANI/TiOx/electrolyte I»/I/Al obtained at standard testing
conditions (STC) measured with a halogen lamp.

One more example of the designed cell is presented in figure 20.8
On the right side of the figure, one side of the cell is lighter in color (it
belongs to conductive PANI) and the other side of the cell is darker in color
(it belongs to the color of the P3HT polymer). Furthermore, the solid carrier
that we used is completely flexible, allowing for good contacts in the cell,
which is essential for its properties. On the left-hand side, a schematic
presentation of the designed cell and the composition of every layer are given.

In figure 21 are presented /- curves of fabricated cells under
illumination of 50 W/m? (made with a tungsten lamp and with the WFL
system), 350 W/m? made with a halogen lamp and with the WFL system, as
well as under the illumination of 1000 W/m? made with a halogen lamp and
without the WFL system. The cell's efficiencies are = 22.1% for 50 W/m?,
= 2.87% for 350 W/m?, and = 0.7% for 1000 W/m?. As we can see again,
the highest efficiencies are reached at lower light intensities with changed
light spectra and with the presence of the WFL system. The impact of
different sources of light (different lamps) with respect to diversity in
spectra and intensity also has a negligible influence on solar cell
characteristics.
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Figure 20. A schematic of the cell, as well as images of the thin film, solid carrier,
and counter electrode.

Figure 22 depicts the energy level diagram of one layer. Sb,S; is
p-doped in the first layer, then amorphous or undoped, and finally n-doped.
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Figure 21. The illuminated /-V curves for the designed solar cell, obtained at 50
W/m? (tungsten lamp) and 350 W/m? (halogen lamp) measured with the WFL

system, and at standard testing conditions (STC), 1000 W/m? measured with a
halogen lamp without the WFL system.
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Light is entering through the p layer, which has an excess of holes in the
device, while the n- layer has an excess of electrons. An electric field was
formed by p-doped and n-doped layers over the intrinsic (undoped) layer.
The internal electric field is in charge of directing electrons and holes from
the undoped layer to the n- and p- layers. The quality of all Sb,S; materials,
the P3HT and PANI conductive polymers responsible for charge carrier
collection, and the TiO, photon absorber drive solar cell performance. P3HT
is a hole-conducting dye with high absorption in the Vis range, which is
critical given the use of water lenses. TiO»-derived electrons can recombine
with holes in P3HT or Sb,S;. Direct recombination can also occur in the
absorber, and holes in P3HT can recombine with negative charge carriers in
the Sb,S; layer.®” Making a composite allows for easier recombination of
materials.
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Figure 22. Simplified band energy diagram of the designed solar cell.

As previously stated, the next chapter will address the additional
consequences of the WFL system's use. Certainly, using appropriate
components in the cell design, as well as the way devices are made in terms
of compatibility and stability, improves photon absorption, resulting in
better device efficiency. Next, it is reported here that an inexpensive, solid,
and stable solar cell is designed and made entirely of synthesized materials:
Sb,Ss/hypericin (dye) thin film on ITO-coated glass (working electrode),
aluminum (counter electrode), and PVA matrix (solid carrier) loaded with
electrolyte (0.5M KI + 0.05M 1,).% Figure 23 depicts the cell architecture
schematically. The figure also includes images of an amorphous
Sb,Ss/hypericin composite thin film deposited on ITO glass, a polyvinyl
alcohol (PVA) matrix loaded with electrolyte, and an aluminum electrode.
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The film's accented dark red color is derived from amorphous sulfide and
extracted hypericin, both of which are red. The black color of the PVA
matrix is caused by the black color of the electrolyte. Hypericin, a low-cost
natural dye, was combined with amorphous Sb,S3 as a composite film and
absorption layer to increase band gap values and photon absorption. Figure
23 additionally depicts surface phase AFM images of the amorphous
Sb,Ss/hypericin composite film. The presence of two phases is clearly
visible; spherical Sb,S; particles immersed in dye. Figure 24 depicts typical
illuminated 7~V plots of fabricated cells based on the synthesized
amorphous SbySs/hypericin composite thin film/PVA matrix loaded with
electrolyte/Al under very low, low, and medium illumination levels of 50
W/m?, 250 W/m?, and 550 W/m?. Solar cells are clearly more efficient at
lower light intensities.
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Figure 23. A schematic of the designed cell and images of the thin film made of
amorphous Sb2Ss/hypericin composite, PVA matrix loaded with electrolyte and
aluminum electrode. On the right-hand side are given phase and 3D AFM images of
the SbaS; amorphous powder/hypericin composite film and images of the PVA
matrix filled with an electrolyte. The last image below is a scanning electron
micrograph (SEM) of a lyophilized PVA matrix released from water.

Furthermore, when compared to the expensive dye used in DSSCs, the use
of the low-cost natural dye hypericin results in lower power generation, and
in this regard, our designed cell achieved an efficiency of about 3.84 % ata
light intensity of only 50 W/m?, which is not bad at all. It is important to
note that at least ten cells with the same characteristics were created, and
they all exhibit the same behavior. It should also be noted that PVA
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demonstrated excellent stability over a three-month testing period. There
were no changes in PVA during testing at low light levels of 50 W/m? and
250 W/m?. Over the course of a week, the film remained stable. Following
that, its structure crumbled as a result of the dye's constant contact with
electrolyte-filled PVA.
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Figure 24. Illuminated /~V curves for an ITO/amorphous Sb2Ss/hypericin
composite/PVA matrix loaded with electrolyte (0.5M KI/10.05M 12)/Al solar cell:
plot of power output characteristics for three low-light intensities of 50 W/m?, 250
W/m?, and 550 W/m?. To reach the lowest light intensities of 250 W/m? and 50
W/m?, the WFL system was used.

It has already been stated that the changes in typical illuminated /-
V curves, which are actually translated from exponential to linear curves,
will not be discussed in this book. It is sufficient to state here that the shape
of the illuminated /-V curves is primarily influenced by the resistance
present in the designed solar cell. As previously stated in this chapter for
other designed Sb,S;-based solar cells, to achieve the low light intensities
we used the WFL system (250 W/m? and 50 W/m? illuminations) interposed
between the lamp and the cell, as well to prevent heating. Further, we
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compare what is happening with the same designed solar cell with and
without the use of the WFL system, by keeping the same light intensities.
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Figure 25. Illuminated /~V curves for solar cells made of ITO/amorphous
SbaSs/hypericin composite/PVA matrix loaded with electrolyte (0.5M KI1/10.05M
L)/Al: plot of power output characteristics for two low-light intensities, 50 W/m?
and 250 W/m? using the WFL system.

As can be seen, according to results presented in figure 25, the use of the
WFL system again increases the efficiency of the designed solar devices at
lower and quite low light intensities. Here again, at least the changes in
spectra influence the changes in device efficiency. Although the efficiency
of this cell is not high because of the cheap components that we tried to use
(a low-cost natural dye, hypericin, compared to the expensive dye used in
dye-sensitized solar cells, as well as other synthesized components of the
solar cell that are cheap while their processes of synthesis are quick and
easy), the increase in efficiency due to the use of designed optics is not
small. At the lowest light intensity of only 50 W/m?, that increase is nearly
40%. The designed cell is made of the same materials as the DSSC. The
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only difference is that instead of TiO,, we used Sb,S;. As a dye, Sb,S3 can
absorb photons and release electrons. When a photon strikes a composite of
hypericin molecules and Sb,Ss, the photon's energy is absorbed by the dye
molecule and sulfide. Both dye molecules and Sb,S; become excited and
emit electrons (nano-particles of Sb,Ss also allow electronic conduction),
which reach the anode via the iodide solution as an indirect transmitter.
The transfer of charge into the electrolyte at the surfaces of the dye,
semiconductor, and electrolyte causes charge separation at the particle
surface.®¥% lodide can replenish the electrons lost by dye molecules. When
electrons reach the anode, the iodide molecules oxidize to triiodide, which
then contacts the cathode. The triiodide recovers its missing electrons from
the cathode, reducing the triiodide back to three iodine molecules. When all
of these processes occur at the same time, an electric current is produced.

p-doped Sb,S, + Chitosan + PEG + Electrolyte

a-undoped Sb,S, + Chitosan + PEG + Electrolyte

n-doped Sb,S, + Chitosan + PEG + Electrolyte

Figure 26. A schematic of a designed cell containing the exact composition of each
of the flexible Sba2Ss/solid layers, as well as photographs of designed flexible layers
labeled (p), (a), and (b) (n). Sb2Ss solid layers are extremely flexible, and their
softness after filing with electrolyte allows for good cell contacts.

The last designed Sb,S3-based solar cell we reported here is a flexible solar
cell made of p-doped, amorphized, amorphous, undoped, and n-doped Sb,S3
solid carriers loaded with electrolyte. The working electrode was indium tin
oxide (ITO) glass, and the counter electrode was aluminum.
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The corresponding amorphized amorphous undoped and p and n-doped
Sb,S; semiconductors (in construction p-a-n) were synthesized using a low-
cost casting and solvent evaporation technique from a blend of chitosan,
polyethylene glycol, and an electrolyte containing 0.5 M potassium iodide
and 0.05 M iodine. The results show that flexible Sb,S; solar cells have good
stability and an efficiency of around 10% at 50 W/m?.

Overall, it has been demonstrated for the first time that flexible
solar cells based on the synthesized Sb,S; semiconductor can be
manufactured and used for low-light-intensity applications. Figure 26
depicts a schematic representation of the designed cell architecture. A thick
(around 1 mm) p-doped, amorphous (a)-undoped, and n-doped (marked
with (p), (a), and (n)) flexible Sb,Ss/solid carrier is also shown in the figure.
Solid carriers are extremely flexible, and their softness after filling with
electrolyte allows for good contacts within the cell. Figure 27 depicts typical
illuminated /-V curves for fabricated cells under 50 W/m? illumination.

4.0

4 5
- 50 W/m? 50 W/m?
3.0 4 i
< I = 0
% 25 n= 9.3%, <E n 11.34%
£ E 3 ¢
g 204 g
= 3
[*] Q
8 15+ o 24
s °
& 10- z
14
05+ °
®
00 T T T T T R T T T T T T
0 100 200 300 400 500 600 700 100 200 300 400 500 600 700
Photovoltage (mV) Photovoltage (mV)

Figure 27. The figure depicts illuminated current-voltage (/-V) curves for designed
solar cells measured with the WFL system at a very low light intensity of 50 W/m?.
The figure shows the measured results for two different designed solar cells made to
be the same.

Two cells with measured results were made to be the same. At 50 W/m?, the
cell efficiency is 9.3% and 11.3%, respectively. A typical solar cell has a p—
a—n diode structure, that is similar to that of an amorphous silicon solar
cell®®, where p-, n-, and a- (or i- refer to doped and intrinsic (undoped)
layers. Light enters the device via the p-layer, which efficiently supports
hole collection. A transparent conductive oxide (indium tin oxide, ITO) film
contacts the diode from the front side, and a metal film serves as both a rear
contact and a back reflector in the simplest case. Over the intrinsic or
undoped layer, thick p-doped and n-doped layers create an electric field.
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Electrons and holes generated in the undoped layer are driven to the n and
p-layers by the internal electric field, respectively. It should be noted that
the cell made without extra electrolyte loaded into every layer functions as
an electricity generator, but with lower photocurrent values and lower
efficiency. The handmade WFL system was placed between the lamp and
the cell to prevent cell heating, reduce light intensity, and make at least
spectral changes. The illuminated surfaces of the cells are 3 cm?, with a total
surface area of 7.5 cm?. We were able to obtain repeatable results with the
same efficiency using no temperature effect and an optical system. As
previously mentioned, and discussed in this book, the use of a lens/optic
system with a flowing water layer that at least changes the spectrum enables
the application of these solar cells in the majority of conditions present on
Earth with low light irradiation.

Conclusion

In this chapter of the book, different solar cells, dye-sensitized,
different types of Si-solar cells, as well as different types of designed solar
devices based on synthesized doped and non-doped Sb,S; semiconductors
are presented. The common behavior of all the described solar devices is to
give better photo-voltaic characteristics and hence efficiency with the use
of WFL systems. The influence of different spectra as well as different light
intensities by light manipulation is a very important factor in furthering
understanding of the utilization of designed and commercial solar devices.
The deviation of artificial light spectra from standard test conditions (STC),
although small, cannot be ignored. Such manipulations of light (apart from
the cooling effect) allow us to better understand the operation of solar
devices and the changes in the influence of spectrum and intensity, as well
as possible additional influences related to the nature of light or additional
light effects. In addition, such experiments may allow us to understand and
approach the answers to questions such as our negligible use of free solar
energy, better performance of solar devices at lower light intensities, as well
as set theoretical limits on the maximum efficiency of the solar device.
Furthermore, the most important conclusions for every separate solar cell
presented here will be emphasized.

Based on measurements on dye-sensitized solar cells, the results
show that it is critical to emphasize the type of light source in the
characterization. Because the differences in obtained parameters can be
significant, it is critical to pay close attention to the type of light source, i.e.,
spectrum, used. Furthermore, it was observed that by using the same light
source and varying the intensity of light, the highest efficiency was achieved
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at the lowest intensity of light (100 W/m?~1.5%). Measurements at various
intensities and spectra revealed that solar cells with an efficiency of ~4.4%
measured with a halogen lamp at 350 W/m? produced the best results, while
all cells measured with a xenon lamp produced the worst results (1% at 500
W/m?). It should be noted here that when it is discussed concerning the best-
reached efficiency here, it is always meant to be the best numerical number.
For instance, in the mentioned case, we said that the best efficiency was
reached with a halogen lamp, while with a tungsten lamp and intensity of
only 50 W/m?, we obtained nearly 2.6% efficiency. This intensity is seven
times lower than the intensity reached with a halogen lamp, so in general,
obtaining efficiency at a lower light should be considered a better result. We
also demonstrated an intriguing aspect of using the WFL system to change
light distribution without changing a light source. These analyses revealed
that the designed dye-sensitized solar cells performed twice as well with a
halogen lamp at 350 W/m? and more than ten times better with a tungsten
lamp at 50 W/m?. Efficiencies ranged from 2.3% to 2.4% without the WFL
system, and 27.8% and 30.5% with used optics, respectively. It is critical
that we all understand that even minor changes in the spectra (apart from
the possible additional light effects) cause significant changes in the
properties of solar cells, which will be attempted to explain in the following
chapter.

The performances of the presented high-efficiency commercial
monocrystalline Si solar cells, IXYS KXOB22-12X1F and KXOB22-
01X8F-ND, were evaluated under artificial and natural light, as well as with
and without the use of the WFL system for cooling, which increases and
decreases light intensity with changes in the spectrum. It has been
discovered that using the WFL system improves the PV performance of the
device in all conditions. The basic function of the WFL system is to cool
and increase and decrease the light intensity with unavoidable oscillations
in the spectrum, but that manipulation actually helps us better understand
the nature of light itself. In an indoor environment with an artificial light
source, the results show that spectra are more dominant than light intensity
for both tested cells at low and lower light intensities. Higher efficiency was
obtained in an outdoor environment by using the WFL system, this time as
a lens system that can increase the intensity of light. Further experiments
are performed on amorphous Si-solar cells for application in outdoor and
indoor conditions. The outdoor measurements with and without the use of
the WFL system reveal that the current-voltage values are much higher with
the WFL system, and we can measure quite high I, and V.., almost
matching the values measured under standard testing conditions (STC).
Furthermore, at lower light intensities (tungsten lamps), the WFL system
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increases I and V. values independently of light intensity. Overall, it is
clear that spectral influence causes huge oscillations in operating
characteristics in both monocrystalline and amorphous Si-solar cells, and
that oscillations are more pronounced in amorphous cells at lower light
intensities comparable to monocrystalline, as expected. It is possible that
because the described WFL system combines all of the effects (that is,
cooling with flowing water in a closed system with no evaporation), as well
as the fact that we can simultaneously adjust the intensity and influence the
spectrum due to the lens system, it could be a possible solution for cooling
and improving the PV response of solar cells and modules. All of the
findings described above provide useful insights into many unsolved and
hot problems in PV applications. Additionally, because of the many realistic
effects that the designed WFL system has, such as the possibility to test at
the same time the influence of intensity and spectral change as well as the
cooling effect, this design could be a possible solution for improving the
solar module response. It should also be noted that experiments are carried
out both inside and outside, and that because all-optical construction is
limited in size and degree of freedom of the designs, we are also very limited
in the types of measurements that this type of improved optics could
perform on a larger scale. It should also be noted that the cost of such
designed optics is very low (hole construction is done in our lab) and that
the possibilities on a larger scale with small advancements are unknown.

It was demonstrated that inexpensive p-doped and n-doped Sb,Ss-
based hybrid solar cells made entirely of synthesized material work as
electricity generators and exhibit very high efficiency (around 8-9%) at a
very low light intensity of 50 W/m?. The efficiency of the designed cell is
higher at lower light intensities, most likely due to the different distribution
of the visible part of the spectrum at the wavelengths achieved with a
biconvex lens filled with water, the WFL system. Investigations at low light
intensities are found to be very important, just as they were for the
previously described solar cells, but comparable data for solar cells at low
light intensities, particularly for synthesized Sb,S;-based hybrid solar cells,
is lacking. The Sb,Ss-based hybrid solar cell, which was reported to be
inexpensive and entirely made of synthesized Sb,S; nanomaterial, also
demonstrated improved cell efficiency at lower intensities. Apart from the
light intensity changes, additional shifts in the light spectra were made by
changing the used lamps. Cheap hybrid solar cells with a solid efficiency at
very low light intensities should have good prospects for the exploitation of
solar energy. The measured properties of a novel solar cell made of ITO,
composite Sb,S3 (p-doped, a-undoped, and n-doped), P3HT, PANI, and
TiO», a solid carrier, and a counter electrode were also presented. A new
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low-cost solid carrier, as well as a new absorption layer composition, were
created. A combination of the polymers P3HT and PANI with the
semiconductor Sb,S3 enabled photon absorption to be broadened while also
improving conductivity. An excellent efficiency value of 23.1% at a low
light intensity, 50 W/m?, as a result of the appropriate WFL system
permeability and the tungsten filament lamp's irradiation spectrum. Following
that, we observed a low-cost, solid Sb,S; powder/hypericin dye-based solar
cell made entirely of synthesized nano-material that could generate electric
current at very low, low, and medium-light intensities. Because of the
different distributions of the light spectrum, the efficiency, short-circuit
current, and open-circuit voltage of the designed cell are higher at lower
light intensities, as shown. However, the shape of the illuminated /- curves
of the solar cell at low light intensity appears to be primarily governed by
resistance. The efficiency of solid cells of 3.9% at 50 W/m? is a promising
result, especially given the use of a low-cost natural dye, hypericin, as
opposed to the expensive dye used in DSSCs. Furthermore, all of the
synthesized solar cell components presented are inexpensive, and their
synthesis processes are quick and simple. The first measurement was made
on a solar cell composed of indium tin oxide/p and n-doped and amorphized
(a) undoped flexible Sb,Ss/solid carrier loaded with electrolyte/aluminium
as the counter electrode. Each layer was created using a low-cost
casting/solvent evaporation technique. The cell has a high efficiency of
more than 10% at a very low light intensity of 50 W/m? and a suitable
distribution, which is achieved by using an optics/lens system.
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CHAPTER THREE

LIGHT EFFECTS FROM THE PERSPECTIVE
OF EXPERIMENTAL RESULTS

As was described in this book, the optical WFL system overcomes
several problems in photovoltaics simultaneously. The problem of cooling
solar panel surfaces is solved by water flowing through designed optics
located above the surface of solar panels, which cools the surroundings and,
indirectly, the solar panel surface. The manipulation of light intensities and
light spectra is enabled by the different positions and angles of the WFL
system compared to the used solar panel, where a better current-voltage
response and higher current production are achieved. At the same time, the
optics covering the solar panel protect the panel and allow its longer use. By
the term manipulation of light intensities and spectra, we primarily allude
to additional light effects for which we do not yet have an explanation, such
as the higher efficiency of solar devices at lower as well as higher light
intensities and non-uniform or non-linear basic current and voltage
characteristics, which, at least, depend on the light spectra and intensities.

This section will not cover all aspects of the known facts
concerning light and its impact on solar cells, but only those that are
essential for comparing and trying to understand our research results.

The solar spectrum and particle photon approach

The spectral mismatch between solar cells (that is, bandgap as an
electronic characteristic of the material, which is defined as the energy
difference between the top of the valence band and the bottom of the
conduction band from which the solar cell/panel was made) and incident
radiation represents a fundamental factor limiting their efficiency, at least
from the point where light is mainly discussed in the form of particles or
photons, as is the case in photovoltaics.'” The solar radiation spectrum
presented in figure 1 is described as the number of photons with a
distribution of energies. Depending on their energy, these photons may have
enough energy to create free electrons and holes, and the most suitable
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material for the solar cell or panel has a bandgap at the maximum curve of
the presented distribution.®® Generally, AMO radiation represents the
extraterrestrial spectrum of solar radiation (not presented in figure 1) outside
the earth's atmosphere.”!° In contrast to the situation outside the earth's
atmosphere, more complex terrestrial solar radiation varies both in intensity
and in spectral distribution depending on the earth's position and the position
of the sun in the sky. To allow comparison between the performances of solar
cells tested at diverse locations and terrestrial solar radiation, the standard
has to be defined, and measurements are referred to this standard. At
present, AM1.5 radiation serves as the standard spectral distribution. The
irradiance of the AM1.5 radiation is 827 W/m?, and the value of 1000 W/m?
was typically incorporated to become a standard.®
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~ —— 5960 K Spectra ] Band
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Figure 1. The solar spectrum is presented as the number of photons with a
distribution of energies. In the same figure, the spectra of a black body (5960 K) and
AM 1.5 normalized to a total irradiance of 1000 W/m? are given. On the right hand
side, the bandgap (Eg) is presented as the energy difference between the top of the
valence (outer electron) band and the bottom of the conduction (free electron flow)
band.

This irradiance value is comparable to the limit received on the earth's
surface. The peak power of a photovoltaic device is expressed in peak watts
and is generated under standard AM1.5 (1000 W/m?) radiation. Further, in
figure 1, the black-body radiation spectrum has a characteristic, continuous
energy spectrum that depends solely on the body's temperature, called the
Planck spectrum. The Sun is also an approximate black body with an
emission spectrum peaking in the middle, a yellow-green portion of the
visible spectrum, but with reasonable power in the ultraviolet as well, with
an effective temperature of 5960 K.''''> Further, the key property of
photovoltaic material is to convert light energy to electric current'®!” which
becomes conductive when the energy of the photons absorbed by the solar
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cell material is sufficient to raise the electron state from the valence band
(the lower energy level of a semiconductor) to the conduction band (the
energy level at which an electron can be considered free) as shown in figure
1. It should be noted that the excitation of an electron into the conduction
band results in the formation of both an electron and a hole in the valence
band. As a result, both the electron and the hole can participate in
conduction and are referred to as carriers. The amount of energy needed to
excite an electron is known as the bandgap, which is an electronic property
of semiconductors that has a direct impact on the photovoltaic cell voltage.
Generally, an electron is in a high energy state when it gets enough energy
to participate in conduction (i.e., is "free"). When an electron is bound and
thus unable to participate in conduction, it is in a low energy state (figure
1). As a result of the presence of the bond between the two atoms, the
electrons have two distinct energy states. The electron cannot achieve
energy values that are intermediate between these two levels; it is either in
a low energy position in the bond or has gained enough energy to break free
and thus has a certain minimum energy. This minimum energy is known as
a semiconductor's "bandgap," and the number and energy of these free
electrons, or electrons participating in conduction, is essential to the
operation of electronic devices. The photon energy's proximity to the
material's bandgap, as well as whether the photon energy is sufficient to
cover or overcome the bandgap, will decide how suitable the materials are
for photovoltaic applications.!82> That is why, for example, a crystalline
silicon solar cell with an energy gap of 1.1 eV represents an ideal applicative
material >4

When a photon with an energy of 2 eV interacts with a crystalline
silicon surface, 1.1 eV of that energy is used to transfer an electron into the
conduction band, while the remaining energy (0.9 eV) is lost as heat. While
using a material with a larger bandgap, such as copper oxide (bandgap of
2.1 eV), 2 eV is insufficient to free the electron. We would need a higher
energy photon, and we can see from the distribution that there is a limited
number of photons with such high energy. It is important to note that, no
matter how large the photon energy is in comparison to the bandgap, only
one electron can be freed by a single photon.22° This is the explanation for
the photovoltaic cells' reduced performance and low efficiency. To overcome
this problem, it is common to combine materials with different bandgap
energies, mostly through the doping process.?’-** Doping is the process of
introducing impurities into a semiconductor crystal, by varying the number
of electrons and holes in semiconductors in order to increase their electrical
conductivity.’* Semiconductors may be doped to provide a surplus or deficit
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of valence electrons. The two types of dopants are the n-type ("n" for
negative) and the p-type ("p" for positive). Extra valence electrons with energies
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Figure 2. The maximum solar efficiency for the AM 1.5 solar radiation spectra of
one p-n junction solar cell is according to the Shockley-Queisser Limit. Efficiency
was expressed in percentages (inset) and through the losses due to the spectral
mismatch of almost 50% for a crystalline silicon solar cell (Eg=1.1 eV).

similar to the conduction band are found in n-type dopants, which serve as
electron donors. When incorporated into the atomic Ilattice of a
semiconductor, the valence electrons of n-type dopants can easily be excited
into the conduction band. By accepting electrons, p-type dopants assist in
conduction. When a p-type dopant is introduced into a semiconductor's
atomic lattice, it can host electrons from the conduction band, allowing
positive holes to form easily.>> Figure 2 shows how the bandgap affects the
maximum efficiency of one p-n junction solar cell.** When an n-type
material and a p-type material are fused to form a semiconductor diode, a p-
n junction is formed. Most photons will not cause a photovoltaic effect if
the band gap is too large; if it is too small, most photons will have more
energy than required to excite electrons across the bandgap, and the rest will
be lost.>>3 Reflection and transmission are typically regarded as loss
mechanisms in photovoltaic devices because photons that are not absorbed
do not generate power. The most widely used semiconductor in commercial
solar cells, silicon (which contributes to 96 % of the market’”), has a
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bandgap near the peak of this curve. The Shockley—Queisser limit®® refers
to the measurement of a single p-n junction solar cell's maximal theoretical
efficiency (the peak of the curve has been exceeded experimentally by
combining materials with different bandgap energies). The theoretical
maximum limit, assuming a single p - n junction with a bandgap of 1.34 eV,
was estimated to be around 33% using an AM 1.5 solar spectrum (inset in
figure 2). However, not all fractions of the AM 1.5 spectrum cannot be
converted into usable energy by a crystalline silicon solar cell*** (see
further in the book). Figure 2 demonstrates that in the case of a crystalline
silicon solar cell (Eg = 1.1 eV), the losses due to the spectral mismatch
account for almost 50%.444°

Solar cell efficiency

So far, taken from the angle of light particle photons, we see the efficiency
of solar cells strongly depends on the energy gap of the material through
light photons of particular energies. The part related to the definition of
particle photon nature is discussed later in the book with respect to our
measurement results without and with the presence of the WFL system. In
the previous chapter, we have already described the different solar cells that
we examined: commercial amorphous and crystalline Si-solar cells, dye-
sensitized solar cells, as well as different types of designed Sb,S;-based-on
solar cells. Because all tested solar devices show significantly higher
efficiency using the described WFL system compared to measurements and
calculated efficiencies without a WFL system, the appropriate values of the
energy gaps of various tested solar cells are summarized in Table 1. Of
course, here we will not forget the results that, even without light
manipulation and changes in light spectra, give better efficiencies at lower
light intensities than higher ones. The values of the energy gaps are given
in order to see the range of the energy gaps, within which our designed WFL
system operates in the sense of increasing the efficiency of the designed
solar devices for some light intensities and spectra presented in the previous
chapter. The fact is that for all tested cells with energy gaps ranging between
1.1 and 2.0 eV, using an optic/lens system almost always improves (for
higher as well as lower light intensities) the photovoltaic response of the
designed devices (depending at least on radiation spectra).

We’ll get back to this issue and comment on the results later, but
first we need to say something general about efficiency. One of the most
common metrics used to compare the performance of different solar cells is
efficiency, in the sense that photovoltaics is the direct conversion of light to
electricity, so it produces current and voltage, which are directly proportional
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to efficiency.*-° Put differently, the most general method for determining
a solar cell's efficiency is to examine its parameters to obtain values that can
then be translated into a ratio of energy output from the solar cell to input

Table 1. The values of the bandgap for all tested commercial amorphous and
crystalline Si-solar cells, dye-sensitized solar cells, as well as different types of
designed Sb2Ss3-based solar cells.

All various tested solar cells Energy gap (eV)
and absorption layers

Crystalline silicon {c-Si) 1.1
Amorphous silicon {a-Si) 1.84
Amorphous/undoped Sh,Ss (a- Sb2Ss) 1.57
1.91
Cu-doped Sb;S; (p-doped) 1.47
Se-doped Sb:Ss (n-doped) 1.61
1.75
a- SbySs/hypericin 1.6
a- SbzSs/betanin 2.0
a- Sb,S3/PANI composite 2.0
XY1/D35/Y123 ~1.8-2.0

energy from the sun. However, if the specific spectrum that corresponds to
the measured intensity of incident sunlight (the same light intensity that
reaches the solar cell surface can have different corresponding light spectra)
is not included®'*2, the efficiency of solar cells is not complete and well
defined. In the previous chapter, we showed that different artificial light
sources that simulate outdoor radiation and which have generally similar
spectra, if applied to the same solar cells at lower light intensities, can cause
huge changes in the efficiency of the same device.>* However, we will come
back to this issue later in this chapter. As a result, to compare various solar
cells, the conditions under which efficiency is calculated must be carefully
monitored and preserved. As it is firmly established that terrestrial solar
cells are tested under AM1.5 conditions and at a temperature of 25°C, while
the ambient conditions for building a spatial solar power plant or spacecraft
powered by solar energy would be AMO.>
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The efficiency of a solar cell is determined as the fraction of incident power
that is converted to electricity and is defined as>:

Prnaxr = Voc Isc FF7 [1]
7= Voc Isc FF/Pin (2]

where V. is the open-circuit voltage, /; represents the short-circuit current,
FF is the fill-factor, and 7 is the efficiency, which is determined from /-7
measurements. P, describes the maximum power generated by a solar cell
and the incident power, P;, The incident power is equal to the AM 1.5
spectrum irradiance normalized to 1000 W/m?.

= Vmp/mp/Vaclsc [3]
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Figure 3. The /-V characteristic curve with the meaning of Isc and Voc and the

limits for short-circuit current density and open-circuit voltage of a solar cell within
the Shockley-Queisser model.
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The "fill factor" is a parameter that defines the maximum power output of a
solar cell (presented schematically in figure 3) when combined with V. and
L. It is known as the ratio of the solar cell's maximum power to the product
of Ve and I;.% 3% Figure 3 describes and connects several important
parameters that are used to describe solar cells. The /-V curve provides
information on the short-circuit current (/;), open-circuit voltage (V,.), fill
factor (FF), and efficiency. When the voltage across the solar cell is zero,
the short-circuit current flows through the cell. The short circuit current (/)
is calculated by multiplying the short circuit current density (Ji.) (presented
in figure 3 as bandgap dependence) by the cell area. This dependence is
based on the assumption that each solar photon is converted into an electron
that flows through the circuit according to the Shockley-Queisser model.*
Because there are fewer photons above the bandgap at higher bandgap
values, the current density decreases. Further, as can be seen in figure 3, the
open-circuit voltage, V., is the maximum voltage available from a solar cell
when the cell current is zero. As the recombination current decreases, the
Voo increases with the bandgap.®? Shortly, any electron in the conduction
band is meta-stable and will eventually stabilize at a lower energy position
in the valence band. When this happens, it must enter an empty valence band
state. As a result, when the electron returns to the valence band, it effectively
removes a hole. This effect is known as recombination. The rate of electron-
hole production is limited by recombination. For instance, in silicon, this
reduces theoretical performance under normal operating conditions by 10%,
in addition to thermal losses.® ®7¢ V. is restricted by recombination.
Because of the very low I, there is a drop in V. at higher bandgap values,
as shown in figure 3.

Experimental results and deviations from conventional
measurements caused by light manipulation

In this chapter, we have shown table 1, in which different values
of energy bandgaps for various solar cell materials are given and where all
solar devices show better efficiency at different light intensities by
employing the WFL system regardless of the value of the energy gap (1.1-
2.0 eV). To be able to go into the presentation and comments of our results,
the following step would be to explain and connect, that is, to present a
conventional opinion about the relationship between efficiency, energy gap,
and light intensity or power. Unfortunately, the influence of light spectra
cannot be related to today's knowledge. It has already been stated that when
a photon's energy is equal to or greater than the material's bandgap, the
photon is absorbed by the material and excites an electron into the

printed on 2/14/2023 2:46 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



Light effects from the perspective of experimental results 73

conduction band. When a photon is absorbed, it produces both a minority
and a majority carrier. The concept of the generation of charge carriers by
photons sets the foundation of photovoltaic energy production. We can
calculate the fraction of incident radiation energy absorbed by a single p-n
junction solar cell.® 7% When we express Ag as the wavelength of photons
that corresponds to the bandgap energy of the absorber of the solar cell, only
photons with energy greater than the bandgap are absorbed, implying that
photons with A < Ag are absorbed. P;,, the incident power flux from the
artificial light/sun expressed in equation 2, can be calculated from the
spectral power density, P(4) using the following equation:

Py = [,” P(1)dA [4],
or expressed in terms of photon flux density, ®(A)
© h
P =[] ® ()7 d2 [5].

The photon flux is defined as the number of photons per second per unit
area. The fraction of the incident power p that is absorbed by a solar cell and
used for energy conversion is expressed as

AG hc
_ e @mFar
- o0 hc

I3 @ W)=aa

[6].

Pabs

Apart from the absorbed energy, the excess energy of photons is lost
because of the thermalization of photo-generated electrons and holes in the
absorber material. The equation adequately describes the fraction of
absorbed energy that the sun can deliver as useful energy, Py

A
_ Eg i@ (A)da

Pise = 7
use fOAG(D().)%dﬂ. [ ]’
so that the conversion efficiency is limited by the spectral mismatch
N = PapsPuse (8]

The main figure 2 shows the conversion efficiency of solar cells limited only
by spectral mismatch as a function of the bandgap of a semiconductor
absorber for a single-junction solar cell, for AM 1.5 solar radiation spectra.
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Many authors®-*® presented the dependence of various solar cell

efficiencies on the bandgap of semiconductor materials for various artificial
and natural lights. As we expected (from figure 2), those presented
dependencies on efficiency as a function of semiconductor bandgap have a
maximum energy conversion efficiency. In order to compare our results and
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Figure 4. The energy conversion efficiency limits for different solar cells that we
measured and made as a function of the bandgap of the semiconductor material,
under halogen radiation.

further draw conclusions, in figure 4 the energy conversion efficiency limits
for different solar cells that we measured and made, as a function of the
bandgap of the semiconductor material, are presented. The results were
obtained with an artificial light source, a halogen lamp, due to spectra
similarity (presented in the inset of figure 4) with the outdoor 1.5 AM
spectrum. It should be emphasized that not all different solar cells were
measured under outdoor radiation. Therefore, figure 4 follows a dependence
concerning the measurements made with a halogen lamp. As can be seen in
figure 4, dependence follows maximum distribution (dotted and dashed
fitted lines), as we expected for different single-junction solar cells.

As is evident, the efficiency values that we measured for different
solar cells and presented in figure 4 cover one part of the maximum
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distribution curve, and therefore, the fitted curve of the maximum dependence
is marked with a dashed line. The silicon-based devices are usually
homojunction, while other devices presented in the same dependencies here
and in the literature®-°? constitute heterojunctions. Although we could
discuss whether our different designs of Sb,Ss-based solar cells (made
similar to the design of Si-solar cells with some changes) represent
homojunction or heterojunction solar cells, this is not the topic of this book,
and we will not deal with it. It should be emphasized that the dependence
presented in figure 4 is not given to assess whether we can exceed the
Shockley-Queisser limit but to further compare our experimental results
obtained using the WFL system. For the purpose of comparison, figure 5
shows the same dependence as figure 4, except that instead of the calculated
efficiency, we present the IscVoe/Pinput ratio.
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Figure S. The ratio of IscVoc/Pinput for the same different solar cells is presented in
figure 4 that we measured and made as a function of the bandgap of the
semiconductor material under halogen radiation.

We again stress here that the expression for the efficiency
calculation at both higher and lower light intensities than standard testing
conditions (STC) does not take into account the different light distributions
that reach the solar panel. So, for that reason, in our published results so
far’% %39 the efficiency after light manipulation has not been calculated; in
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contrast, the value would be unreal and very high. As can be seen in figure
5 (the same as in figure 4), dependence follows maximum distribution, and
the fitted curve of the maximum dependence is marked with a dashed and
dotted line. In this way, we further avoid efficiency calculations in the
results with the WFL system and light manipulation for the mentioned
reasons. The reported experimental results further in this chapter consider
the sun as well as artificial light, halogen (ELH Osram lamp 120 V, 300 W),
and tungsten (ULTRA-VITALUX 300-280) lamps as sources of radiation.
Note that, independently of the fact that a comparison of the responses of
solar devices in the presence and absence of the WFL system is presented
on all the solar devices herein described, most of these measurements are
performed on different Si-solar cells.
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Figure 6. The ratio of IscVoc/Pinput for the same different solar cells presented in
figures 4 and 5 that we measured and made, as a function of the bandgap of the
semiconductor material with the use of the WFL system and spectral changes.

Although it is mentioned in Chapter 1, most authors state that while
the intensity of solar radiation and the quality of the semiconductor in use
directly affect efficiency and are controllable, variations in solar radiation
spectra that reach the surface of the solar cell or panel are not.”” On the other
hand, any designed cooling system/mechanism with liquid or direct
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immersion of the panel in water results in a reduction in solar ray intensity
and spectral changes.”* As a result, realistic, reduced light intensity and the
effect of changed spectra on the efficiency of commercial solar cells and
modules are things we need to study and comprehend.

In that respect, the ratio of IicVoe/Pinpu for the same different solar
cells presented in figures 4 and 5 that we measured and made as a function
of the bandgap of the semiconductor material with the use of the WFL
system and spectral changes is presented in figure 6. As can be seen from
dependence, it is quite difficult to find any pattern except the fact that the
ratio of IcVoe/Pinpue generally is much higher after passing through the WFL
system, which is at least influenced by the light spectral changes. This
follows from previous statements that the WFL system almost always
improves the solar device output no matter the measured solar devices with
different bandgaps presented in table 1.
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Figure 7. Open-circuit voltage versus irradiance for the commercial monocrystalline
Si-solar cell (KXOB22-12X1F, left). The performance data sheet is given by the
company. On the right-hand side, the same dependence that was measured without
(black) and with the WFL system (red) is shown.

Furthermore, we focus more closely on the separated and most
thoroughly tested Si-solar cells. Figures 7, 8, and 9 show photos and the
main operating characteristics of commercial monocrystalline for indoor
and outdoor applications and amorphous for outdoor applications Si-solar
cells used in these experiments, provided by the companies (IXYS Korea”
and Amorton Sanyo?).

If we look at Fig. 7 and the changes in open-circuit voltage versus
irradiance for the commercial monocrystalline Si-solar cell (KXOB22-
12X1F) and compare the datasheet provided by the company to the data that
we measured without the WFL system, we can see that V. decreases as light
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Figure 8. Open-circuit voltage versus irradiance for the commercial monocrystalline
Si-solar cell (KXOB22-01X8F, left). The performance data sheet is given by the
company. On the right-hand side, the same dependence that was measured without
(black) and with the WFL system (red) is shown.
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Figure 9. Open-circuit voltage and short-circuit current versus irradiance for the
commercial amorphous Si-solar cell for outdoor applications (AM-5907 CAR, left).
The performance data sheet is given by the company. On the right-hand side are the
same dependences, Voc and Isc, that were measured without (black) and with the
WEFL system (red).
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intensity decreases, as expected. According to company data, that decrease
in the open-circuit voltage is not so pronounced as it appears. However, the
differences in the spectra of outdoor radiation and artificial light can never
be ignored. In the case of V,. dependence in the presence of the WFL/lens
system with the same values of intensity, the situation is completely
different, and the dependence does not have a decreasing trend.

It is quite visible that V,. maintains a more or less constant value
at higher radiation intensities, and at lower intensity values it has an increase
in the open-circuit voltage. This is in accordance with the measured results,
where high efficiency, or better said, the ratio of I Voo/Pinpu Was obtained at
the low light intensities for all measured solar cells with the altered radiation
spectra.

Further, a similar trend was observed for another monocrystalline
Si-solar cell, KXOB22-01X8F, presented in figure 8. As in the previous
figure, the changes in open-circuit voltage versus irradiance for the
commercial monocrystalline Si-solar cell (KXOB22-01X8F) are given by
the datasheet provided by the company. If we compare this data with the
data that we measured without the WFL system, we can see that V.
decreases as light intensity decreases, as expected. In the case of V.
dependence in the presence of the WFL/lens system, the situation is
changing as expected. Now the curve trend at higher light intensities is not
constant, but again, at lower intensity values there is an increase in the open-
circuit voltage. Oscillations in open-circuit voltage at the higher light
intensities are mostly caused by more intensive measurements of this
specific type of Si-solar cell. Also, as we emphasized many times, at least
the spectral change at particular light intensities causes oscillations in solar
cell parameters. Further, in figure 9, open-circuit voltage and short-circuit
current versus irradiance (given by the company) for the commercial
amorphous Si-solar cell for outdoor application, AM-5907 CAR, are given.
On the right-hand side, it is clearly visible that dependences, V., and . that
were measured without the WFL system nicely follow decreasing trends in
a function of light intensity. However, the measurements presented with the
use of the WFL system exhibit a visible decrease in the open-circuit voltage
at the higher light intensities, while at lower light intensities, V,. increases.
As a result, in contrast to monocrystalline Si-solar cells, where open-circuit
voltage is kept less constant or with smaller oscillations at a still very high
voltage, the voltage decreases in amorphous Si-solar cells. Additionally, in
table 2, the values of the intensities, short-circuit currents, and open-circuit
voltages for different tested Si-solar cells, measured without and with the
WFL system and under outdoor as well as artificial light, are summarized.
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This oscillation in behavior between two different types of Si-solar
cells is not surprising. As mentioned, the conversion efficiency of the
monocrystalline Si-solar cells under standard testing conditions (STC)
decreases under artificial LED light (lower light intensity), whereas the

Chapter Three

amorphous Si-solar cell increase, representing the opposite in behavior.

Table 2. The values of the intensities, short-circuit currents, and open-circuit
voltages for different tested Si-solar cells, measured without and with the WFL
system. The light after passing through the WFL system has changed spectra

independently of the same light intensity.

Type of the Without With the
Si-solar cell the WFL WFL
system system
Intensity Isc Voc Intensity ’ Isc Voc
(W/m?) (mA) ) (W/m?) (mA) )
50 44.86 0.65
KX0oB22- 50 21.85 0.62 350 29.82 0.63
12X1F 350 22.21 0.64 22000 164.7 0.63
1000 61.47 0.65 (concentration
effect)
13 3.69 4.62
29 3.78 4.54
38 3.87 4.6
180 1.14 4.15
KXoB22- 290 1.09 4.06 285 0.75 3.9
01X8F-ND 770 3.8 4.64 320 1.29 4.25
1150 5.97 4.8 900 4.80 4.78
1135 8.95 4.86
1150 20.27 4.7
1270 31.53 4.36
1280 27.90 4.54
AMS5907- 290 341 5.33 50 5.26 6.19
CAR 615 32.87 6.72 90 19.21 6.26
812 41.76 6.83 150 39.70 6.81
1150 53.98 7.21 160 33.86 6.83
180 4.19 5.26
250 38.33 6.80
285 8.83 5.88
325 6.67 5.96
1100 53.33 7.34
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The significance of the spectral effects of silicon PV devices has
been examined on the basis of computer simulations and indoor data
measurements.'?1®> Repeated investigations have been established on
“useful fractions”, defined as the ratio of the measured spectral irradiation
with respect to the measured global irradiance. %3104
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GENERAL CONCLUSION CONCERNING
LIGHT EFFECTS

Cooling, decreasing, and increasing the light intensity with unavoidable
oscillations in the spectrum is the basic function of the WFL system, but in
fact, that manipulation helps us to better understand the additional light
effects and, hence, the nature of the light itself, in order to make serious
strides towards the use of solar energy. By studying various types of solar
devices, such as monocrystalline and amorphous Si-solar cells, differently
designed Sb,Ss3-based solar cells made of synthesized undoped and doped
semiconductors, and dye-sensitized solar cells, it has been discovered that
with the use of the WFL system, PV performance can exhibit large
improvements in all tested conditions. It was also observed and proved that
small changes in the light intensity values, simultaneously with spectra
changes, cause large changes, primarily in the /. and V,.. Those changes
can be attributed at least to the spectrum effect (or some additional effect)
that appears significant at the higher light intensity as well as the lower
intensity of light, although so far it seems more dominant at low lighting.
Because of the many realistic and testing effects that the designed WFL
system has, such as the ability to test the influence of intensity and spectral
change at the same time, as well as the cooling effect, this design could be
a realistic choice for significantly improving the solar device response and
expanding our knowledge of how to overcome the problem of low solar
energy use.

Manipulation of light intensities and spectra using this type of
design optics may aid in our understanding of the effects of light in general.
In photovoltaics, light is, in most cases, only discussed in the form of
particles or photons, neglecting its wave nature.'* However, by using optics
and the fact that light passes through different environments, we have all the
right to consider the phenomenon from a wave point or the photon as a
wave. Furthermore, in the conclusion, through a short historical review, the
right to justify the passage of light through different environments through
its wave nature is explained. Next, we noticed that the V,. and I, without
the use of the WFL system mostly obeyed the role that decreases with
decreasing light intensity independently of spectra. It should be noted that
there are a lot of experimentally proved and reported exceptions to the
mentioned behavior in the scientific literature, as well as those described
and listed here, which primarily refer to artificial light and lower light
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intensities, which should not be the case according to general postulates.
Additionally, that role drastically changes after passing the light through the
optical system. That should not be the case if we look at light only in the
form of photons as a particle. I will try to simply as possible (without going
deeper into theory because I am not a theoretical physicist) connect our
results with the used optics with the light wave and photon theory and the
facts, because the wave theory separately, as the only theory that failed, to
see where that connection can logically lead. When I say wave nature (due
to the wave character of light in performed experiments), we primarily mean
in terms of amplitude or intensity, wavelength, and frequency as basic
characteristics of light waves. These are also the fundamental properties of
light intensities and spectra, the changes of which we demonstrate in the
book using developed optics.

Historically, to explain the photoelectric effect in general, 19th-
century physicists proposed that the incoming light wave's oscillating
electric field heated the electrons and caused them to vibrate, eventually
freeing them from the metal surface. This hypothesis was based on the
assumption that light moved through space solely as a wave. Scientists also
thought that the energy of a light wave was proportional to its brightness,
which is related to the amplitude of the wave. They conducted experiments
to investigate the effects of light amplitude and frequency on the rate of
electron ejection as well as the kinetic energy of the photoelectrons in order
to test their hypotheses. Huygens' theory of light refraction, based on the
idea that light is wave-like, held that the velocity of light in any substance
was inversely proportional to its refractive index. Huygens hypothesized
that the more light was "bent" or refracted by a substance, the slower it
would move while traversing that substance. It took over 150 years for the
speed of light to be measured accurately enough to prove that Huygens'
theory was correct. Huygens, despite his intuition, proposed in his 1690
treatise “Traité de la Lumiére” that light waves be mediated by the “ether”,
a mystical, weightless substance that exists as an invisible entity throughout
air and space.>” During the nineteenth century, the search for ether
consumed a significant amount of resources before being abandoned. As
evidenced by Charles Wheatstone's proposed model demonstrating that
ether carried light waves by vibrating at an angle perpendicular to the
direction of light propagation, and James Clerk Maxwell's detailed models
describing the construction of the invisible substance, the ether theory lasted
at least until the late 1800s.3!! It is interesting to mention here and make a
small digression by saying that we need three hundred years before
scientific papers containing different proofs that the ether exists and that the
speed of light is anisotropic, or that it is not the same in all directions,
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appear. We emphasized these last developments further in the text. In
general, when a light beam travels between two media with different
refractive indices (as is the case with the WFL system through which light
passes before falling on the surface of a solar cell or module), the beam
refracts and changes direction. At that time, in order to determine whether
a light beam is composed of waves or particles, a model was designed for
both the natures of light in order to explain the phenomenon. Huygens' wave
theory states that a small portion of each angled wavefront should impact
the second medium before the rest of the front reaches the interface. This
portion of the wave will begin to move through the second medium while
the rest of the wave remains in the first medium, but at a slower rate due to
the higher refractive index of the second medium. Because the wavefront is
now moving at two different speeds, it will bend into the second medium,
causing the angle of propagation to change. Particle theory, on the other
hand, has a difficult time explaining why light particles change direction
when they pass from one medium to another. According to proponents of
the theory, a special force acting perpendicular to the interface changes the
speed of the particles as they enter the second medium. The precise nature
of this force has remained unknown, and no evidence to support the theory
has ever been gathered. !>

It is generally accepted that the photoelectric effect could not be
rationalized based on existing wave theories of light, as an increase in the
intensity of light did not lead to the same outcome as an increase in the
energy of light. The key distinction between the wave and particle natures
of light is that the wave nature of light states that light behaves as an
electromagnetic wave and hence fails to explain the photoelectric effect,
while the particle photon theory can explain the mentioned effect. Based on
the classical description of light as a wave, the following predictions were
made: that the kinetic energy of emitted photoelectrons should increase with
the light amplitude, as well as that the rate of electron emission, which is
proportional to the measured electric current, should increase as the light
frequency is increased. When experiments were performed due to which
the wave theory failed, the following results were observed: the kinetic
energy of photoelectrons increases with light frequency, the electric current
remains constant as light frequency increases, the electric current increases
with light amplitude, and the kinetic energy of photoelectrons remains
constant as light amplitude increases. On the basis of these results, it is
concluded that the predictions based on the classical description of light as
a wave are not possible to explain. It was concluded that an entirely new
model of light was needed. The model proposed that light sometimes
behaves like particles of electromagnetic energy, which we now call
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photons. In general, wave-particle duality is both a fundamental property of
matter and one of modern physics' greatest mysteries, because it confuses
the status of the nature of light. Light was undeniably a wave phenomenon;
there were numerous examples of interference effects, wave signatures, and
a well-developed electromagnetic wave theory. There was, however,
undeniable evidence that light is made up of particles with well-defined
energies and momenta. This perplexing wave-particle duality was quickly
discovered to be shared by all elements of the physical world. The American
physicist Richard Feynman said that, in a wholly unexpected fashion,
quantum mechanics resolved the long wave-particle debate over the nature
of light by rejecting both models. The behavior of light cannot be fully
accounted for by a classical wave model or by a classical particle model.
These images are useful in their respective regimes, but they are ultimately
approximate, complementary descriptions of an underlying reality described
quantum mechanically. The Dutch mathematician-astronomer Christiaan
Huygens, who formulated the first detailed wave theory of light, said:
“Demonstrations in optics, as in every science where geometry is applied to
matter, are based upon experimental facts.” Most writers on optical subjects
have been satisfied with assuming these facts. But others, of a more
investigative turn of mind, have tried to find the origin and the cause of these
facts, considering them in themselves interesting natural phenomena. And
although they have advanced some ingenious ideas, they are not such that
the more intelligent readers do not still want the further explanation to be
completely satisfied." It seems that we are still not satisfied with the theories
of light, and we are still looking for satisfactory answers. Before returning
to Huygens, it should be noted that by the end of the nineteenth century, the
debate over whether light is a wave or a collection of particles appeared to
be over. Heinrich Hertz's discovery of electromagnetic waves and James
Clerk Maxwell's synthesis of electric, magnetic, and optical phenomena
were both theoretical and experimental triumphs of the first order.!>"!7
Maxwell's electromagnetism joined Newtonian mechanics and
thermodynamics as a foundational element of physics. However, just as
everything seemed to be coming to a close, a period of revolutionary change
was ushered in at the turn of the twentieth century. A new interpretation of
the emission of light by heated objects, combined with new experimental
methods that allowed for the study of the atomic world, resulted in a radical
departure from Newton's and Maxwell's classical theories. Quantum
mechanics was born. The problem of interpreting wave-particle duality has
been exacerbated by the advent of quantum mechanics. We should note that,
in the end, the interpretation of quantum mechanics is reduced to attempts
to explain the wave-particle duality. One could argue that the various
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interpretations of quantum mechanics are, in fact, different explanations of
wave-particle duality. The nature of light was raised once more. The
quantum mechanics embodied in the 192627 formulation is nonrelativistic,
which means it only applies to particles traveling at speeds significantly
slower than the speed of light.!® The quantum mechanical description of
light was not fully realized until the late 1940s, when quantum electrodynamics
appeared.'® The electric and magnetic fields described by Maxwell's
equations are quantized, and photons appear as quantized field excitations.
In quantum electrodynamics, photons are used as carriers of electric and
magnetic forces. This theory provides a theoretical framework for processes
involving matter-to-photon and photon-to-matter conversions. A photon
that interacts with an atomic nucleus (to conserve momentum) disappears
during pair creation, and its energy is converted into an electron and a
positron (a particle-antiparticle pair). An electron-positron pair is destroyed
in pair annihilation, and two high-energy photons are produced. By delving
deeper into the history of various light theories, it appears that the most
recent scientific papers (the last fifteen years) concerning experimental
proofs and polemics that radiation does not consist of particles, light speed
anisotropy, gravitational waves, or ether existence!®?3 bring us closer to and
return us to the initial theories and postulates established hundreds of years
ago. We will make a small digression here and say that as long as new
theories and views on problems emerge, there will always be scientists who
are not satisfied with the current explanations. It is the same with the
problem I present in this book and the fact that everyone in photovoltaics
knows that higher efficiencies can be obtained at lower light intensities with
just minor changes in the spectra of the light sources, without involving light
manipulation and without deepening the problem, but no one knows the
explanation of the same. It seems that space is a medium that can flow, and
that light (and matter) are waves that flow with respect to this medium.
Other important consequences follow from this. The most recent
experiments appear to have confirmed that the prevailing physics belief
system holds that the speed of light is isotropic, that there is no preferred
frame of reference, that absolute motion has never been observed, and that
3-space does not, and cannot, exist. This is the essence of Einstein's 1905
postulate that the speed of light is unaffected by the observer's choice. This
postulate has shaped the course of physics over the last century. It seems
that after more than three hundred years, we are again returning to the first
officially stated light theory of Huygens, in which light as a wave is
produced by a certain motion (or can be said vibration), that the medium in
which this motion propagates is called ether, and that the speed of light is
not constant in different media. Additionally, it seems quite justified that
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none of the parameters mentioned are constant, even if they are influenced
by the change of speed, amplitude, intensity, frequency, wavelength, and
energy. In contrast, our results with light manipulation and a changeable
current output will be difficult to explain.

Furthermore, we try to make a comment on our results, such as that
the electric current increases with light amplitude or light intensity,
according to the photon light model. According to our results, this is not true
even for measurements performed without the use of the WFL system,
because it was observed that different light spectra can generate different
efficiencies (lower light intensities produced higher efficiencies than the
higher light intensities by changing at least the light spectra). Next, we
confirmed that this is also not true after light passes through the designed
optical WFL system. It has been shown that, independently of the light
intensity, the photocurrent can increase and decrease by light manipulation,
an effect that we attribute to the spectra effect, or frequency and wavelength
wave changes, which are connected and conditioned. To be more precise, it
seems that an increase in the light amplitude or light intensity doesn’t lead
to an increase in the current. Further, another result to which the particle
nature of light was applied is that the electric current remains constant as
light frequency increases. Again, according to the fact that when waves
travel from one medium to another (in our case, light passing through
different environments like air, glass, and water), the frequency never
changes, the experimental results reveal that electric current can go in both
directions, decreasing as well as increasing the values. So, according to the
mentioned results, the statement that electric current remains constant as
light frequency increases failed. Hence, changes in electrical current should
again be associated with electromagnetic light spectra, frequency, and
wavelength changes. Because we have designed optics with different
mediums and with different refractive indexes of these mediums, the
explanation would be more complex due to the fact that many boundary
behaviors of waves should be taken into account. We should take into
account that the wave speed is always greatest in the least dense medium,
that the wavelength is always greatest in the least dense medium, as well as
that the frequency of a wave is not altered by crossing a boundary. In
general, the higher efficiency of solar devices at lower light intensities can
be explained only by the presence of an additional energy source, which can
be light ether. Any deeper or more daring conclusions will not be drowned
out here. It has been tried and wanted to comment on some basic postulates
and compare them with our results in order to expand our knowledge
concerning unclear light phenomena.
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At the end of this chapter and book, I would just like to return to
the beginning and the fact that we mentioned here that, so far, only 11% of
global primary energy has come from renewable technologies, and around
1% of global energy has come from solar technologies. It has been already
stated that it is not realistic that there is such a powerful source of energy as
the Sun without us being able to use it better than the existing one. The
development of new solar materials and devices is certainly one of the steps
towards progress, but it is certainly not a step with which we will be able to
make significant progress (in any case, for the last fifty years we have not
shown it). Only by manipulating light spectra and intensity through
innovative design, we can make significant progress toward better solar
energy utilization and further light understanding through additional light
effects. Even if someone disagrees with the conclusions presented here, they
should agree with the fact that this method of research through innovative
design offers useful insights into many unsolved and hot problems in PV
applications. Further, it should be mentioned that investigations at low or
weak light intensity are very important, but unfortunately, comparable data
for the most tested solar cells is somehow lacking. There should be
sufficient reasons presented here (higher efficiency of designed solar
devices at lower light intensities without and with light manipulation) for
setting the standard conditions related to weak or low light because the
efficiency of PV cell performance is not constant and depends on the light
intensity, technology, and spectra used. To achieve this task, it is important
to combine the outdoor and indoor results and develop a model for
calculating the efficiency of commercial solar cells at low and weak light
intensities that includes the modified light distribution.
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