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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.



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 m.f 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, a.x, 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, I 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
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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.e.,
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

Water n,~1.33

Glass n,~1.458

Air n~1.0 A
Glass n,~1.458 Iight?:rgwsrty
(cell surface) B

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, O, 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

550 W/m?

SEEEEEE

300 400 600 800 1000 1400 nm 2000

T, %)
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9.
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A (nm)

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
2011%, 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
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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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