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Abstract: Efficient photon to charge (PTC) transfer is considered to be the cornerstone of 
technological improvements in the photovoltaic (PV) industry, while it constitutes the most 
common process in nature. This study aims to investigate the parameters that impact efficient PV-
cell photon to charge conversion in two ways: (a) providing a brief research analysis to extract the 
key features which affect the electrical and optical performance of PV cells’ operation, and (b) 
investigating the dependance of these characteristics on the photon to charge mechanisms. The 
former direction focuses on the latest advances regarding the impacts of the microenvironment 
climate conditions on the PV module and its operational performance, while the latter examines the 
fundamental determinants of the cell’s efficient operation. The electrical and optical parameters of 
the bulk PV cells are influenced by both the external microenvironment and the intrinsic photon to 
charge conversion principles. Light and energy harvesting issues need to be overcome, while 
nature-inspired interpretation and mimicking of photon to charge and excitation energy transfer 
are in an infant stage, furthering a better understanding of artificial photosynthesis. A future 
research orientation is proposed which focuses on scaling up development and making use of the 
before mentioned challenges. 

Keywords: photovoltaic cell efficiency; thermal regulation; energy and light harvesting; 
irreversibility losses; quantum dynamics; nature-inspired mimicking 
 

1. Introduction 
Nowadays, carbon footprint awareness and the necessity of environmental 

protection have become significant issues in our daily activities. These considerations 
affect the decisions we make on energy sources and use of alternatives, as well as 
technological production and consumption patterns, leading to major economic and 
social consequences. Many efforts are being conducted to model and design efficient 
carbon emission systems in all industrial sectors, such as metallurgy, construction, 
shipping, manufacturing, transportation, to name some [1–6]. In most cases, efficient 
processes go together with an efficient transition to a low carbon economy, however, we 
have to admit that there are always cases with contradicting and competitive interactions 
which are worthy of investigation. In this research work, our concern refers to PV systems 
in order to get a deeper insight into the role of efficiency in operational mode. 

Solar photovoltaic (PV) systems that directly convert sunlight into electricity are 
small scale and highly modular devices. They offer efficient resilience, flexibility, and 
adaptation to the grid energy supply. They have often been considered as the ideal 
distributed electricity production since they are derived from solar energy, which is a 
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ubiquitous, inexhaustible, and renewable form of energy and is widely exploited in our 
society. In recent years, the value of integrated grid-connected PVs has been recognized 
around the world and many programs have been carried out in many countries to enhance 
architectural and technical quality in the built environment, storage potential, and the 
removal of economic and non-technical barriers in order introduce PVs as an energy-
significant resource. Energy market reforms and the concept of decentralized energy 
systems drove research into different hybrid systems with a combined effect on energy 
production and consumption, therefore, analyzing both demand and supply-side 
management. The intensive research orientation toward efficiency [7–9] produced the 
proposal that every house could act as a net energy positive provider, taking into account 
combined utilizations to increase the benefits of outputs [10]. Electricity production is the 
main driving force for the installation of integrated PV systems, but, in recent years, 
installations have also been recognized which establish combined electricity and thermal 
energy, such as coupled photovoltaic–thermal collectors to enhance heating and cooling 
demand coverage, to act as refrigerator alternatives [11], or to increase thermal energy 
storage [12], while there are many reports of the application of standalone PV systems to 
solar power pumps in irrigation, livestock watering, and solar-powered water 
purification [13,14]. The entry of these renewable systems to the grid can also affect 
buildings’ energy demand mixture, providing effective management of short-term 
buffering options in alignment with battery storage [15,16]. Many concerns regarding 
more efficient ways to implement energy and environmental systems lead to exploring 
hybrid combinations in order to optimize the path for a low carbon transition towards 
these systems. Renewable energy sources penetration into the grid-connected power 
technologies bring new contradicting issues, including the cost of the mismatch between 
demand and supply and intermittent and unpredictable availability [17], although in 
many studies they are viewed as a net provider due to the cumulative declining 
production costs [18–20]. In any case, increased renewable penetration, rational exergy 
management models, and reduced interaction with the utility grid are of paramount 
importance and delignate a robust pathway for 𝐶𝑂  mitigation from the built 
environment [21], as well as effective management of grid parity [22]. Typically, a PV 
system depends on cell performance which in turn depends on different mechanisms 
regarding complex design, fabrication, and operation parameters. 

Therefore, investigation of the efficient operation of PV cell electricity output is a 
matter of continuous interest. This study investigates the PV efficient cell operation from 
both sides, namely the incoming microenvironmental conditions and the exploitation of 
the fundamental mechanisms of PTC transition, which affect the solar cell efficient 
operation. The rest of the paper is organized as follows: in Section 2 the critical parameters 
are derived under a brief literature review on the microenvironment determinants on PV 
efficient operation and output. Section 3, following an analysis on PV fundamental 
concepts, proceeds with a deeper insight on the different technologies of solar cells. In 
particular, the mechanisms of the photon to energy conversion are explored in terms of 
design, fabrication, and materials. In Section 4 the results are analyzed and a discussion is 
developed. The main findings with a proposed future research orientation are concluded 
in Section 5. 

2. Materials and Methods 
Many efforts have been made in the field of the cooling effect of photovoltaic cells 

[23], increasing efficiency by reducing the cell temperature [24] or expanding thermal 
regulation time during the charging and discharging process in sensible, latent, or 
thermochemical storage mechanisms [12,25–32]. A review on PV cooling technologies 
regarding the three-heat transfer mechanism (convection, conduction, and radiation) can 
be found in literature [33]. The optimization of operating temperature increases in the 
lifetime of the system by decreasing the thermo-mechanical fatigue for typical failure 
mechanisms [34] and has a significant influence on PV efficiency output. The correlation 
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between the examined PV cell temperature and the environmental independent variables 
is found by a regression analysis [34] and for fixed period measurements. The model was 
implemented at various periods within the year. Sensitivity analysis for different weather 
conditions was conducted for longer and seasonal periods. It was found that the 
coefficients of the above method have to be taken with care during other periods since 
they refer to a local solution. Indeed, different declined angles of the independent 
variables fitted different periods, however the regression model conserved its linearity 
over the whole year. It is of great importance that the PV array temperature is controlled 
because it has been found that the power output decreases about 0.5% for every degree of 
Celsius increase, depending on the environmental conditions [34]. Reduced cell 
temperature is associated with increased efficiency which in turn leads to reduced thermal 
stresses and degradation of the modules. Therefore, it is essential to prevent the cell from 
overheating. The fill factor (FF) is considered as a measurement of exergy degradation of 
the PV at a maximum power point output (𝑃  𝑎𝑡 𝑚𝑝𝑝), as in Figure 1, and it is related 
to the voltage and current in that point (𝑉 𝑎𝑛𝑑 𝐼 ), as well as the open circuit current 
voltage and the short circuit current values 𝑉 𝑎𝑛𝑑 𝐼 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔𝑙𝑦 . It is derived 
from the following equation [35]. 𝐹𝐹 = =   (1)

In addition, it measures the reduced quality of a diode due to recombination and 
space-charges formation due to unbalanced transport. 

 
Figure 1. Load characteristics in solar cells [Authors own study]. 

Later advanced data analysis compared different algorithms to extract the 
parameters which contribute to the PV array model output [36]. The numerical 
Levenberg–Marquardt algorithm and metaheuristics such as Differential Evolution (DE), 
Genetic (GA), Particle Swarm Optimization (PSO), Ant Bee Colony (ABC) algorithms are 
used to extract and fit the parameters of two PV models, the five parameters model (5PM) 
and the Sandia Array Performance model (SAPM). The error analysis is made by two 
metrics, the Route Mean Square Error (RMSE) and the Normalized Mean Absolute Error 
(NMAE), where it is found that, in general, the metaheuristics depicted fewer errors [36]. 

Another research report conducted a detailed correlation coefficient analysis 
regarding PV output and environmental variables. It was noted that, when included in 
the model, the module characteristics, ambient temperature, air speed, perpendicular 
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irradiance on the array, and relative humidity contributed to less error in the PV 
prediction of the maximum output [36]. 

It is worth mentioning that, from the aforementioned analysis of the relationship 
between the I–V characteristics and the cell temperature, the fundamental energy gap in the 
different band levels and the irradiation has already been established as a nonlinear 
relationship [37], besides the impacts of defects and unstable materials behavior on cell 
degradation—which, in turn, limit the design’s geometrical parameters [38,39]—or the 
Staebler Wronski (SW) defects [40]. In Figure 2, the loss mechanisms in a c-silicon cell are 
depicted [39]. 

Figure 2. Main photon to charge loss mechanisms. 

3. Photovoltaic Cell Energy Conversion 
3.1. Fundamental Aspects 

Photovoltaic solar to energy conversion is based on the electron behavior of 
semiconductors which originates from the existence of two electron energy bands: the 
valence and conduction bands. The energy difference between the bottom of conduction 
and the top of the valence band is the energy gap, 𝐸𝑔. It is well known that the incoming 
energy of a photon (h stands for Plank’s constant and v for frequency), ℎ𝑣, when is greater 
than 𝐸𝑔 , is absorbed and may create bound pairs of electrons-holes, the excitons. This 
disruption of a covalent bond transfers electrons from the valence to conduction band, leaves 
a hole behind, changes the conductivity, and becomes the carrier of electricity. The doping of 
certain impurities within the material dominates different sites of donors and acceptors in the 
lattice, corresponding to positive and negative regions. Therefore, the diffusion of electron and 
holes develops a contact potential, about 1 V under room temperature and certain doping. The 
potential across the p-n junction is constant and the electric field is limited to a narrow 
transition region. The ability of the electrons to drift into that field immediately or with delay 
due to recombination depends on their distance from that field and other interactions. Thus, 
the separation of the excitons makes the electrons serve as an external current. 

3.2. Photogenerated Current 
The necessity of absorbing as many photons as possible obligates the use of materials 

with a low band gap, while the connections between cells are of utmost importance for 
the optimization of the solar energy yield. In PV systems, since the majority of 
photodiodes were exposed to photons within differentiated energy streams, the efficiency 
is prevailed by several mechanisms to exceed beyond certain values or approach the 
Shockley–Queissier (S–Q) limit [41]. The portion of the unabsorbed photons, the 
thermalization effect, and the time dependent recombination contribute to electricity 
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conversion, with losses leading to the partial utilization of the spectrum and photon energy. 
These interactions are usually contradicted and affect the tradeoff for the critical properties of 
the solar cell design decisions. 

Moreover, energy production is simultaneously happening with the fundamental 
principle of time micro-reversibility, namely that the solar photons from the sun are 
converted into electricity within solar cells but also reemitted as thermal radiation. The 
emitted radiation produced by the electro–hole excess energy in the cell is luminescent, 
which means that the electrochemical potential of photon differs by zero, obeying the 
modified Planck law, and the thermodynamic efficiency of a solar converter is limited by 
the Carnot efficiency between the working source (sun temperature at about 6000 K) and 
the heat sink at the cell temperature [42]. 

3.3. Recombination Limits 
The significance of the effective lifetime of the charge carriers to generate current and 

their dependance on the recombination processes has already been noted. There are three 
reasons for this association: (a) the doping level, (b) the irradiance of the cell, and (c) the 
nature and quality of the semiconductor. Accordingly, we recognize the following 
recombination processes which are interrelated with the abovementioned reasons: the 
surface density recombination, the Shockley-Read-Hall (SRΗ) recombination through 
undesirable light traps, the radiative recombination, and the Auger recombination—
which has to do with the probability of a conduction band electron to transfer the excess 
energy to a valence band hole or to another conduction band electron. The latter denotes 
a three-particle process of the electron hole concentration under illumination and 
increases with the cube of the carrier concentration, making a great contribution as a 
limited open voltage (𝑉 ) and efficiency factor, depending on the materials used. Typical 
mechanisms of recombination in solar cells are related to luminescence, SRΗ defects, SRΗ 
on impurities, Auger, and surface. In general, the total recombination rate, 𝜏 , is related 
to the other ones, namely the radiation (𝜏 ), Auger (𝜏 ), and trapping (𝜏 ) 
recombination by the following equation: 1𝜏 = 1𝜏 + 1𝜏 + 1𝜏  (2)

For example, in crystalline silicon solar cells the Auger recombination dominates and 
the distribution is: Auger 82%, radiative 9%, SRΗ 7% and surface 2% [43,44]. 

3.3.1. Single Junction Cells 
In inorganics semiconductors, unlike organics, the Boltzmann energy, 𝑘𝑇, (k is the 

Boltzmann’s constant and T the temperature) is much larger than the exciton binding 
energy atroom temperature and therefore the free charges are easily created while the 
material is excited. The increasing interest in the solar energy has led to the research and 
advanced alternatives to enhance the PV output. The inorganic semiconductors have been 
intensively investigated, and reached high efficiencies with the Tungsten Diselenide 
(𝑊𝑆𝑒 ) absorbers, while there is further research to investigate the photonic crystals and 
the trapping mechanisms in certain silicon thin films, potentially beyond the Lambertian 
limits and conversion efficiency of 30%, close to the S–Q limit [45,46]. 

On the other hand, in the last decade the organic PVs have doubled in efficiency, reaching 
about 12% [47,48]. The heterojunction architecture consists of a blend of electron donating (p-
type) and electron accepting (n-type) organic semiconductors which drive photogenerated 
excitons, bound electro-hole pairs, separate free charges, and generate current. 

Further developments are made with the dye sensitized cells, which exploit the 
challenges of liquid electrolytes with little transport between monolayers. The efficiency 
reached more than 13% and recently this concept also considered inorganic nanoparticles 
to act as sensitizers to replace the dye [49,50]. 
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An extraordinary incremental increase in efficiency (expected more than 20%) came 
from the family of hybrid organic–inorganic materials of AMX3, namely perovskites 
((CH3NH3)PbI3), where the A stands for the inorganic site, M is the metal site, and X is a 
halogen [51,52]. 

Similar research is being made in the emerging field of nanotechnology, since the 
manipulation of solar cells nanostructures has become of utmost importance in terms of 
energy gap tunability, transport decoupling, and interfacial interactions which prove very 
different from the bulk material. The representatives of those structures, quantum dots, 
still remain at low levels, about 10% [53,54]. 

3.3.2. Multi Cells Approaches 
The utilization of different band gap materials is a relatively new concept and depicts 

many challenges to be resolved due to the small efficiencies. Practically, the principles are 
based on the doping of large 𝐸  materials to formulate defect band in the gap [55,56] or the 
creation of many separated states according to the quantum size effect [57,58]. The 
development of multi cell devices suppresses the unabsorbed photons fraction and the 
thermal effects but also increase the recombined carriers due to the photogeneration 
extraction. 

3.3.3. Spectrum Oriented Optimization 
Spectral manipulation PV systems include different strategies to maximize the 

overall solar radiation utilization of the incident broadband spectrum. They employ 
technologies shifting the solar spectrum to match more efficient wavelengths conversion, 
different band-gap materials in series or parallel, and splitting the spectrum in certain long 
and short-wave ranges to run efficiently with the combined thermal and photovoltaic 
processes [59]. 

The spectrum splitting systems are composed of two parts: the optical one to split the 
spectrum and concentrate the light and the other one to harvest the energy. With the 
creation of intermediate bands and recent technologies, potentially more than 50% 
efficiency may be obtained [60–62]. 

In a similar approach, cascade splitting by superposing is the simplest way to 
separate two photo diodes with different band-gaps and threshold. The problem to be 
overcome here is the interconnection of the diodes due to the non-illuminated face of the 
device which is metalized to act as a current collector, but also this makes it opaque and 
useless in a cascade configuration. Advance solutions are to build the used diodes from 
materials with the almost the same lattice constants but different band-gaps [63], tuning 
it by varying the stoichiometry of quaternary compounds. Another way is to filter 
concentrated sunlight through cells that absorb part of the energy (e.g., cobalt sulfate) 
while transmits the rest to underlying silicon diodes. Interference filters consist of a 
number of layers of materials with different refractive indices with band reflect and ripple 
regions. 

Holographic concentrator operation is an attractive beam splitting technique and 
prepared to act as an extremely dispersive cylindrical lens. The far infrared is directed to 
a region to dissipate heat and to not affect the photodiode which has to operate at low 
temperatures to avoid loss of efficiency. 

Different refractive and diffractive-spectral-beam-splitters techniques use (Table 1) 
holograms in common axis [64], non-uniform diffractive grafting or micro prism arrays as 
spectral beam splitters in multiple optical axis, and integrated diffractive/refractive arrays 
(Figure 3) in zig-zag axis [65]. 
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Figure 3. Spectral-beam splitting scheme in side absorption concentrated modules. Reproduced from 
[65], mdpi:2020. 

Table 1. Diffractive and spectral beam splitters (SBS) techniques. Reproduced from [65], mdpi:2020. 

Category Characteristics of Technique Efficiency (Module or Systems in Some Cases) 

Common axis 

SBS is formed by a reflective 
hologram and a quadratic sur-
face 

N/A 

A broadband receiver com-
bined with an opening in the 
center which includes another 
spectrally selective receiver, all 
together mounted in a above 
hologram 

21.4%  
(PV/T system) 

Multiple optical 
axis 

A nonuniform diffractive-grat-
ing as a SBS 

34.7%  
(Dual-cell (InGaP/GaAs) system) 

In: Indium, Ga: Gallium, As: Arsenide 

Micro-prism arrays as a SBS 
46.05%  

(Triple-cell (InGaP/GaAs/InGaAs) system) 
P: Phosphorus 

Zig-zag axis 

Integrated diffractive / refrac-
tive optical element as a SBS 
A waveguide with engraved 
microstructures beneath the 
SBS 

≤55% (Module) 

Combined condenser, SBS and 
out-coupling adapter in lenses, 
diffractive grating and a light-
guide, respectively 

34.8% (module) 
29.5% (Dual-cell silicon/germanium (Si/Ge) sys-

tem) 

Carrier multiplication may occur when ionization of an atom by impact creates 
another exciton. This occurs with low efficiency, e.g., <1%, in bulk Si, while it can proceed 
with nearly 100% efficiency if PbSe is in the form of nanocrystals of about 5 nm size. The 
excess photon energy is partitioned between the created electron and hole according to 
their respective masses [66,67]. The generation of multiple excitons before relaxation, and 
the very fast photo current collection or slowing down the relaxation are researched in 
bulk and quantum sized systems resulting in carrier multiplication (CM) and hot carrier 
transportation [68–70]. 

Another option is the design of specific optical nonlinear systems to manipulate as 
broad a spectrum as possible ranging from far infra-red into ultraviolet to reduce the 
thermal losses. The aforementioned concepts are enabled by some nano materials like 
graphene or carbon nanotubes (CNT) [71]. Broader light harvesting and increased current 
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density have been successful due to the use of new sensitized dyes containing two 
carboxylic acids or two cyanoacrylic acids as linker groups to bind the metal oxide photo 
anode, instead of the conventional single linker group of the dye sensitized solar cell 
(DSSC) [72]. 

The thermophotovoltaic (TPV) systems use optical concentration devices to 
distinguish the heat generated from the photovoltaic conversion and generate more 
electricity. Potentially, they may provide high levels of efficiency, reporting a focus on the 
PV photothermal conversion to electricity and the thermal regulation of cell temperature 
(Figure 4). The basic parameters that are affected by the cell temperature are the open 
circuit voltage, 𝑉 , the short circuit current, 𝐼 , the fill factor, FF, and the energy 
conversion efficiency value (η) [73]. 

 
Figure 4. General structure of TPV system. Reproduced from [73], Oxford: 2020  

A promising expansion of the PV concept concerns graphene-based thermionic and 
thermo radiative converters. The thermionic efficiency may improve the efficiency by 
including various irreversibility losses, such as space-charge effects and non-radiative 
recombination or suppression [68], mainly due to graphene’s excellent conductivity, 
mobility, and linear band gap structure [69–72]. Moreover, the thermo radiative cell is able 
to produce electric current from the coldness of the outer space due to the exploitation of 
the negative illumination effect [73–80]. 

3.3.4. Design Optimization 
The main performance parameters of the output are influenced by the physical and 

technological parameters of the design and manufacturing process, which, in turn, 
characterize the electrical, thermal, and optical properties on the operation. This 
optimization facilitates more efficient structures, regarding an integrated view of the 
sustainable development in PV fabrication. For example, in the most mature silicon-based 
PV industry, it is well known that the SW effect limits the architecture of the cells within 
certain boundaries (e.g., thickness in thin films) due to the hydrogen bonding 
configurations and the diffusion behavior under elevated and specified range of 
temperatures regarding the materials [40]. 

There are also reports of interesting interpretations which evolved the two side 
junctions, namely the npn structure, by adding a top pn junction in order to vertically 
absorb the light generated excitons and laterally collect them [81]. Moreover, the wafer-
based silicon solar cells are challenged with the threshold between an expensive dense 
array of radial-orientated nanorods which are doped in pn junctions and the compensated 
cheap high-density defects and impurities of substrate absorbers, in order to optimize the 
demand. The former enhances the efficiency while the latter reduces the diffusion length 
of the carriers [81]. The main parameters that are analyzed refer to the dimensions (length, 
width, thickness), the doping quantity and quality, and the photon flux. The modelling 
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displayed the causal effects of these parameters to the electrical characteristics (the open 
circuit voltage, short current density, the filling factor and the conversion efficiency), the 
optical performance, the quantum efficiency, and the spectral response. 

3.3.5. Nature-Inspired Solar to Energy Conversion 
In nature, the ideal photosynthesis efficiency differs, due to the debate on light 

energy definitions and also the irreversibility losses, such as the partially active light 
wavelength, probabilistic light trapping mechanisms, the recombination effects, the 
space-state, and the quantum considerations of the transitions. [82,83]. Yet, it has been 
reported that some molecular systems are optimized in photosynthetic processes and 
specific photon to charge transformations take place up to 1 conversion ratio within certain 
conditions. The intermediate functionality of the excitation energy transfer from the electronic 
state of the antenna pigments to the reaction centers has been observed to be accelerated by 
some microbial organisms playing the role of an active molecular pipeline, but also depicts 
quantum oscillations to be considered during the energy transfer [84–86]. The latter opened 
new pathways to the fabrication of artificial solar cells based on nature-inspired mimicking 
photosynthesis [87]. The competitive mechanisms between incoherence hopping and 
coherent tunneling are revealed as the dominant mechanism in the charge transfer. 

4. Results and Discussion 
4.1. Impacts of Material Properties and Fabrication Processes 

The main materials that impact on fabrication processes are linked to the intrinsic 
defects at the front and back interface of PV window layers. Such defects in these bulk 
materials can easily form photo-active alloys due to high defect density, thus restricting 
the current intensity of the device and determining the absorption of photons [88]. 
Subsequently, higher efficiency can be achieved according to the enhancement of the 
current intensity, necessitating control of fabrication methods of window layers. Besides, 
the increase in the carrier concentration results in challenging doping materials with 
different band gaps and wavelength absorption. These materials are designed with 
preferred band bending and reduced rear barrier heights of window layers, thus, avoiding 
the hole transportation resistance that limits the performance of Schottky junction [89,90]. 
It is noteworthy that, while the interaction of the window layer materials with the 
deposited and diffused doping atoms reduces the rear contact, it may also increase the 
potential barrier between them, restricting the photo generated charge carriers, e.g., 
Cadmium Telluride (CdT) cell technology, when doped with Cu/Au (Copper/Gold), 
interacts with gold (Au) atoms, while increasing the potential. Carbon nanotubes (CNT), 
nanocomposites and nanocrystals with suitable valence band edges are also materials that 
can be used to overcome the contradicting effects [91–93]. Thermal evaporation, 
magnetron sputtering and chemical etching [94–98], electrostatic spray assisted vapor 
deposition [99], electrospinning, and annealing indium tin oxide (ITO) processes [100,101] 
are preparation methods that have influential roles in the electrical and optical 
parameters. Enhanced operational characteristics of the examined devices, such as the 
short circuit current, 𝐼𝑠𝑐, the open circuit voltage, 𝑉𝑜𝑐 and the fill factor, 𝐹𝐹, can relate 
surface/layer treatment with the photoconversion efficiency, 𝑛 , via the output power 
derived, P, following equation: 𝑛 = 𝑉 𝑥𝐼 𝑥𝐹𝐹 𝑃⁄  (3)

Besides, it can be noted that the minimization of charge recombination can increase 
the Fill Factor of the PV cells, thus increasing the efficiency of organic PV. Other ways of 
enhancing the charge transport can be implemented by the incorporation of cascaded 
atom number (Z) chalcogens, namely the small molecular donors (SMD), in the 
solubilizing side chains of the active layers which, in turn, can both promote the 
intermolecular interactions of atoms and further improve the connectivity. From an 
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elementary viewpoint, oxygen (O), sulfur (S), and Selenium (Se) atoms are capable of 
affecting the donor–acceptor phase aggregation. In particular, the O atoms promote 
tighter π–π tighter stacking and the atoms of S and Se support a greater crystalline order 
in thin films [102]. Research efforts are also linked to manufacturing improvements, 
targeting the following: 
• The smaller size heteroatoms, higher electronegativity of the heteroatoms, and larger 

moments of furan conjugated polymers or fullerene-based heterojunctions [103,104]. 
• Utilization of certain physical and chemicals treatments to manipulate the active 

layer absorption [105]. 
• Thermal stability of the inverted cell structure, thus improving the exciton 

transportation and efficient separation [106]. 

4.2. Impact of Energy Harvesting on Energy Conversion Value 
When considering the impact energy harvesting on energy conversion value it is of 

utmost importance to note that the excess photon energy that becomes thermal losses 
accounts for more than half of the losses, leading towards possible energy harvesting 
exploitation. There are also reports of vivid interest in devices exploiting the unlimited 
dissipated thermal energy regarding solar to energy processes, resulting in manufacturing 
of small autonomous electronic devices with no need for power supply and maintenance, 
as well as increased conversion efficiency. Such a conversion efficiency increase can be 
attributed to the broadening of recycling and exploitation of thermal energy waste in 
many ways that commonly follow the principles of the thermoelectric conversion. 

In a similar study [107] a power synthetic inductance circuit was created from the 
heat generated by the bearing, while other researches [108] proceeded to optimize the 
figure of merit of pyroelectric materials due to the improved properties of crystallinity, 
density, and the reduced permittivity derived from energy harvesting. The analysis 
supported advanced waste to energy applications with composite materials, due to the 
enhanced phonon transferring properties of the conductive networks. 

In another recent study [109] a day-and-night combined operation of electricity and 
latent energy storage was investigated. Specifically, a Bismuth telluride (Bi2Te3) based 
thermoelectric generator (TEG), firstly, harvests the concentrated solar energy directed 
from Fresnel lens, while aluminum fins and mixed nanocomposite materials PCMs are 
functionally charging and discharging energy. Moreover, the creation of active layers of 
(QDs) and lithium chloride (LiCl) on top, being sandwiched between a substate and an 
aluminum contact, can develop a multi-step photon absorption mechanism that enabled 
the so-called mid gap states mechanism of the incorporated nanocrystals, allowing for 
harvesting of human body radiation [110]. Another critical research consideration is the 
exploitation of the second order phase transition above the Curie temperature from the 
ferromagnetic to paramagnetic phase to increase the cooling rate [111]. 

4.3. Impacts of Light Harvesting on Photon to Charge Transfer 
The enhancement of light to current conversion, correspondingly, induces a wider 

range of power output, and may in the future yield over 35%. Naturally occurring dipole–
dipole interactions between well oriented molecular excited states, generating quantum 
interference effects, may drive the future research. It is reported [112] that, in lasing, the 
quantum coherence breaks the balance in a cavity light trap, suppressing the absorption 
process, and, consequently, the emission dominates. The idea behind the reverse 
engineered phenomenon in the photovoltaic conversion is an optical pump device which 
could suppress the emission rate, hence, promoting the absorption rate, e.g., at ground 
level. In quantum mechanics, this can be achieved by adding a two-level relative transition 
amplitude which can coherently result in a destructive interference of the undesirable 
process, namely the emission [112]. Recent research on thin films, copper indium gallium 
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diselenide (CIGS), towards the passivation of rear surface and light trapping in a 
nanocavity array showed the superior behavior of aluminum oxide (Al2O3) substrate and 
Voc and Jsc improvements about 10% [113]. 

4.3.1. Energy Transfer Interactions 
The interactive behavior of photons with solids comprises ionic and electronic 

oscillations and drives our focus on lattice vibrations. The dynamic response of the 
dielectric function on electromagnetic radiation can be comprehended by elementary 
oscillators, while yielding strong interaction of photons and transverse optical (TO) 
phonons with the accompanying large Reststrahl absorption in the infrared (IR) range 
[114]. The dispersion is described by a phonon-polariton, which is observed in inelastic 
scattering processes. In addition, Brillouin scattering at acoustic phonons along with 
Raman scattering at optical phonons can disseminate useful direct information about the 
spectrum and symmetry of vibrations in a semiconductor [115]. 

Charge and excitation energy transfer complexes are influenced by interactive 
mechanisms between the relative interactions of photon, phonon, electron, and excitons, to 
name a few, as in Figure 5, but the exact mechanisms have not yet been understood. Charge 
transfer is perturbatively understood by electron–electron interactions and the Dexter 
consideration of the exponentially decaying wave functions which is dominant within the 
field of some Angstroms. 

 
Figure 5. Photogenerated carrier transition, hot carrier relaxation, and sub-bandgap loss depicted 
in band gap GaAs (Gallium Arsenide). CB: The lowest conduction band., LH is the light hole 
valence, SO is the split-off hole valence band. [Authors own study] [116,117]. 

The interaction with lattice phonons leads to the conversion of excess kinetic energy 
into thermal energy. A hot electron may interact multiple times with longitudinal optical 
(LO) phonons and holes primarily interact with the transverse optical (TO) phonons. The 
latter relaxes faster than electrons due to the larger electronic density of states in the 
valence bands [116]. Moreover, the transversal and longitudinal photons intervene in 
excitation transfer and dipole–dipole interactions are mainly affected by the Coulombic 
participation beyond the Dexter domain, in the far field on some nanometers [117]. It is 
reported that efficiency strongly depends on the intrinsic coherence time of the coupled 
systems, the short and the long domain, which characterize the decoherent and coherent 
systems. However, it seems that the electro-electron interactions play a dominant role 
even in the excitation transfer [117], while, in another view, in organic solar cells, the 
electron–phonon interactions revealed substantial influence on open circuit voltage and 
limited the efficiency performance [118]. Further analysis is needed to define the limitations 
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between the quantum coherence and the incoherence hopping competition, which seems to 
be a main driver for the charge transfer efficiency, and the corresponding learning parameters 
for nature-adaptive optimization of the photosynthetic efficiency, from 1% to 100%. 

5. Conclusions 
In the solar PV supply industry, the efficiency of the individual components of a PV 

system still remains at the cutting edge of technological interest and knowledge diffusion 
in niche markets. Among these technological challenges is PV-cell operating regulation, 
since it results in the efficient dissipation of thermal energy surplus. Furthermore, the 
concurring interaction between the PV system and its micro-environment leads to a 
capacity factor increase for the whole system while the PV components are more efficient 
and durable. Therefore, this study stressed the need for future research work towards 
module degradation, materials deterioration, and proper machinery engagement in 
producing PV systems at the desired cooling effect. The key findings are summarized 
here, and also define the limitations of our study: 
• Key technology determinants on photon to charge efficiency are examined. 
• Design, fabrication, and material impacts are presented. 
• Efficient thermal energy dissipation and light harvesting improve performance. 
• Nature-inspired photosynthetic optimization is discussed. 
• Quantum dynamics are emphasized. 

The technological progress in efficiency of energy and materials stock and flows 
processes may play a key role, but also the analysis showed that there are multi-parameter 
long-run factors with positive or negative casualties to investigate further. 

In summary, the electrical and optical parameters of the bulk PV cells are influenced 
both from the external microenvironment and the intrinsic fundamental principles of the 
energy gap difference between the two-level bands. A hierarchical taxonomy of the 
modelling and design critical parameters, fabrication and material impacts, recombination 
effects, and spectrum optimization technologies are analyzed. Light and energy harvesting 
issues need to be overcome, while nature-inspired mimicking and interpretation of photon to 
charge and excitation energy transfer are in an infant stage, leading towards a better 
understanding of artificial photosynthesis. Distinguishing between conventional diffusion 
behavior and the dynamics of the quantum walks on coherence and incoherence hopping 
excitations also opens a new route of research, due to competitive interactions with other 
fields, such as lasing, quantum thermal machines, or quantum supercomputing, to name a 
few. 

Further research should include an integrated approach to quantifying the 
performance of PV systems to include the aforementioned wide spectrum of key-
technology determinants, including photon to charge efficiency investigation, thermal 
regulation, exergy efficiency, irreversibility of losses, quantum coherence speedup 
limitations, as well as energy and light harvesting interpretation of natural photosynthetic 
processes. 
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