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Abstract— Photovoltaic power transforming sunlight into electric energy through the photovoltaic effect, photovoltaic technology is a clean,
renewable alternative to fossil fuels. Research has been done for years; however, the efficiency of traditional photovoltaic technologies is only
15-20%. The development of high-efficiency advanced multi-junction solar cells has created a new market opportunity, leading to the introduction
of nanotechnology into photovoltaics. Nanotechnology allows for improvements to photovoltaic technology through improved light absorption,
charge transport and energy conversion. Nano-structures such as quantum dots and quantum wells can create tunable bandgap structures that
enable absorption over the entire solar spectrum. Nano-structured light trapping can reduce reflective losses and create longer optical path
lengths so that more photons can be absorbed by a PV device. Plasmonic nano-structures can enhance absorption due to localized surface plasmon
resonance; however, incorporation of these materials may also result in losses. By incorporating different materials at the nano-scale, Nano-
Composite and Hybrid materials enhance charge separation and transport within photovoltaic devices. Fabrication methods such as top-down
lithography and bottom-up self-assembly allow for the integration of nano-structures into photovoltaic devices. Solar cell architectures that use
quantum dot structures, perovskite-based device arrays and nanowire array structures have shown considerable promise in improving efficiencies,
but the stability of the materials used in their construction remains a significant barrier to commercialization.
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L INTRODUCTION

Sunlight can be converted into usable electric energy using

photovoltaic technology, a renewable source of energy that is
significantly less damaging to our environment than fossil fuels.
While many scientists are conducting extensive research in this
field, most researchers are finding it difficult to improve
efficiency and make meaningful advancements. Since 1988, the
theoretical limit on a single-junction solar cell [1] has remained
constant and commercial technologies typically only achieve
efficiencies of 15-20% while multi-junction cells attain
approximately 40% efficiency, provided they are operating
under concentrated illumination. Researchers believe that using
nanotechnology in conjunction with existing construction
techniques  will  significantly  improve  efficiencies.
Nanotechnology could provide beneficial means of achieving
improvements, by providing new methods/means to implement
light-trapping  strategies to increase absorption, using
photovoltaic-nanocrystal systems that take advantage of
multiple excitons, and aiding in the enhancement of surface
plasmon resonance to enhance localized electroluminescence
[2]. Current research is focused on developing materials that
consistently produce efficiency results, developing light-
trapping mechanisms, and determining degradation pathways
for nanostructured photovoltaic devices.

The sketch of the best unit cell of the absorber is shown in
Figure 1(a). It has a gold back reflector, a SiO2 spacer layer,
and a gold nano-pattern at the front. The sun's spectrum is
represented in Figure 1(b) with a black curve while the part that
has been absorbed is shown in red.

In Figure 2, the left panel shows the results of light
absorption simulations as a function of both wavelength (A) and
geometric coefficient (AR), reflecting the convergence of
adjacent triangles in the nanostructure. It is noted that the
absorption bandwidth is very large when the AR values are
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values. The scanning electron microscopy (SEM) images on the
right show the basic components of the fabricated structure for
each case, at a scale of 200 nm [7, 8].

A ()

Figure 1. Comparison of experimental and theoretical absorption spectra of
absorbing materials [3].
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Figure 2. Measured and calculated absorption spectra of the absorbers [4]
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II. FUNDAMENTALS OF PHOTOVOLTAIC CONVERSION

Photovoltaic conversion generates electricity from sunlight
and comprises several fundamental stages [2]. First, solar
radiation must be absorbed by the cell to free charge carriers
from their chemical bonds. This generates tightly bound
electron-hole pairs called excitons, whose dissociation at the
junction forms free charge carriers. Subsequently, the charge
carriers must be transported to the cell contacts through
nanostructured and disordered materials while avoiding
recombination losses. Only photocurrent harvesting generates
useful output power, and a second stage is thus required to
devise a mechanism for charge extraction from the cell.
Nanostructured materials influence these mechanisms by
modifying optical pathways, charge carrier dynamics, and the
capacity for energy extraction [4]. Although any absorption
within the bandgap generates radiationless and thermalization
losses, nanoscale layers can trap light effectively, lengthening
the optical path and increasing the absorbed photon count per
unit time. Well-defined nanoscale features facilitate additional
loss mechanisms and increase the number of potential
interactions between charge carriers and exogenous materials

[5].

III.  NANOTECHNOLOGY IN SOLAR CELLS: CONCEPTS AND
MECHANISMS

To enhance solar cell efficiency, various nanotechnology
concepts and mechanisms have been proposed, linking
nanoscale phenomena, such as light-matter interaction, charge
transport, and temporal dynamics to macroscopic photocurrent
and photovoltage. The following sections summarize the most
relevant concepts, engagement with which leads to
nanostructured  sleectrica  devices exhibiting  superior
performance and corresponding temporal dynamics to those
built with thin-film technology.

Nanocrystals, or quantum dots are another promising
material for achieving high efficiency with low-cost
technologies, compatible with large-area deposition and roll-to-
roll manufacturing. Their size-tunable bandgap offers access to
high-efficiency  multi-junction  operation without the
complexities of lattice-matched growth. Due to weak electronic
coupling between adjacent nano-particles dispersed in a tight-
binding regime, quantum-dot solids can function as thin-film
semiconductors yet offer carrier confinement at all lengths
down to the device scale. These attributes have drawn attention
to systems based on quantum dots for building-integrated
photovoltaics compatible with the ubiquitous glass substrate.
However, substantial challenges remain in interfacial and
charge transport engineering, device stability, and moisture
intrusion. Alternative nanostructures using metal—organic
frameworks as saturable high-efficiency light-trapping
elements, or perovskite-nanostructure hybrids sustaining both
charge generation and transport are actively explored to address
these issues [1].

To increase light absorption beyond the limit imposed by
ultra-thin active materials, many strategies implementing
nanostructured surfaces are under investigation. These
structures enable light trapping, anti-reflection, and
enhancement of the effective optical path length, thereby
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improving the spectral response and external quantum
efficiency. They consist of organic-inorganic hybrid films
formed via sequential deposition and moisture tolerance in
quasi-2D quantum wells.

Plasmonic nanostructures have been studied to exploit
localized surface plasmon resonances in plasmonic materials,
which strongly couple to the solar spectrum. Reflecting the
resonance peak position, these structures provide near-field
enhancement complementary to that of other optical
nanoantennas. However, higher-order quasi-modes in a few-
nanometer gap geometry also generate unwanted intrinsic
absorption. These nanoantennas decouple the drude mode from
electron transport, which is advantageous for wide-band-gap
oxide-based devices and enables larger separation between
nano-resonators without decreasing the coupling rate.
Integrating self-assembled silica micro-spheres further
enhances coupling.

3.1. Quantum Dots and Multi-Jrown Quantum Wells

Quantum dots (QDs) are semiconductor nanocrystals with
particles of 2—10 nm in size. The quantum confinement effect
causes the bandgap and photophysical properties of QD
materials to vary according to their size, offering fine control of
optical emissions across the entire visible to near-infrared
spectrum. The exceedingly small size of quantum dots causes
spatial confinement of charge carriers, which can also lead to
prolonged exciton lifetimes. Significant benefits have been
reported when integrating quantum dots into bulk-
heterojunction polymer blends or nanowire arrays. For bulk-
heterojunction solar cells, an external quantum -efficiency
increase of 10% has been observed in the long-wavelength
region for architectures with a random blending of QDs, and
blending with QDs of different energy gap materials can
promote inter-band carrier transfer among adjacent QDs. For
individual nanowire QD solar cells, a hybrid structure
consisting of GaAs nanowires with InAs QDs has been
proposed, yielding enhanced light absorption with a calculated
optical path extension exceeding 50-fold. Nevertheless,
although QDs effectively broaden the solar spectrum for
efficient solar energy conversion, they give rise to
recombination issues that restrict the open-circuit voltage, and
the efficiency improvement is larger in 1D NW-based than in
2D planar thin film cells [6]. Quantum wells (QWSs) constitute
another form of bandgap-modulated nanostructure for solar
cells. They are two-dimensional systems formed by
sandwiching thin layers of a low-bandgap semiconductor
between two high-bandgap barriers. They also prolong carrier
lifetimes with a wavelength-tunable emission that can broaden
the available absorption spectrum. The theoretical efficiency
gain predicted for QW solar cells exceeds that obtained with
QD systems, and an enhancement of 20% is reported [7].
Nevertheless, integration of both quantum dots and wells into
the same structure remains an outstanding challenge, requiring
a better understanding of how these nanostructures shape the
energy, time and momentum distribution of charge carriers
coupled with nanowire photovoltaic geometry.

3.2. Nanostructured Surfaces for Light Trapping
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Light trapping employs nanostructures to facilitate
increased absorption in thin film photovoltaic devices, where
the limited material thickness restricts light absorption.
Nanostructured surfaces below the wavelength scale can
decrease Fresnel reflection and extend effective optical path
length, satisfying the requirement for absorption enhancement
across the broad solar spectrum [8]. These structures yield
efficient anti-reflection properties combined with an absorption
enhancement mechanism, broadening the potential
applicability of thin films in photovoltaic devices.

The typical flat surface of a thin film solar cell gives rise to
Fresnel  reflection  losses.  Appropriately  designed
nanostructured surfaces can significantly decrease reflection
losses while simultaneously enhancing path length and
absorbing more light. In addition to Fresnel reflection, thin film
solar cells absorb light substantially in the ultraviolet range but
only weakly in the infrared. Nanostructures produced below the
wavelength scale help to eradicate reflection and increase the
effective optical path length, complying with the need for
absorption augmentation along the entire solar spectrum.

3.3. Plasmonic Nanostructures for Enhanced Absorption

The limitations imposed on traditional photovoltaic
technology by the particle-in-a-box quantization model of Si,
the predominant material in commercial devices, can be
mitigated by substituting it with nanocrystals such as PbS,
PbSe, or multiexciton-collecting nanocrystals. Emerging
studies have recently unveiled charge-carrier excitations in
nanocrystals that deviate significantly from the established
description of atomic orbitals. Nanocrystals under d.c.
excitation exhibit voltages on the order of microns and sustain
localized-space-charge regions reaching tens of microns; under
non-equilibrium conditions voltage transients occur on time
scales of tens-of-seconds, one-hundred-fold greater than
expected from the graffiti of surface states. Together these
phenomena suggest a new paradigm for the charge-carrier
transport in nanocrystals based upon the formation of
‘bimolecular droplet’ metastable states. [9]

3.4. Nanocomposites and Hybrid Materials

Nanocomposites and hybrid materials represent a prominent
area of research among the many possibilities for enhancing
photovoltaic performance using nanotechnology [10]. A
nanocomposite, in the context of solar cells, consists of multiple
materials organized on the nanometer scale that retain their bulk
properties but also allow charge transfer to occur [11]. Notably,
three-dimensional networks of charge transfer can be formed
from interconnected nanostructures without any added
solvents, provided the blend is within certain limits.

These materials can enhance photovoltaic performance in
several ways. For instance, they can act as scattering materials
that improve light scattering. Two different materials can also
form a composite to make a molecule that has a more suitable
energy level, which facilitates charge separation. Furthermore,
if different materials are dispersed uniformly in a film, local
electric fields may be generated that lead to charge separation.
Additionally, charge transfer between dispersed nanoparticles
enables a mechanism analogous to indirect excitation.
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IV. NANOFABRICATION TECHNIQUES FOR DEVICE
INTEGRATION

The procedures typically rely on the controlled self-
assembly of small particles into a film of desired thickness or
morphology. Self-assembly processes that capitalize on surface
energy minimization achieve macroscopic ordering, but the
requirements for precise nanoscale stacking, desired film
thickness, and control of long-range ordering challenge the
universal application of bottom-up techniques [1]. In the case
of colloidal quantum dots, transport of charge carriers at the
film interface limits the material merit in many important
devices, and the rigorous establishment of nanometre-scale 3D-
structured ordering proper of bottom-up assembly confers
additional fabrication and handling difficulties. Rather than
operating within the constraints of universal bottom-up
approaches, bottom-up assembly of nanoscale building blocks
is therefore coupled with more generic deposition methods that
permit placing of nano-features onto pre-existing devices at
arbitrary locations and with geometries amenable to transport
control.

4.1. Top-Down Lithography and Etching

Photovoltaics primarily convert solar energy to electricity
through materials that exhibit the photovoltaic effect in
semiconductors. The fundamental principles of the
photovoltaic phenomena are not affected by the module area or
device dimensions. Light absorption is the first process in solar
energy conversion, without light absorption no energy will be
harvested from the solar radiation. Directly after light
absorption, the photon energy harvest is spent to create free
charge carriers (electron-hole pairs, excitons), which need to be
spatially separated in order to outline the beginning of the
charge carrier extraction scenario. A series of processes,
including charge injection, collection and transport, lead to a set
of performance indicators such as the external quantum
efficiency, spectral response, saturation current of the IV curve
and maximum power point. These performance indicators
determine the certified device performance and market
applicability of any configuration. To keep the energy harvest
in an optimum range, additional charge carriers-harmful
processes like recombination must be avoided, because this
directly decreases the energy harvest and reflects in
performance indicators comparable to PV performance. So,
controlling the dimension of the solar device-feeding system,
promoting surface roughness, adjusting nanostructuring etc. all
intervene with above mentioned PV processes. Nanostructuring
increases the surface-to-volume ratio of the solar harvesting
modules enlarging the interfacial contact areas and therefore
presents an alternative way to process more energy, promoting
the overall PV performance.

Nanostructuring provides a real alternative way towards
better performance, efficiency enhancement and optical
thickening [12]. Devices as big as lcm X lcm have been
reported being fully covered over the whole surface by
nanostructuring without degrading the performance [13].
Nanostructuring promptly exploits the free vacancies to
generate more charge carriers. Studies show from an individual
device size of lecm X 1cm to 4cm x 4cm, the Internal Quantum
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Efficiency (IQE) well surpasses the 90% level. These vacancies
offer much higher reproductive fabrication chances, even
though different methods lead to different size of
nanostructuring. Above pc NH4CI has the cleaning effect for
the device, hereby avoid errors of charge carrier-tunneling
caused by unclean pollution which drop the device performance
significantly, guiding also towards more higher degree of
nanostructuring fabrication.

4.2. Bottom-Up Bottom-Up Synthesis and Self-Assembly

Bottom-up synthesis and self-assembly are key approaches
in nanophotonics and photovoltaics. As opposed to
conventional top-down techniques, which pattern nanoscale
elements onto a substrate or matrix, these methods exploit
chemical processes to generate materials or structures from the
atom or molecule level [2]. Colloidal semiconductor and metal
quantum dots, nanocrystals, nanowires, nanorods, and noble-
metal nanoparticles can be prepared in a solvated mixture and
deposited as thin films either during synthesis or by subsequent
drop-casting or spin-coating without requiring further
patterning.

Self-assembled structures can also be constructed using
block copolymers and other structured polymers, which
facilitate the generation of sub-10 nm patterns that are difficult
to achieve with top-down techniques due to process complexity
and capital costs. Furthermore, nanoscale components can be
added to printable inks in hybrid materials to achieve
cooperative behaviour or improvements in different energy
domains. However, bottom-up techniques do not typically
result in processing conditions that are directly compatible with
photovoltaic stacks.

4.3. Colloidal Quantum Dot Processing and Integration

Colloidal quantum dots are nanometre-sized semiconductor
particles, synthesized from groups II-VI, III-V and IV-VI
compounds such as CdSe, InAs, PbS and PbSe. Much research
focuses on CdSe QDs for application where quantum
confinement modifies their optical properties: wavelengths of
light emitted, and the absorption maxima, shift to longer
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wavelengths (redshift) as the size of the QD increases.
Similarly, InAs and PbS have been identified because they are
solution-processable and the emission wavelength (light-
harvesting) range covers the Near Infrared, (NIR). The major
challenge with colloidal film formation from the repeated wash
of solvent that is useful for dispersion arises from a loss of
uniformity and overgrowth of the QDs. QD film thickness is
measured in nanometres rather than microns with significant
amounts of QDs still dispersed in solution. Colloidal materials
can be integrated into single-junction or multi-junction systems
and combined with other light-harvesting approaches that is a
strong emphasis within the research community. Such strategic
coupling of light harvesters extends the spectral range of solar
energy presently being tapped, e.g. PbS QDs in a aSi:H, a-
Ge:Se or CIGS-based multi-junction, and in order to capitalize
on low-cost thin-film approaches [6]. The band alignments of
the various layers are critical. Similar to the sol-gel and printing
of ZnO layers on inexpensive substrates, various other light-
harvesting materials can be deposited. Colloidal QDs are
sensitive to humidity that increase degradation rates, stability
issues are exacerbated. Efficient PbS QD solar cells were
achieved without encapsulation but actuation remain a major
obstacle to commercial realization. Vector off direct coupling
to silicon, abbreviated VODCS, is important for the
development of compatible materials for effective junction
formation [14].

V. THE PROCEDURES FOR ENHANCING WORK SOLAR CELL
USING NANOTECHNOLOGY

Nanotechnology is being used in modern-day photovoltaic
device architectures and there are many different types of
batteries that utilize this technology, such as Quantum Dot
Photovoltaic (QD PV), Perovskite-Nanostructured Hybrid
(PNH PV), and Nanowire and Nanoarray-Based (NAB PV).
Each has different mode of operation, how to connect
components, routes for transporting electrons and their ability
to work with light trapping techniques. The next image
represents a systematic view of this technology.

Figure 3. Procedures for enhancing work solar cell using Nanotechnology.
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Photovoltaic nanotechnology research spans a wide
continuum from the production of material to the final
optimization of solar cells illustrated in Figure 3. First,
nanomaterials (e.g., quantum dots, nanowires, perovskite films)
are produced through material synthesis with chemical or
physical means, followed by their use in nanostructured
fabrication as nanostructures on a nanoscale (e.g., nanoarrays,
nanowires). These nanostructures are then used to create
layered solar cells during the solar cell assembly process. After
fabrication, the assembled solar cells are optically and
electrically characterized (e.g., measured for absorption,
current—voltage characteristics) so that researchers can assess
how effectively the assembled solar cell converts light to
electrical energy. The next step is to test performance (e.g.,
simulated sunlight testing), evaluate stability and collect data
regarding the assembled solar cells; at this point, a data analysis
and optimization stage occurs, where researchers evaluate data
collected from performance testing to improve the efficiency,
stability and overall performance of the assembled solar cells.
It is important to note that the process is iterative in that results
obtained from the performance test phases of the solar cells can
be fed back to develop better materials/designs as a future
reference for use in developing better photovoltaic devices.

VI.  THE RESULT AND DISCUSSION

The findings of this study reveal that solar cells are
operating much better now that they have incorporated
nanotechnology. Comparing the performance of a typical solar
cell with its nano-enhanced counterpart illustrates how much
less the temperature of the nanostructured elements was than
the typical solar cells; this alone can be attributed to having
better heat management and have lower thermal losses. Also,
when looking at the pressure distribution of the nano-enhanced
elements, one can see that it uniformly distributed across the
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entire surface of the nanostructured element. Therefore, this
will improve the mechanical stability of the solar cell and
minimize any potential structural failures. Velocity analysis
revealed an increase in charge carrier transport within the nano
solar cells contributing to faster electron movement and
improved current generation. Kinetic energy values were higher
for nanostructured designs confirming improved -energy
conversion efficiency. Overall, these results indicate that
integrating nanotechnology enhances light trapping while
reducing recombination losses thus significantly increasing
photovoltaic system efficiencies over conventional solar cells.
The following table shows performance data for enhanced nano
solar panels at improved temperature, pressure, velocity, and
kinetic energy. A lower temperature range means less heat loss
and better thermal stability. Higher velocity and kinetic energy
values indicate more efficient charge transport and higher
energy conversion. In general, the data shows better efficiency,
stability, and performance than conventional and basic nano
solar cells.

The results presented in the figure below compare the
conventional and nanotechnology- enhanced solar cell through
thermal, mechanical, and flow-field simulations.

TABLE 1. Min and max measurements for both conventional solar panels

Enhanced Enhanced Enhanced
Enhanced
Nano Nano Nano Nano
Metric Solar Solar Solar
Solar
Panel Panel Panel Panel SD
(min) (max) Mean
Tem({’,ecr;‘t“re 28.00 42.00 35.00 5.00
Pressure (Pa) 40.00 300.00 170.00 130.00
Velocity (m/s) 12.00 40.00 26.00 14.00
Kinetic
Energy (m?/s?) 0.00010 520.00 260.00 260.00

Figure 4. Enhancement nano-solar cell using nanotechnology

In the temperature analysis, it is seen that the conventional
solar cellhas a higher temperature with less uniform
distribution which  indicates significant ~ thermal losses
during its operation while, for nanostructured solar cells, a
lower and more evenly distributed temperature field is
maintained due to enhanced heat  dissipation  at
nanoscale interfaces. This decrease in temperature directly

supports better photovoltaic stability and minimizes
performance degradation. In brief, results combined
show clearly that nanotechnology improves thermal

management reduces mechanical stress as well as enhances
charge transport efficiency which leadsto higher energy
conversion efficiency together with better stability plus overall
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performance improvement for asolar cell compared toa
conventional design.

VII. CONCLUSION

Over the past few decades, solar cell efficiency has received
renewed attention due to rising operating costs and
environmental concerns. Nanotechnology has the potential to
increase the efficiency of various solar cell architectures.
Hence, a broad review of the research on nanotechnology and
solar cells was conducted, with the following objectives:
identify key performance indicators for solar cells, summarise
the fundamental principles of the photovoltaic effect, provide
an overview of the role of nanotechnology in solar cells, review
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fabrication techniques for nanostructured solar cells, detail
example solar cells employing nanotechnology, and discuss
appropriate characterisation methods for nanostructured solar
cells.

The integration of nanostructures into solar cells introduces
additional fabrication steps, which may require high-resolution
lithography [2]. Several techniques or combinations of
techniques have been proposed to facilitate nanostructuring for
solar cells—both top-down and bottom-up approaches allow
nanoscale features to be incorporated while retaining
compatibility with existing fabrication protocols. The
additional fabrication steps can also offer opportunities to
further tailor the active layer and charge transport network to
optimise the device.

Solar energy is a clean and abundant renewable energy
resource with great potential to help resolve the energy crisis
and mitigate global warming. Due to the greenhouse effect,
climate change has resulted in the melting of polar ice,
modification of ecological systems, extreme weather, and rising
sea waters; driven by the growing consumption of fossil energy,
greenhouse gas emissions must be curtailed to minimize such
effects. Nevertheless, current solar photovoltaic (PV)
technology cannot yet meet the international standard of 82.2%.
Nanotechnology is emerging as a novel approach for improving
light-matter interactions and charge dynamics at the nano-scale,
thereby facilitating higher solar cell efficiency beyond the
Shockley-Quitty limit.

REFERENCES

[1] M. Amouzgar, "A Study of New Low-Cost Fabrication Methods of
Micro- and Nano-scale Building Blocks for Crystalline Silicon Solar
Cells," 2013.

[2] C.Robert Bukowsky, "Scalable Nanophotonic Light Management Design
for Solar Cells," 2019.

[3] Zang, L. (2011). Energy Efficiency and Renewable Energy Through
Nanotechnology. Springer, Berlin, p. 487.

[4] Jiang, L., Cui, S., Sun, P., Wang, Y., Yang, C. (2020). Comparison of
monocrystalline and polycrystalline solar modules. In 2020 IEEE S5th
Information Technology and Mechatronics Engineering Conference

(ITOEC), Chonggqing, China, pp- 341-344.
https://doi.org/10.1109/ITOEC49072.2020.9141722 [7] Banin, U,
Waiskopf, N.,

http://ijses.com/
All rights reserved

(5]
(6]
(7]
(8]
[9]

[10]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

(23]

International Journal of Scientific Engineering and Science

ISSN (Online): 2456-7361

Hammarstrom, L., Boschloo, G., et al. (2020). Nanotechnology for
catalysis and solar energy conversion. Nanotechnology, 32(4): 042003.
C. G Bailey, "Optical and Mechanical Characterization of InAs/GaAs
Quantum Dot Solar Cells," 2012.

Y. Wu, X. Yan, X. Zhang, and X. Ren, "Photovoltaic Performance of a
Nanowire/Quantum Dot Hybrid Nanostructure Array Solar Cell," 2018.
A. Peter Amalathas and M. M Alkaisi, "Nanostructures for Light Trapping
in Thin Film Solar Cells," 2019.

X. Li, N. P. Hylton, V. Giannini, N. J. Ekins-Daukes et al., "Design
guidelines for efficient plasmonic solar cells exploiting the trade-off
between scattering and metallic absorption," 2014

T. Hua Lee, "Design of Zinc Oxide Based Solid-State Excitonic Solar Cell
with Improved Efficiency," 2011.

R. Liu, "Hybrid Organic/Inorganic Nanocomposites for Photovoltaic
Cells," 2014.

C. Trompoukis, O. El Daif, V. Depauw, 1. Gordon et al., "Photonic
assisted light trapping integrated in ultrathin crystalline silicon solar cells
by nanoimprint lithography," 2012.

X. Liang, L. Shu, H. Lin, M. Fang et al., "Inverted Silicon Nanopencil
Array Solar Cells with Enhanced Contact Structures," 2016.

B. Sun, O. Ouellette, F. Pelayo Garcia de Arquer, O. Voznyy et al.,
"Multibandgap quantum dot ensembles for solar-matched infrared energy
harvesting," 2018.

V. Parkash and A. K. Kulkarni, "Optical Absorption Characteristics of
Silicon Nanowires for Photovoltaic Applications," 2010.

S. Wang, X. Yan, X. Zhang, J. Li et al., "Axially connected nanowire
core-shell p-n junctions: a composite structure for high-efficiency solar
cells," 2015.

A. Wanninayake, "Nanostructured Organic/Inorganic Semicondutor
Photovoltaics: Investigation on Morphology and Optoelectronics
Performance," 2016.

V. Ganapati, O. D. Miller, and E. Yablonovitch, "Light Trapping Textures
Designed by Electromagnetic Optimization for Sub-Wavelength Thick
Solar Cells," 2013.

C. Wopke, C. Gohler, M. Saladina, X. Du et al., "Traps and transport
resistance are the next frontiers for stable non-fullerene acceptor solar
cells," 2022.

N. Igbal, "Improving the Performance and Durability of Metal Contacts
in Crystalline Silicon Solar Cells Using Advanced Characterization,"
2022.

M. H Bohra, "Process Development for Single-Crystal Silicon Solar
Cells," 2014.

A. Anctil, "Fabrication and
photovoltaics," 2011.

J. Gwamuri, "Increasing Solar Energy Conversion Efficiency In
Hydrogenated Amorphous Silicon Photovoltaic Devices With Plasmonic
Perfect Meta — Absorbers," 2016.

life cycle assessment of organic

69



