American Journal of Innovation in
Science and Engineering (AJISE)

ISSN: 2158-7205 (ONLINE)

VOLUME 4 ISSUE 2 (2025)

PUBLISHED BY
E-PALLI PUBLISHERS, DELAWARE, USA



Volume 4 Issue 2, Year 2025
ISSN: 2158-7205 (Online)
doi.org/10.54536/ajise.v4i2.3832
journals.e-palli.com/home/index.php/ajise

American Journal of Innovation in

’ DOI: https:
@ oa [l'i Science and Engineering (AJISE
g g

https:

Next-Generation Solar Cells: Advancements in Materials, Architectures, and System
Integration for A Sustainable Energy Future.
Asadullah Muhammad Hossain Saad'”

Article Information ABSTRACT

The progress of durable solar renewable energy depends on developments in solar cell tech-
Received: September 17,2024  nology. Current market trends are predominantly focused on crystalline silicon-based solar

cells; nevertheless, the pursuit of enhanced efficiency and cost reduction generates consid-
Accepted: October 29, 2024 erable interest in investigating other materials and device architectures. This paper provides
Published: May 07, 2025 a review of the next generation of solar.cells; pe'rovskite materials, Vorganic poly‘mer§, and
quantum dots are evaluated regarding their potential as low-cost efficiency photovoltaic sys-
tems. I cross into more recent device architectures, including tandems and multi-junctions,
as well as cost reduction strategies across the solar cell value chain. Here, I also explore the
issues and opportunities presented by these new technologies, underscoring that progress in
materials science, device design, and system integration will be crucial to realizing a global
clean energy future. In this overview, the future of solar cell research and development is
addressed coherently, opening possibilities for widespread adaptation of solar energy and
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INTRODUCTION

Global energy demand has been escalating, and the
need to reduce carbon emissions due to climate change
gives urgency for cleaner, sustainable sources of power
(Hernandez ef al., 2019). Utilizing solar energy is a major
component of this switch to the sun’s endless power
(Ukoba et al., 2024) . Solar photovoltaic technologies that
directly convert sunlight into electricity have appeared
as a potential solution for clean energy production
(Yudiartono es al., 2023). However, the widespread
adoption of crystalline silicon (c-Si) solar cells currently
in the P.V. market requires that researchers and industry
consider alternative materials and device architectures
to circumvent the growing efficiency limitations of
these devices as well as excessive costs (Fthenakis,
2012; Phillips, 2013). The theoretical efficiency limit
of ¢-Si technology is close, and it cannot perform
better. In addition, the complicated manufacturing
process and expensive material cost of ¢-Si are limiting
factors for solar energy to be used broadly. Thus, the
development of next-generation solar cells is examined
in this paper with a focus on emerging materials such as
perovskites, organics, and quantum dots that promise
higher efficiencies at lower costs. We will delve into
advanced device architectures, such as tandem and multi-
junction configurations, to provide a path forward for
performance improvements over single-junction devices.
I will also consider the pathways to lower costs within
the solar cell value chain, from materials and processing
through device layout, fabrication, and even system

shifting towards a sustainable energy landscape.

integration. As the conclusions, I discuss impending
challenges and opportunities in these transformations
of materials science, including device engineering and
systems integration, to enable a clean energy future that
is both affordable as well as reliable. Covering topics
such as virtually calculated iron-based molten metals,
symmetry effects in solar cell metal contact materials, and
many more about the large-scale use of electricity from
sunlight leading to environmentally friendly alternative
energy sources.

Promising Materials For Next-Generation Solar
Cells

These new-generation solar cells can be made from
a variety of novel materials and device architectures,
faced by traditional c¢-Si
technology. In this subsection, I take on the three most

avoiding the limitations

promising material classes — perovskites, organics, and
quantum dots or Q.D.s for short highlighting their high
efficiency/low-cost prospects as well as some unique
functionalities.

Perovskite Solar Cells (Psc)

Perovskite solar cells are a disruptive technology in the
field of photovoltaics, showing an exceptional increase
in power conversion efficiency during the last decade
(Xue ef al., 2023). The perovskite is a type of structure
where you have some cations and another anion. This
family of PSCs generally utilizes organic-inorganic hybrid
perovskites, made up of an organic cation together
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with a metal cation in addition to halide anion (such as
methylammonium-form lead or tin iodide). The lead-
free double perovskite materials show very attractive
optoelectronic properties such as tunable bandgap, high
absorption coefficient, and long carrier diffusion lengths,
making them suitable candidates for efficient solar energy
conversion (Motlan & Siregar, 2021). PSC works by the
absorption of photons in the perovskite layer, creating
clectron-hole pairs. This leads to charge carriers being
transported respectively to the electrodes via electron
and hole transport layers, by means of which an electric
current is created. PSCs have the advantages of high
efficiency, low material cost, and solution-processable
processing, allowing for the use of low-temperature
fabrication techniques indeed (Xue e# al., 2023). Recent
research projects have been centered on tackling the
main limiting factors of PSCs, including long-term
stability under real environmental conditions (humidity,
oxygen, and thermal stress) as well as toxicity arising
from lead-based perovskites. Encapsulation techniques,
compositional engineering, and the investigation of new
lead-free perovskite material have been proposed to
enhance stability (Ferrari ef al., 2021).
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Figure 1: (a) Structure and (b) operational mechanism of
a typical PSC. (Batmunkh ez a/., 2025)

Organic Solar Cells (Osc)
Carbon-based materials make up the active layer of
organic solar cells, absorbing light and then generating

a charge. These substances are pliable and lightweight
and can be manufactured cheaply via standard roll-
to-roll printing methods. For the active material itself,
OSCs are built up by a bulk heterojunction structure
from a blend of organic electron-donating and electron-
accepting molecules. Excitons (comprised of a bound
electron-hole pair) are formed within the donor material
upon light absorption. These excitons are subsequently
dissociated at the donor-acceptor interface and form
separated charge carriers. These free carriers are then
transported to the associated electrodes, where they
create an electric current. Continued investigations into
organic photovoltaics. OSCs hit those boxes, but they
also have challenges. However, a major problem with
it is lower power conversion efficiency than perovskite
solar cells and crystalline silicon (c-Si) cells. The other
major challenge is their poor long-term stability. (Stephen
Forrest ef al., 2018) Record efficiencies in organic solar
cells, marking a benchmark for commercialization.
There are currently several areas of research to help
mitigate these limitations. Three main areas should be
focused on the development of new organic materials
with improved light absorption and charge transport
properties, optimization of device architectures for
higher performance (10% efficiency), long-term stability
by encapsulation solutions as defined in the International
Working Group (IWG) guidelines, and advanced material
design. A review of advanced photoabsorbent materials
for multifunctional semitransparent organic solar cells
was recently reported (Kini ez al., 2021).

Quantum Dot Solar Cells (Qdsc)

The light-absorbing material of quantum dot solar cells
is semiconductor nanocrystals known as quantum dots.
Quantum dots (Q.D.s) demonstrate unique quantum
mechanical features that the tunable bandgap has
clucidated, and many excited electron-hole pairs originate
from a single high-energy photon (Kim & Dongling).
QDSCs can be made using several methods, such as
solution-based approaches and vacuum deposition.
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Despite the potential of QDSCs for high efficiency,
significant issues still need to be addressed about both
device quality and synthesis investment in terms of
quantum dot (Q.D.) fabrication, surface passivation, and
charge transport. Examples of the research areas with
significant development are preparation and stability
improvement for a new type of Q.D. material that offers
superior optical characteristics, architecture optimization

Metal oxide
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Electrolyte

Light absorber
(quantum dot)

Figure 3: Mechanism of the quantum dot-sensitized solar
cell
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Thermalization loss

in order to improve charge collection from solar cells,
harnessing any Magnetoencephalography (MEG) effect
effectively via various strategies used to increase power
conversion efficiencies (PCE) (Zhao ef al., 2018; Zhao &
Roset, 2017.

Advanced Device Architectures

Researchers are investigating tandem and other multi-
junction solar cells to address the limitations of single-
junction solar cells. These architectures can increase light
absorption and power conversion efficiency.

Tandem Solar Cells

In the case of tandem solar cells (or, more specifically,
multijunction solar cells), multiple layers of different
semiconductor materials are stacked on top of each
other. Each layer has precisely tuned bandgaps to absorb
a specific part of the solar spectrum. The tandem cell
captures a greater portion of the solar spectrum than
standalone single-junction cells, which absorb only
photons with energies above their bandgap. Tandem
cells can reach higher power conversion efficiencies by
utilizing a larger spectrum of photon energies more
efficiently. There are also some works about using silicon
quantum dot materials for tandem solar cells (Conibeer
et al., 2012)
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Figure 4: (a) Schematic diagram of transmission and thermalization losses in a light absorbing material. (b) Schematic
diagram of a monolithic (left) and a mechanically stacked (tright) perovskite/CIGS tandem device. CIGS, copper—

indium—gallium—selenide/sulfide (Fitdaus e a/., 2024).

Multi-Junction Solar Cells

Multi-junction solar cells work the same as tandem cells
in that they contain multiple p-n junctions made out of
semiconductors with different band gaps. The junctions
are stacked on top of each other, with each absorbing
a specific region of the solar spectrum. High-energy
photons are absorbed by the top cell with a wide band
gap, followed by low-energy photons, and some come free
to get absorbed through lower junctions of narrow band
gaps (Bedi and R. Singh). Such an arrangement enables
them to maximize energy extraction from sunlight and,

hence, be more efficient. Most significant among them
are the structure and fabrication approaches of multi-
junction solar cells. Notably, (Victoria ez al., 2021) report
the world-record efficiency of a six-junction solar cell.

Cost Reduction Strategies

Lowering the cost of solar energy is a key factor in its
broad deployment. Various strategies are being followed
along the whole length of the production chain, from
material selection to system integration.
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Figure 5: Simulation process for PCE calculation of tandem and multi-junction perovskite solar cell stacks (Fatma

et al., 2021).

Material Selection And Processing

To lower the cost of solar cells, materials research is vital
to discover inexpensive raw metals and manufacturing
techniques. That means the search is on to find materials
that are plentiful and low cost yet can hold or enhance
performance. (Fang & Sun, 2012. Cost challenge
of titanium and counteraction with processing cost
cut from raw material to final product (In Chinese).
(Ramousse ¢z al, 2007) emphasize the significance of
cost-effective, dependable, and reproducible production
procedutes for the commercialization of Solid oxide
fuel cells (SOFC) technology (Hermawan et al., 2023)
examines the production expenses of solar cells and their
influence on power tariffs, highlighting the importance
of cost transparency within the solar sector. (Binetti,
2010) concentrates on silicon-based solar cells and the
dual approach of enhancing efficiency while minimizing
material expenses.

Device Design And Fabrication

Cost-effective designs Need to keep a close eye on costs,
and innovative design is an important tool for preventing
production prices from skyrocketing. These factors
can effectively achieve considerable cost savings by
simplifying device architectures and fabrication processes.
(Sabina Abdul Hadi ¢ /) shows how integrating multi-
junction solar cell production into existing silicon-based
manufacturing can reduce costs. (Scott ¢/ al.) Estimates
the cost of flat-plate concentrators with microscale
photovoltaic cells while also focusing on their trade-offs
between cost and performance.

System Integration And Balance Of Systems

Streamlining system integration and balance-of-system
costs are critical for making solar energy economically
competitive. This is done by reducing the cost of
balance-of-system (BOS) inverters, wiring, and mounting
structures and simplifying the installation process.
The context is slightly different and underscores cost
considerations of system reliability in the text by (Olaoye
& Akinyele, 2024) as they are studying off-grid solar
power systems. BOS costs can account for a large portion
of total system cost, which also includes hardware such
as modules and inverters, along with soft costs like
labor, permitting, and inspection fees; why high-quality
equipment and an accurate installation are necessary for
solar connector safety and performance. Mortis ez al.
(2014) focuses on reducing the soft cost of installation
labor, we show that better installation practices can bring
about substantial improvement in installation costs.
(Castellanos ez al., 2021) Pay special attention to soft costs,
especially in residential installations, which are described
as a continued challenge and call for more technical
efforts to reduce customer acquisition costs (CAC) for
solar deployment. Additive (Rocha e al, 2018) deals
with the problem of coupling distributed generation, as
photovoltaic systems, on voltage regulators operation and
proposes strategies to mitigate this applied to an Energy
Storage System. (Olatomiwa ez al., 2016) points out that
the economically viable and continuous load supply
can be achieved propertly by dimensioning components
and adopting energy management strategies to decrease
system costs. Results from (Yesel ¢z al, 2019) on the
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financial advantages of solar panel systems as total costs
vs. savings resulting in lesser energy supply requirement.

Challenges and Opportunities

Solar Cell Technologies of the Future has many
challenges that hinder them from achieving potential
success. Tremendous opportunities for innovation and
advancement match those challenges.

Stability and Durability

The long-term stability and durability need to be high for
the latest generation solar cells, as this is an important
factor that determines commercial success. Hence,
besides the Silicon heterojunction (SHJ) solar cell stack,
the performance optimization of each layer material for
charge collection or control of light-harvesting efficiency
has been described elsewhere (Kini e @/, 2021) The
development of perovskite solar cells will remain stymied
by inferior lifetime and efficiency compared to well-
established silicon when it comes to achieving economical
Organic Photovoltaics, which is often stability-limited.
For those of refractory constitution, however, as (Stephen

NEXT-GENERATION SOLAR CELL MARKET
GLOBAL FORECASTT(,2028 (USD BN)

Forrest) so poetically states, the commercial benchmarks
for an organic solar cell cannot be achieved until stability
can provide palliative aid. Long-term reversible stability
in quantum-dot-based solar cells is described by (Kim &
Ma, 2014). Organic solar cells are particularly sensitive to
degradation by oxygen and moisture.

Scalability and Manufacturing

The production and manufacturing of next-generation
solar cells present severe scalability challenges. The
isolation approach of next-generation PVs is provocative
due to the many years required for scaling up production
and new manufacturing processes, including supply
chains for large energy systems. The supply chain for
Solar P.V. is discussed as an option to promote diversified
supply chains through a study IEA (2022)). (Yaoguang
Rong ¢ al.) mentions the need to reduce the efficiency gap
between lab cells and industrial modules for perovskite
solar cells. (Udayakumar ez al., 2021). gives details of the
solar P.V. value chain and how it is affected by advanced
technological developments.

19.5x -2

The global next-generation
solar cell market is expected
to be worth USD 7.4 billion
by 2028, growing at a CAGR
of 19.5% during the forecast
period.

2022

Figure 6: Next-Generation Solar Cell Market Size

Environmental Impact

Evaluating the Ecological Cost of Other Materials and
Manufacturing Methods to Sustainable Development
Some of the other next-generation solar cells, like those
based on cadmium, are toxic. (Blanco ez al., 2020) presents
a life cycle assessment of III-V/silicon photovoltaics and
identifies potential environmental trade-offs associated
with global warming. The environmental impacts of
solar panel manufacturing and disposal, such as raw
material extraction, energy-intensive production, and
waste management, were also comprehensively discussed

(Ukoba e al., 2024).

Future Directions And Outlook

The delivery of breakthrough solar cell technology in
the era of absorbing light contains the promise of a
sustainable energy future. Forthcoming growth potential

u North America ® Europe
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2023 2028
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will need more and further research and development.

Promising Research Directions

Here, I briefly describe several key research directions
that show promising potential for next-generation
solar cells with enhanced efficiency and reduced cost.
Lewis (2016) highlights research opportunities on solar
energy, advanced materials, and device architectures.
Polman e/ al. (2016) reviews state-of-the-art photovoltaic
materials and discusses material limitations as well as
prospects for improvements. Rong e/ a/. (2018) the rise
of photovoltaic technologies emerging in terms showing
promise for converting solar energy more efficiently. In
(Rohatgi, 1985) focuses on high-speed silicon solar cells
are discussed as well as what more needs to be done to
improve these efficiencies further. Nayak e# a/ (2019)
clucidates the current status of photovoltaic solar cell
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technologies and highlights future research opportunities.
Reviewing major pre-market technologies such as organic
P.V. and dye-sensitized solar cells (Morgera & Lughi, 2015)
described the benefits and challenges of their widespread
commercialization. (Lewis, 2016) notes, in addition, only
cost-effective storage technologies were needed to enable
a source of reliable but also dispatchable energy.

Potential For A Sustainable Energy Future

Next-generation  solar cell  technologies  possess
the capacity to enhance a sustainable energy future
substantially. Victoria ez a/. (2021) contends that solar
photovoltaics is prepared to facilitate a sustainable
future. (Rong, Y. ¢z al)) Integrating advanced photovoltaic
technology may significantly enhance solar energy capture
efficiency. Ukoba e7 a/. (2024) examines the revolutionary
capacity of solar technology in tackling energy and
developmental issues, especially in the Global South.
Morgera and Lughi (2015) underscores the significance
of technological advancements for continued progress in
photovoltaics. As per Polman ez /. (2016), Efficiency is
emphasized as a crucial factor in decreasing the cost of

solar energy.

CONCLUSION

This epitome of Solar Cell Technologies of the Next
Generation has unearthed some important results.
This is why cost-reduction tactics that cover all aspects,
from material choice to device design and integration
into systems, are important enablers for solar energy
deployment on a large scale. Three of the most pressing
are longer-term resilience and longevity, manufacturing
scalability, and environmental burden. Nonetheless, the
exploration of widespread research directions, such as
novel materials and device architectures, is promising for
continued improvement. New device designs and materials
are exploring alternatives to silicon, which could enable
improvements in performance while reducing costs. By
overcoming the challenges and seizing the opportunities
described herein, next-generation solar cells should have
a transformative impact on meeting global energy needs
in an environmentally benign manner.
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