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Abstract

Hybrid solar cells represent a promising alternative to traditional silicon-based photovoltaic systems
due to their cost efficiency, tunability, and ease of fabrication. These devices merge the unique
properties of organic materials—such as flexibility and molecular designability—with the high
absorption coefficients of inorganic nanoparticles. This review presents a comprehensive overview of
the various hybrid solar cell architectures, including dye-sensitized solar cells (DSSCs), nanoparticle-
sensitized solar cells, extremely thin absorber (ETA) cells, and bulk heterojunction (BHJ) devices. Key
advancements in material synthesis, device architecture, and performance metrics are discussed,
providing insights into the current challenges and future research directions.

Keywords: Bulk heterojunction solar cells, polymer/fullerene blend morphology, PsHT solar cells,
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1. Introduction

Photovoltaic technologies have undergone significant advancements in recent decades, with
hybrid solar cells emerging as a cost-effective and scalable alternative to traditional silicon-
based devices. Hybrid solar cells combine organic and inorganic materials to exploit the
strengths of both material classes, including low cost, tunable optical properties, and the
ability to manufacture devices using solution processes.

1.1. Electrical Characteristics of Solar Cells

The performance of solar cells is characterized by several key metrics, including the open
circuit voltage Voc, short-circuit current Isc, fill factor (FF), and power conversion efficiency
(PCE). The I-V curve of a typical solar cell shows these characteristics, where Pmax is
determined by maximizing the product of current and voltage (Figure 1).

V}J(‘ b4 I.r.;(‘ x FF
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Where Pi, is the incident light power.

2. Hybrid Solar Cells

Hybrid solar cells are designed by integrating organic polymers with inorganic nanoparticles.
These systems are advantageous due to their cost-effective fabrication, tunable material
properties, and potential for large-area applications. This section discusses different hybrid
cell types, including their material systems and performance.

2.1. Dye-Sensitized Solar Cells (DSSCs)

DSSCs rely on a sensitizing dye that absorbs light and transfers electrons to a wide bandgap
semiconductor such as TiO.. Upon light absorption, the dye injects electrons into the
conduction band of the TiO-, while the oxidized dye is regenerated by a redox electrolyte
(Figure 2). Recent developments have focused on replacing liquid electrolytes with solid-
state hole conductors to improve stability and performance . Efficiency of DSSCs

Fow  Isc x Voo x FF
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Fig 1: Current-voltage characteristics of a hybrid solar cell under illuminated and dark conditions.
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Fig 2: Schematic of a dye-sensitized solar cell.
Source: Amrita Vishwa Vidyapeetham, Structure and Working of DSSCs

2.2. Nanoparticle-Sensitized Solar Cells
Nanoparticle-sensitized solar cells utilize quantum dots or
other nanoparticles as light-absorbing sensitizers, providing
a significant advantage through tunable bandgaps. The
quantum confinement effect in nanoparticles enables precise
control over the absorption spectrum, allowing the material
to absorb light more effectively across a broader range of
the solar spectrum. This tunability enhances the overall
efficiency of solar cells by optimizing photon capture for
different wavelengths.

Materials such as CdSe, PbS, and ZnO are commonly used
for their adjustable optical properties. By varying the size
and composition of the nanoparticles, their absorption peak
can be shifted to align with specific portions of the solar
spectrum, improving energy conversion. Figure 3 highlights
the absorption spectra of different nanoparticle materials,
showcasing this tunability. Nanoparticle-sensitized cells
hold promise for the future of solar technology, offering a
pathway toward higher efficiency and more cost-effective
photovoltaic systems 1,
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Fig 3: Absorption spectra of different nanoparticles used in hybrid solar cells.
e TiO: nanoparticles: Peak absorption at 350 nm.
e  ZnO nanoparticles: Peak absorption at 380 nm.
e  CdSe quantum dots: Tunable absorption from 450 nm to 600 nm based on particle size.

2.3. Extremely Thin Absorber (ETA) Solar Cells
Extremely Thin Absorber (ETA) solar cells utilize an ultra-
thin semiconductor layer, such as CulnS., CdTe, or CuSCN,
as the light-absorbing material. Unlike dye-sensitized solar
cells (DSSCs), ETA cells replace traditional dye molecules
with these inorganic semiconductors, which offer enhanced
stability and higher absorption coefficients. The thin
absorber layer allows efficient light absorption while using
minimal material, reducing overall production costs and
making ETA cells a potentially economical alternative to
traditional solar cells.

The operation of ETA cells is conceptually similar to
DSSCs, with a heterojunction formed between the thin
absorber and a wide bandgap material like TiO.. This design
improves light harvesting through the increased surface area
provided by the porous structure of the electrode. Moreover,
the thin absorber layer minimizes charge recombination,
promoting better charge separation and transport.

ETA cells have shown promising power conversion
efficiencies, with performance depending on factors such as
the thickness of the absorber layer and nanoparticle size. As
seen in Table 1, optimizing these parameters can
significantly enhance the efficiency of these devices.
Continued research in this area is focused on improving
material interfaces, enhancing charge mobility, and further
reducing recombination losses, making ETA cells a key
focus for next-generation photovoltaic technologies.

Table 1: Efficiency of ETA Solar Cells

. Thickness | Nanoparticle | Efficienc

Absorber Material (nm) Sizep(nm) (%) Y
CulnS: 50 10 6.5
CdTe 100 20 7.2
CuSCN 80 15 5.8

2.4. Bulk Heterojunction Hybrid Solar Cells

Bulk heterojunction (BHJ) solar cells represent a key
architecture in hybrid solar cell design, blending organic
polymers with inorganic nanoparticles to create a disordered

yet highly functional active layer. This structure leverages
the advantages of both organic and inorganic materials, with
the organic polymer acting as the electron donor and the
inorganic nanoparticles functioning as the electron acceptor.
The intimate mixing of these two materials over nanometer
scales increases the donor-acceptor interfacial area, which
significantly enhances charge separation and transport
efficiency.

In a typical BHJ solar cell, upon absorbing light, excitons
(electron-hole pairs) are generated in the polymer. These
excitons must diffuse to the donor-acceptor interface before
recombination occurs. Due to the large interface created by
the blending of the two materials, exciton dissociation into
free charges (electrons and holes) becomes more efficient.
Once separated, electrons are transported through the
inorganic nanoparticles, while holes move through the
polymer matrix, both migrating toward their respective
electrodes. This process minimizes the energy losses
typically observed in planar heterojunction solar cells,
where the limited interface can constrain exciton
dissociation.

The nanoparticles used in BHJ solar cells, such as CdSe,
Zn0O, and TiO, are chosen for their high electron mobility,
which enhances charge extraction. Nanoparticles also offer
the advantage of tunable bandgaps through quantum
confinement effects, allowing the absorption spectrum to be
adjusted to match the solar spectrum more closely. This is
critical for maximizing light absorption and, consequently,
power conversion efficiency. However, achieving the right
morphology in BHJ cells is crucial; too little mixing can
reduce the interfacial area for charge separation, while too
much mixing can lead to percolation pathways that hinder
charge transport.

Figure 4 illustrates the morphology of a typical BHJ solar
cell, showing nanoparticles evenly dispersed within the
polymer matrix. Optimizing this morphology is one of the
most significant challenges in BHJ design. Techniques such
as solvent annealing, thermal treatment, and use of co-
solvents have been employed to improve the phase
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separation and distribution of nanoparticles within the
polymer. These methods help create well-defined pathways
for charge carriers, thus improving charge mobility and
reducing recombination.

BHJ Solar Cells
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Fig 4: Morphology of a bulk heterojunction hybrid solar cell
showing the interpenetrating network of organic and inorganic
phases.

e  Nanoparticle size: 20 nm.

e  Polymer thickness: 200 nm.

e Blend ratio (polymer): 1:1 by weight.

Despite these advantages, BHJ solar cells face challenges,
particularly in terms of achieving long-term stability and
high efficiency on a commercial scale. One issue is that the
morphology of the active layer can degrade over time,
leading to phase separation and reduced efficiency.
Furthermore, while solution processing methods (such as
spin coating and printing) are cost-effective and scalable,
they can introduce variability in film thickness and
nanoparticle distribution, which affects device performance.
Researchers are actively investigating methods to improve
the robustness of the active layer and to standardize large-
scale fabrication techniques.

Recent advancements in BHJ solar cells include the use of
new polymer materials with higher charge mobility and
more stable nanomaterials. Hybrid BHJ architectures are
also being explored, where multiple types of nanoparticles
are incorporated to create a multi-bandgap structure,
allowing for the absorption of a broader range of light.
These innovations are pushing the efficiency of BHJ solar
cells closer to that of traditional silicon-based technologies,
making them a promising candidate for future solar energy
applications.

3. Recent Advances in Material Synthesis

Material synthesis plays a critical role in the performance of
hybrid solar cells. Recent advancements include the
development of high-quality inorganic nanoparticles with
controlled size and shape, and the introduction of organic
molecules tailored for better charge transport.

3.1. Nanoparticle Synthesis

Nanoparticle synthesis plays a crucial role in enhancing the
performance of hybrid solar cells by enabling precise
control over the optical and electronic properties of
inorganic materials. Two widely employed techniques for
synthesizing nanoparticles are colloidal synthesis and
chemical vapor deposition (CVD). Each method offers
unique advantages in terms of particle size control,
scalability, and material purity.

Colloidal Synthesis is one of the most versatile and widely
used methods for producing nanoparticles in solution. It

https://wwwe.allresearchjournal.com

allows for precise control over particle size, shape, and
surface chemistry by adjusting reaction conditions such as
temperature, precursor concentration, and reaction time.
This is particularly important for materials like cadmium
selenide (CdSe) quantum dots, where altering the particle
size can shift the absorption spectrum from the visible to the
near-infrared region, allowing the material to capture a
broader range of the solar spectrum (400 nm to 700 nm) (see
Figure 5). This tunability is essential for optimizing light
absorption in hybrid solar cells, as it enables the design of
materials that can efficiently convert sunlight into
electricity. Moreover, colloidal synthesis allows for easy
surface  functionalization, improving nanoparticle
compatibility with organic polymers in bulk heterojunction
architectures.

Chemical Vapor Deposition (CVD) is another powerful
technique  for  producing  high-quality  inorganic
nanoparticles with excellent uniformity and crystallinity. In
CVD, gaseous precursors are used to deposit thin films or
nanoparticles onto a substrate, allowing for precise control
over the material’s composition and structure. Nanoparticles
synthesized using CVD typically exhibit improved charge
carrier mobility, higher stability, and fewer defects
compared to colloidally synthesized particles. These
properties are especially advantageous for solar cell
applications, where efficient charge transport and long-term
stability are critical.

In recent years, hybrid approaches combining colloidal
synthesis and CVD have been explored to achieve both the
scalability of colloidal techniques and the high performance
associated with CVD-synthesized nanoparticles. These
advancements in nanoparticle synthesis are key to
developing next-generation hybrid solar cells with improved
efficiency and durability.

Absorption Spectra of CdSe Quantum Dots

1.0+

0.8 1

0.6 1
— 2 nm CdSe Quantum Dots

3 nm CdSe Quantum Dots

0.4 —— 4 nm CdSe Quantum Dots

Absorbance (a.u.)

0.2 4

0.0+

T T T T T T T
400 450 500 550 600 650 700
Wavelength (nm)

Fig 5: Absorption spectra of CdSe quantum dots with different
sizes, demonstrating tunable optical properties.

4. Performance Metrics and Commercial Viability
Hybrid solar cells are evaluated based on their efficiency,
scalability, and cost-effectiveness. While traditional silicon
cells still outperform in terms of efficiency, hybrid solar
cells offer advantages in terms of flexibility, lightweight
design, and low-cost fabrication processes.

4.1. Efficiency Trends
In the past decade, the efficiency of hybrid solar cells has
seen consistent improvement. Dye-sensitized solar cells
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(DSSCs) have achieved power conversion efficiencies as
high as 11%, while other hybrid cell types, including
nanoparticle-sensitized and bulk heterojunction cells, have
also demonstrated notable gains. Figure 6 illustrates the
efficiency trends over time, highlighting the steady progress
made in different hybrid solar cell technologies, based on
performance data [¢l. Continued advancements in material
engineering and device architecture are expected to push
these efficiencies even higher in the coming years.

Efficiency Trends of Hybrid Solar Cells
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Fig 6: Efficiency trends of hybrid solar cells from 2010 to 2024 for
DSSCs, nanoparticle-sensitized cells, and ETA cells.

4.2. Scalability and Commercial Prospects

Scalability is a critical hurdle for the commercial viability of
hybrid solar cells. While these cells offer several
advantages, including low-cost materials and flexible
fabrication methods, transitioning from small-scale
laboratory prototypes to large-scale production poses
significant challenges. One of the primary concerns is
maintaining the efficiency and performance of hybrid solar
cells when scaling up to large-area devices. In small-scale
research settings, precise control over material deposition,
layer uniformity, and nanoparticle dispersion is feasible.
However, when expanding to larger areas, issues such as
inconsistent film thickness, poor nanoparticle distribution,
and defects in the organic-inorganic interfaces can lead to
significant efficiency losses.

Another challenge lies in the integration of nanoparticles
within the hybrid structure. For optimal performance,
nanoparticles need to be uniformly distributed throughout
the active layer, ensuring efficient charge transport and
minimal recombination losses. However, achieving this
level of control on a large scale is complex and requires
advanced manufacturing techniques. Methods such as roll-
to-roll printing, spin-coating, or vapor deposition are being
explored, but each presents its own set of challenges in
terms of cost, speed, and quality control.

In addition, hybrid solar cells need to demonstrate long-term
operational stability and durability for widespread
commercial adoption. Scaling up production processes may
exacerbate the already present issues of degradation due to
environmental factors, such as moisture and UV exposure,
further limiting their lifespan. Despite these challenges,
hybrid solar cells hold promise for reducing the overall cost
of solar energy. Table 2 outlines a cost comparison between
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hybrid solar cells and conventional silicon-based
technologies, showing the potential economic advantage of
hybrid systems. If efficiency and scalability issues can be
addressed, hybrid solar cells could offer a more affordable
alternative, particularly in applications requiring lightweight
or flexible materials, such as in portable electronics and
building-integrated photovoltaics.

Table 2: Cost Analysis of Solar Technologies (USD per Watt)

Technology Material| Fabrication Total

Cost Cost Cost
Silicon-based Solar Cells 0.5 1 15
DSSCs 0.3 0.8 1.1
Nanoparticle-Sensitized Cells|  0.25 0.7 0.95

5. Conclusion and Future Outlook

Hybrid solar cells represent a significant advancement in
photovoltaic technology by combining the advantages of
both organic and inorganic materials. Their potential for
low-cost fabrication, tunability of optical properties, and
flexibility makes them an attractive alternative to traditional
silicon-based solar cells. In particular, their ability to use
solution-based manufacturing techniques opens the
possibility for mass production, thereby reducing overall
costs. Hybrid cells, such as dye-sensitized solar cells
(DSSCs),  nanoparticle-sensitized  cells, and  bulk
heterojunction (BHJ) cells, demonstrate promise in
achieving reasonable power conversion efficiencies while
leveraging inexpensive materials and simpler processing
methods.

However, despite these advantages, hybrid solar cells still
face several challenges that must be addressed before they
can compete with conventional photovoltaic technologies.
One of the most pressing issues is long-term stability.
Organic materials, which are a critical component in many
hybrid solar cells, are prone to degradation when exposed to
environmental factors such as moisture, oxygen, and UV
radiation. This degradation significantly reduces the
operational lifetime of these devices, making them less
attractive for large-scale applications. To overcome this,
future research must focus on improving the durability of
organic materials through better encapsulation techniques
and the development of more stable molecules and
polymers.

Another major challenge is scaling up production while
maintaining efficiency. Laboratory-scale devices often
perform well under controlled conditions, but when
produced on a larger scale, issues such as uniformity in
material deposition and interface quality arise. The
development of scalable fabrication techniques that ensure
consistent performance across large-area devices is essential
for hybrid solar cells to become commercially viable.
Optimizing material interfaces between organic and
inorganic layers is another critical area of research.
Improving the charge carrier mobility and reducing
recombination losses at the interface are key to enhancing
overall device efficiency. Innovations in interface
engineering, such as surface passivation and the use of
advanced nanomaterials, will play a crucial role in
overcoming these bottlenecks.

Finally, developing new nanomaterials with enhanced
optical and electronic properties will push hybrid solar cells
closer to their theoretical efficiency limits. Continued
research into quantum dots, perovskites, and other emerging

~ 383~


https://www.allresearchjournal.com/

International Journal of Applied Research

materials will expand the range of hybrid devices and
improve their performance. With ongoing advancements,
hybrid solar cells hold the potential to play a major role in
the future of renewable energy.
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