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Abstract 

The global imperative to transition from carbon-intensive energy sources to renewable alternatives has 

placed photovoltaics (PV) at the forefront of sustainable energy research. While silicon-based technologies 

have matured, they face theoretical efficiency limits and practical challenges related to thermal 

management and spectral utilization. This research article provides an exhaustive, critical examination of 

the transformative role of nanomaterials in addressing these limitations. We analyze the integration of 

zero-dimensional (0D) quantum dots, one-dimensional (1D) nanowires and nanotubes, and two-

dimensional (2D) layered materials (graphene, MXenes) across diverse PV architectures, including 

Perovskite Solar Cells (PSCs), Organic Photovoltaics (OPVs), and Silicon heterojunctions. Detailed 

attention is given to recent breakthroughs in 2024 and 2025, such as the use of chlorine-terminated 

MXenes for interface passivation achieving efficiencies of 25.75%, the deployment of lanthanide-doped 

phosphors for spectral conversion, and the engineering of multifunctional nanocomposite coatings for 

radiative cooling and self-cleaning. Through a synthesis of experimental data and theoretical simulations, 

this report elucidates the physicochemical mechanisms—ranging from Localized Surface Plasmon 

Resonance (LSPR) to quantum confinement and defect engineering—that enable nanomaterials to 

enhance charge transport, prolong device stability, and maximize power conversion efficiency (PCE). 

 

Keywords: Localized Surface Plasmon Resonance, power conversion efficiency, carbon-intensive 

energy, Organic Photovoltaics, photovoltaics 

 

1. Introduction:  

The Nanotechnology Paradigm in Photovoltaics 

The energy crisis of the 21st century, characterized by the depletion of fossil fuels and the escalating threat 

of climate change, demands an accelerated deployment of renewable energy technologies. Solar energy, 

with its immense potential to meet global power requirements, stands as a primary solution. However, the 
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dominant First Generation (silicon-based) photovoltaics are approaching their thermodynamic Shockley-

Queisser limit, necessitating the development of Third Generation technologies that promise higher 

efficiencies and lower fabrication costs. The realization of this potential is increasingly dependent on the 

application of nanotechnology—the manipulation of matter on the scale of 1 to 100 nanometers. 

Nanomaterials differ fundamentally from their bulk counterparts. At the nanoscale, materials exhibit 

unique physicochemical properties, including high surface-area-to-volume ratios, exceptional mechanical 

strength, tunable bandgaps via quantum confinement, and distinct optical behaviors such as surface 

plasmon resonance. These properties allow researchers to address the fundamental loss mechanisms in 

solar cells: spectral mismatch, carrier recombination, resistive losses, and environmental degradation. 

1.1 Classification of Nanomaterials in PV 

The utility of a nanomaterial in a photovoltaic device is strictly governed by its dimensionality and 

chemical composition. 

● Zero-Dimensional (0D) Nanomaterials: These include nanoparticles (NPs), quantum dots (QDs), 

and fullerenes. In these structures, electron movement is confined in all three spatial dimensions, 

leading to discrete, atom-like energy levels. This quantum confinement allows for precise bandgap 

tuning, making 0D materials ideal for spectral conversion and sensitization. 

● One-Dimensional (1D) Nanomaterials: Carbon Nanotubes (CNTs), metal nanowires, and 

nanorods fall into this category. With confinement in two dimensions, electrons can travel freely 

along the length of the nanostructure. This property is exploited to create high-mobility pathways 

for charge extraction, bridging the active layer and the electrode with minimal resistance. 

● Two-Dimensional (2D) Nanomaterials: Graphene, Transition Metal Dichalcogenides (TMDs), 

and the emerging class of MXenes represent 2D materials. Their sheet-like structure provides high 

transparency, flexibility, and exceptional barrier properties against moisture, making them critical 

for stability enhancement and flexible device fabrication. 

1.2 Synthesis and Scalability 

The method of synthesis—whether "top-down" (lithography, milling) or "bottom-up" (chemical vapor 

deposition, sol-gel, solution-liquid-solid chemistry)—dictates the quality and cost of the nanomaterial. For 

photovoltaic applications, bottom-up approaches are generally preferred as they allow for atomic-level 

control over surface termination and defect density, which are crucial for minimizing charge 

recombination centers. The following sections will systematically explore how these materials are 

engineered to overcome the specific limitations of modern solar cells. 

 

2. Plasmonic Enhancement: Engineering Light-Matter Interactions 

One of the most profound applications of 0D nanomaterials in photovoltaics is the use of metallic 

nanoparticles to manipulate incident light. Noble metals, particularly Silver (Ag) and Gold (Au), possess 

free conduction electrons that can oscillate collectively when excited by electromagnetic radiation. This 

phenomenon, known as Localized Surface Plasmon Resonance (LSPR), creates opportunities to trap light 

within thin absorber layers, thereby boosting photocurrent without increasing material thickness. 
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2.1 Mechanisms of LSPR in Solar Cells 

The integration of plasmonic nanoparticles improves Power Conversion Efficiency (PCE) through two 

primary optical mechanisms: 

1. Far-Field Scattering: When light strikes a metal nanoparticle, it acts as a scattering center. By 

tuning the particle size and shape, light can be preferentially scattered into the high-refractive-index 

absorber layer of the solar cell. This effectively lengthens the optical path of the photons, increasing 

the probability of absorption, particularly for longer wavelengths (red and near-infrared) that might 

otherwise pass through the cell unabsorbed. 

2. Near-Field Enhancement: At the resonance frequency, the electromagnetic field in the immediate 

vicinity of the nanoparticle is amplified by orders of magnitude. If the nanoparticle is embedded 

directly within the active semiconductor layer (e.g., TiO2 or perovskite), this intense local field 

accelerates the generation of electron-hole pairs. 

2.2 Thermal Management and Efficiency Gains 

Recent research has elucidated that the benefits of plasmonic nanoparticles extend beyond optics to 

thermal management. A 2024 study investigating plasmonic Ag thin-film technology revealed a counter-

intuitive but beneficial cooling effect. While metals typically absorb heat, the specific nanostructuring of 

the Ag film enhanced radiative heat dissipation. The proposed cells exhibited a temperature reduction of 

1.2 °C compared to regular cells. Given that solar cell efficiency typically degrades as temperature rises 

(due to increased intrinsic carrier concentration and reduced V_{oc}), this thermal management 

contributed significantly to performance. The study reported a 0.48% increase in real efficiency values, 

with absorbed optical power improving by 2.344 W. 

The relationship between the output electrical power (P_{out}) and the enhanced optical absorption 

(P_{abs}) in the presence of Ag nanoparticles can be modeled as: 

This empirical data underscores that plasmonic layers can serve a dual function: boosting photon capture 

and mitigating thermal degradation. 

2.3 Nanoparticle Morphology and Composition 

The geometric shape of the nanoparticle plays a critical role in determining the balance between scattering 

(desirable) and parasitic absorption (undesirable). Elongated nanoparticles (1D-like nanorods) have been 

found to interact more effectively with the solar spectrum than spherical particles. Their anisotropic shape 

allows for multiple resonance modes (transverse and longitudinal), broadening the spectral response. 

In terms of composition, research has focused on Ag and Au due to their stability and resonance in the 

visible spectrum. For example, nanoparticles synthesized via the co-reduction of HAuCl_4 and AgNO_3, 

with an average size of 150 nm, were embedded into mesoporous TiO2 layers in perovskite solar cells. At 

a concentration of 0.7 wt%, these particles enhanced the device performance by allowing for thinner 

absorber layers, which reduces the consumption of lead and iodine precursors while maintaining high 

absorption. However, it is noted that the relative gain from plasmonics is often higher in organic 

photovoltaics (OPVs) (max PCE ~7.1%) than in Perovskite Solar Cells (PSCs) (max PCE ~16.3% in early 

plasmonic trials), primarily because perovskites already possess high absorption coefficients. 
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3. Perovskite Solar Cells: The Frontier of Nanomaterial Integration 

Perovskite Solar Cells (PSCs) have redefined the photovoltaic landscape, with efficiencies soaring from 

under 4% to over 26% in little more than a decade. Despite this meteoric rise, widespread 

commercialization is hampered by instability (moisture, heat, UV) and defects at the interfaces between 

layers. Nanomaterials have emerged as the primary toolkit for addressing these challenges, serving as 

charge transport layers, interfacial passivators, and mechanical stabilizers. 

3.1 Advanced Charge Transport Layers (CTLs) 

The Electron Transport Layer (ETL) and Hole Transport Layer (HTL) are critical for extracting 

photogenerated carriers. Nanostructured metal oxides have become the standard for these layers due to 

their robust electronic properties. 

● Titanium Dioxide (TiO2): Historically, mesoporous TiO2 scaffolds were the default ETL. 

However, TiO2 requires high-temperature sintering (impractical for flexible substrates) and suffers 

from low electron mobility and poor UV stability, which can induce degradation at the perovskite 

interface. 

● Tin Dioxide (SnO2): In 2024/2025, the industry has largely pivoted to SnO2 nanoparticles. SnO2 

offers significantly higher electron mobility, a wider bandgap (ensuring transparency), and excellent 

stability under UV illumination. Crucially, it can be processed at low temperatures. However, SnO2 

surfaces often possess defects that act as recombination centers. Recent strategies involve 

passivating these defects with urea-functionalized molecules or Self-Assembled Monolayers 

(SAMs). 

● Nickel Oxide (NiOx): For the HTL, NiOx nanostructures are preferred for inverted (p-i-n) 

architectures due to their chemical stability. Ultra-small NiOx nanocrystals have been synthesized 

to improve the contact quality and hole extraction efficiency, further boosting stability. 

3.2 Interface Engineering with MXenes 

One of the most significant developments in 2024 is the application of MXenes (2D transition metal 

carbides/nitrides) in PSCs. MXenes, such as Ti_3C_2T_x, possess metallic conductivity and can be 

processed from aqueous solutions. 

A landmark study reported the use of chlorine-terminated MXene (Ti_3C_2Cl_x) at the interface between 

the SnO2 ETL and the perovskite absorber. The Cl-termination serves a dual purpose: it minimizes oxygen 

vacancies on the SnO2 surface and reduces defects at the buried interface. This creates a more favorable 

crystallization surface for the perovskite. 

● Performance: Devices utilizing this MXene interlayer achieved a record efficiency of 25.75%, 

significantly outperforming control devices (23.03%). 

● Stability: The MXene layer acts as a barrier to ion migration and moisture. The encapsulated 

devices retained 95.5% of their initial efficiency after 1,200 hours of operation, whereas control 

devices degraded to 76.9%. 

Furthermore, iodide-capped MXenes have been employed as "bone-joints" to bridge the perovskite and 

the HTL in flexible modules. The iodide groups coordinate with surface Lead (Pb^{2+}) ions, while the 

MXene backbone interacts with the organic HTL. This dual-binding mechanism relieves residual stress 
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during mechanical bending, substantially improving the mechanical robustness of flexible PSCs. 

3.3 Carbon Nanomaterials for Stability and Cost Reduction 

Carbon nanomaterials (CNTs, Graphene) are increasingly viewed as the solution to the high cost and 

instability associated with noble metal electrodes (Au/Ag). 

● Fluorine-Doped CNTs (F-CNTs): Recent simulations and experiments have explored using F-

CNTs as a hole-transporting bridge. SCAPS-1D modeling suggests that by optimizing the defect 

density and thickness of F-CNT layers, efficiencies as high as 26.91% are theoretically achievable. 

The F-CNTs facilitate rapid hole extraction while protecting the perovskite from moisture due to 

their hydrophobic nature. 

● Graphene Composites: The integration of functionalized graphene into perovskite films has been 

reported to enhance efficiency by nearly two-fold in some experimental setups and reduce 

production costs by up to 80% by eliminating the need for gold contacts. Stability tests indicate that 

graphene-based PSCs can retain nearly 100% of their performance parameters over 330 days of 

ambient storage. 

3.4 Record-Breaking Tandem Architectures 

The ultimate goal of nanophotovoltaics is to surpass the single-junction limit by stacking cells. 

Nanomaterials enable the complex interconnection layers (tunnel junctions) required for these tandem 

devices. 

● Triple-Junction Cells: A global first in late 2025 reported a triple-junction perovskite cell that 

passed the IEC Thermal Cycling test (200 cycles, -40 to 85°C) while retaining 95% of its efficiency. 

This device utilizes three interconnected semiconductors, each absorbing a different slice of the 

spectrum, facilitated by nanostructured recombination layers. 

● Concentrator Photovoltaics (CPV): Nanostructured optics and perovskites have been combined 

to achieve a light-to-energy conversion efficiency of 27.3% in concentrator systems, exceeding the 

best single-junction performance. 

Table 1 summarizes the key efficiency and stability milestones driven by nanomaterials in 2024/2025. 

Device 

Architecture 

Nanomaterial 

Innovation 

Efficiency (PCE) Stability / 

Durability 

Reference 

SnO2-based PSC MXene 

(Ti_3C_2Cl_x) 

Interface 

25.75% 95.5% retained 

after 1200h 

 

Triple-Junction 

PSC 

Nanostructured 

Interconnects 

>26% 95% retained after 

400h light soaking 

 

CNT-based PSC Fluorine-doped 

CNT HTL 

26.91% 

(Simulated) 

High FF (84.23%)  

Perovskite-Si 

Tandem 

Nanostructured 

Tunnel Junction 

>30% 

(Theoretical/Lab) 

Enhanced Thermal 

Cycling survival 
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4. Spectral Management: Upconversion and Down-Shifting 

A fundamental limitation of standard solar cells is their inability to utilize the full solar spectrum. High-

energy UV photons often generate heat rather than current (thermalization), while low-energy infrared 

(IR) photons pass through unabsorbed (transmission loss). Nanomaterials offer a route to capture these 

"lost" photons through spectral conversion. 

4.1 Down-Shifting: Mitigating UV Losses 

Down-shifting involves the absorption of a high-energy UV photon and the re-emission of one or more 

lower-energy photons (typically in the visible range) that are efficiently absorbed by the solar cell. 

● Lanthanide-Doped Nanoparticles: Lanthanide ions, such as Europium (Eu^{3+}), are excellent 

candidates for this process. Recent studies have incorporated 

NaGdF_4:Yb^{3+},Er^{3+}@NaGdF_4:Eu^{3+} (core-shell nanoparticles) into PSCs. The 

Eu^{3+} ions effectively absorb UV radiation (which is harmful to the perovskite material) and re-

emit it as visible light. 

● Impact: This spectral reshaping led to a 22.19% relative increase in power conversion efficiency. 

Beyond efficiency, the down-shifting layer acts as a UV filter, significantly prolonging the lifetime 

of the perovskite absorber by preventing UV-induced degradation of the organic cations. 

4.2 Up-Conversion: Harvesting the Infrared 

Up-conversion is the process of combining two or more low-energy photons to create a single high-energy 

photon. While inherently less efficient than down-shifting, it addresses the transmission loss of sub-

bandgap photons. 

● Multilayer Nanoparticles: In late 2024, an international research group developed a multilayer 

nanoparticle system capable of absorbing near-infrared light and up-converting it for crystalline 

silicon solar cells. This system demonstrated an efficiency improvement of 0.87%. While this 

percentage appears small, in the context of mature silicon technology where gains are measured in 

fractions of a percent, it represents a significant advancement. 

4.3 Quantum Dot Solar Cells (QDSCs) 

Quantum Dots (QDs) offer the ultimate spectral flexibility. By simply changing the size of the QD during 

synthesis, its bandgap can be tuned to absorb specific wavelengths. 

● Perovskite QDs: Surface chemistry is the key to high-performance QDs. An alkaline treatment 

developed in 2025 to modulate the surface of perovskite QDs reduced defect states, leading to a 

record efficiency of 18.3% for QD-based solar cells. 

● Hybrid Systems: QDs are also being used to boost the performance of other technologies. For 

instance, UbiQD has partnered with First Solar to integrate quantum dots into Cadmium Telluride 

(CdTe) thin-film panels. The QDs harvest diffuse and UV light, potentially increasing the bifacial 

energy yield of these commercial modules. 
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5. Organic Photovoltaics (OPV): Stability via Supramolecular Engineering 

Organic Photovoltaics (OPV) offer the promise of lightweight, flexible, and semi-transparent energy 

generation. However, they have historically struggled with lower efficiencies and morphological 

instability compared to inorganic counterparts. Nanotechnology is currently driving a renaissance in this 

field. 

5.1 Non-Fullerene Acceptors (NFAs) 

The transition from fullerene acceptors (like PCBM) to Non-Fullerene Acceptors (NFAs) has been the 

most critical shift in OPV. NFAs are small molecules that can be chemically tailored to have broad 

absorption spectra (extending into the NIR) and tunable energy levels. 

● Efficiency Gains: Recent work in 2025 utilized the organic blend D18:L8-BO combined with 

nanostructured SnO2 transport layers. By fine-tuning the thickness of the bulk heterojunction at the 

nanoscale, researchers were able to minimize optical losses and maximize charge extraction, 

pushing efficiencies beyond 19%. 

5.2 Stabilizing the Bulk Heterojunction 

The active layer of an OPV is a blend of donor and acceptor materials. Over time, these materials tend to 

phase-separate, destroying the nanomorphology required for charge separation. 

● Supramolecular Stabilizers: To combat this, "dimeric giant acceptors" have been developed. 

These large molecules act as supramolecular stabilizers, locking the morphology in place via steric 

hindrance and strong intermolecular interactions. 

● Polymer Zwitterions: Another 2025 breakthrough involves the use of electroactive polymer 

zwitterions to modify the Zinc Oxide (ZnO) interlayer. These zwitterions passivate surface defects 

on the ZnO and improve the contact with the organic active layer, suppressing voltage loss and 

significantly enhancing both device performance and stability under outdoor conditions. 

 

6. Silicon Photovoltaics: Enhancing the Market Leader 

While emerging technologies garner attention, crystalline silicon (c-Si) remains the industry workhorse. 

Nanotechnology is being applied to c-Si to squeeze out the final margins of efficiency and improve thermal 

operating conditions. 

6.1 Nanotexturing and Light Trapping 

Standard silicon cells reflect a significant portion of incoming light. Nanotexturing the surface can reduce 

reflection far below what is possible with micro-texturing. 

● Aluminum Nanoparticles: A 2024 study analyzed the effect of Al nanoparticles on c-Si light 

transmission. It was found that particles with diameters between 80–140 nm provided the optimal 

balance of scattering. This range maximizes the forward scattering of photons into the silicon wafer, 

enhancing absorption. 

● Conductive Polymer Coatings: Research has also explored coating the rear contact of Si cells with 
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Polythiophene (PT) embedded with Gold (Au) or Palladium (Pd) nanoparticles. The inclusion of 

Au nanoparticles (PT-Au) at a 5% concentration reduced the series resistance of the contact and 

increased the overall cell efficiency by up to 7.25% compared to uncoated cells. 

6.2 Thermal Management with Nanofluids 

Photovoltaic-Thermal (PV/T) systems generate electricity and useful heat simultaneously. The efficiency 

of heat extraction is limited by the thermal conductivity of the cooling fluid (usually water). 

● Carbon-Based Nanofluids: Nanofluids containing graphene, Multi-Walled Carbon Nanotubes 

(MWCNTs), or hybrid mixtures (e.g., Ag-rGO) exhibit vastly superior thermal properties. For 

instance, a hybrid nanofluid of Ag nanoparticles and reduced Graphene Oxide (rGO) showed a 

thermal conductivity enhancement of 1.13 times that of the base fluid. Using turbulent flows of 

these nanofluids can lower the operating temperature of the PV cells by nearly 10°C, significantly 

boosting their electrical efficiency while producing higher-grade thermal energy. 

 

7. Multifunctional Nanocomposite Coatings 

The real-world performance of solar panels is often dictated by extrinsic factors such as dust accumulation 

(soiling) and ambient temperature. Nanotechnology is enabling "smart" coatings that address these 

operational challenges. 

7.1 Self-Cleaning and Anti-Soiling 

Soiling can reduce solar yield by up to 26% in arid regions. Nanocoatings utilize extreme hydrophobicity 

(lotus effect) or hydrophilicity to keep panels clean. 

● Bio-Hybrid Nanocomposites: A novel coating reported in 2024 integrates nanosized ZnO, SiO2, 

and Chlorophyll. This unique combination creates a surface that is not only self-cleaning but also 

thermally emissive. The chlorophyll component aids in specific absorption/emission profiles, while 

the oxide nanoparticles provide the texture for self-cleaning. 

● Results: Performance testing showed that panels with this coating maintained higher cleanliness 

and, crucially, operated at a temperature 9.62% lower than uncoated panels due to enhanced 

radiative cooling. 

● Commercial Viability: Startups like SAMBO are commercializing hydrophilic nanocoatings that 

allow rainwater to undercut dirt and slide it off, reducing maintenance costs for large solar farms. 

7.2 Radiative Cooling: The Atmospheric Window 

Radiative cooling coatings are designed to emit thermal radiation in the 8–13 \mum wavelength range, 

which passes through the atmosphere into deep space. 

● Challenges in Humidity: While TiO2/polydimethylsiloxane (PDMS) coatings are effective in dry 

climates, 2024 studies indicate that their performance drops in tropical, humid environments 

because water vapor blocks the atmospheric transmission window. While they still provide some 

cooling relative to standard backsheets, achieving "sub-ambient" cooling in high humidity remains 

an unsolved challenge for nanophotonics. 
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7.3 UV-Blocking Encapsulation 

To protect UV-sensitive components (like perovskites or EVA encapsulants) from yellowing and 

degradation, UV-blocking nanoparticles are dispersed into the encapsulation polymer. 

● Materials: Zinc Oxide (ZnO) and Cerium Oxide nanoparticles are highly effective UV absorbers 

that remain transparent to visible light. Incorporating these into Polyvinyl Butyral (PVB) layers 

significantly reduces the UV index reaching the active cell, extending the module's operational 

lifespan. 

 

8. Economic and Environmental Implications 

The transition to nanophotovoltaics involves complex trade-offs between performance, cost, and 

environmental impact. 

8.1 Cost Reduction vs. Complexity 

While nanomaterials add a processing step, they often reduce overall material costs. 

● Material Savings: Plasmonic enhancement allows for thinner absorber layers (saving expensive 

indium or tellurium). Carbon nanotubes and graphene can replace gold and silver electrodes, with 

reports suggesting an 80% reduction in production costs for perovskite modules when using 

graphene-based contacts. 

● Scalability: A major hurdle is adapting lab-scale synthesis (spin coating) to industrial roll-to-roll 

processes. However, the development of stable graphene/Nafion inks and slot-die compatible 

MXene solutions is bridging this gap. 

8.2 Toxicity and Sustainability 

A significant concern in nanophotovoltaics is the toxicity of materials like Lead (in perovskites/QDs) and 

Cadmium. 

● Mitigation: Nanotechnology offers solutions here as well. Encapsulation with impermeable 2D 

materials (graphene, MXenes) prevents the leaching of toxic metals into the environment. 

Furthermore, research is actively pursuing lead-free perovskite alternatives (e.g., Bismuth or Tin-

based) stabilized by nanomaterials. 

 

9. Conclusion 

The integration of nanomaterials into photovoltaic systems represents a paradigm shift from bulk material 

engineering to precision interface and quantum state management. The evidence from the 2024 and 2025 

literature is conclusive: nanomaterials are no longer just experimental curiosities but are essential enablers 

of high-efficiency, stable, and cost-effective solar energy. 

The key takeaways from this comprehensive review are: 

1. Efficiency Ceilings are Breaking: Through mechanisms like LSPR (Ag/Au NPs), spectral down-

shifting (Lanthanides), and MXene-mediated interface passivation, efficiencies are breaching 26% 
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for perovskites and pushing the limits of silicon and organic cells. 

2. Stability is Engineered: The inherent instability of emerging PV materials is being effectively 

countered using hydrophobic carbon nanostructures (CNTs, Graphene) and robust inorganic 

transport layers (SnO2, NiOx), which act as shields against moisture and ion migration. 

3. Holistic Performance: Nanotechnology extends beyond the active cell to the module surface, with 

multifunctional coatings providing self-cleaning and passive cooling capabilities that recover 

energy lost to real-world environmental factors. 

As synthesis methods for materials like MXenes and Quantum Dots become more scalable and cost-

effective, the "Third Generation" of photovoltaics will likely transition from academic laboratories to 

global energy grids, powered fundamentally by the unique properties of the nanoscale. 

Table 2: Comparative Analysis of Nanomaterial Classes in Photovoltaics 

Nanomaterial 

Class 

Primary Function Key Mechanism Target PV 

Technology 

Recent 

Benchmark 

(2024/25) 

0D (Ag, Au NPs) Light Trapping / 

Cooling 

LSPR Scattering & 

Radiative Cooling 

Thin Film, PSC, 

OPV 

1.2°C temp 

reduction; 0.48% 

efficiency gain 

0D (Lanthanides) Spectral 

Conversion 

Down-shifting / 

Up-conversion 

PSC, Silicon 22.19% relative 

efficiency increase 

1D (CNTs, F-

CNTs) 

Charge Transport / 

Electrode 

High Mobility & 

Flexibility 

Flexible PSC, OPV 26.91% PCE 

(Simulated) 

2D (MXenes) Interface 

Passivation 

Work Function 

Tuning & Defect 

Healing 

PSC 25.75% PCE; 

95.5% stability 

2D (Graphene) Transparent 

Electrode 

High Conductivity 

& Barrier 

Silicon, PSC Cost reduction by 

80% 

Metal Oxides 

(SnO2) 

Electron Transport High Mobility & 

UV Stability 

PSC, OPV Key to >25% 

efficient PSCs 

Nanofluids (C-

based) 

Thermal 

Management 

Enhanced Thermal 

Conductivity 

PV/T Systems 10°C temp 

reduction via 

turbulent flow 
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