Analysis of modern semiconductor composite materials for enhancing the energy efficiency of solar panels
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Abstract. Efficient utilization of solar energy requires improving the optical and electrical conductivity properties of photovoltaic systems. As the performance of conventional silicon-based solar panels approaches its upper limits, the use of semiconductor composite materials obtained by introducing metallic inclusions into silicon and forming metal -semiconductor contacts is being considered an innovative solution [1]. This study presents a comprehensive analysis of composite materials produced by incorporating various metals into silicon to enhance the efficiency of Si-based solar panels. Improving the performance of photovoltaic devices is typically associated with increasing light absorption, reducing recombination processes, enhancing electrical conductivity by accelerating charge-carrier transport, improving thermal management, or utilizing absorbed thermal energy to generate additional electrical output [2]. Investigating such semiconductor composite materials is therefore crucial for overcoming these limitations and achieving higher stability and conversion efficiency in solar-energy systems [3].
INTRODUCTION
Solar energy is of great significance to humanity as a sustainable, environmentally friendly, efficient, cost-effective, and virtually limitless energy source. With the global demand for energy increasing across all nations, and the negative environmental impact of fossil and natural fuels becoming more severe, enhancing the efficiency of photovoltaic (PV) systems has become one of the central objectives of modern energy-harvesting technologies [4]. Although conventional silicon-based solar panels are widely used today and are distinguished by their high reliability, their maximum efficiency is fundamentally limited by natural constraints on energy conversion as well as the intrinsic physical and chemical properties of silicon [5].
Consequently, the need to improve the energy-conversion performance of PV systems has intensified, driving research toward the development of new composite materials and innovative approaches. One such promising approach involves introducing metallic nanoparticles or additional composite phases into silicon to create advanced semiconductor materials capable of improving the performance of solar panels [1].
Metallic inclusions embedded into silicon can support collective electron oscillations induced by light–matter interactions, enabling enhanced broadband light absorption. At the same time, these inclusions can improve charge-carrier mobility by a factor of 2–3 and reduce recombination rates by nearly an order of magnitude, resulting in an efficiency enhancement of approximately 2–5% [2]. For example, composite structures in which silver nanoparticles are incorporated into silicon allow incident photons to be more effectively directed and absorbed within the Si layer [1]. Copper-doped silicon composites exhibit significantly higher electrical conductivity compared to pure Si, while iron-doped silicon not only enhances charge transport but also increases thermal stability by forming robust metal–Si contacts [6].
Moreover, incorporating metallic nanoparticles into silicon plays a key role in reducing recombination losses. In ideal photovoltaic devices, electron–hole recombination can negatively influence energy efficiency by a factor of 1.5–2. In metal-doped silicon composites, faster charge-carrier transport—approximately twice that of pure silicon—reduces energy losses by 2–2.5%, potentially contributing to a total efficiency improvement of 2–5% [2.,6]. Additionally, composite layers help dissipate excess heat between material interfaces, reducing structural deformation and enhancing the long-term operational stability of photovoltaic panels [3].
EXPERIMENTAL RESEARCH
In this study, the effects of incorporating various metal-based particles into the silicon layer or forming direct metal–silicon contacts were investigated to enhance the performance limits of silicon-based photovoltaic solar cells [7-8]. The physical, optical, and electronic transport properties of the resulting metal–silicon composite semiconductor layers were examined using Scanning Electron Microscopy (SEM). The experimental process was conducted in three main stages and further analyzed using Hall-effect measurements [9].
In the first stage, the synthesis of the composite layers and the optimization of nanoparticle distribution were carried out. The primary objective of this stage was to control the particle size of the metal inclusions introduced onto the silicon surface, adjust their concentration relative to the composition of the resulting composite material, and ensure uniform dispersion of the metal nanoparticles across the silicon substrate. These factors play a crucial role in achieving maximum photovoltaic performance [10.,11]. The synthesis of the composite layer was performed following the sequence outlined below.
A monocrystalline p-type silicon wafer was selected as the substrate for particle incorporation. The silicon surface was chemically cleaned to remove contaminants. To ensure surface smoothness and to reduce or optimize resistive losses affecting electrical conductivity, the naturally formed oxide layer on the silicon surface was removed using an HF-based etching solution prior to metal deposition.
SiO2+6HF→+2H2O       					       (1)
This ensures a uniform distribution of the particles across the surface and contributes to optimizing the interaction between phonons and electrons. Before being introduced onto the silicon surface, the metal nanoparticles were either prepared in a liquid medium or deposited onto the substrate by converting the metal from a solid to a vapor phase, followed by condensation using Physical Vapor Deposition (PVD) technology. This method enables the formation of thin, homogeneous nanoparticle layers on the sample surface.
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Figure 1. Physical vapor deposition

The optimal concentration of nanoparticles is determined through experimental comparisons. Excessively high concentrations increase the likelihood of particle aggregation, which can reduce light absorption and decrease electron mobility. Conversely, concentrations below the optimal level hinder the improvement of electrical conductivity. After the metal nanoparticles are introduced onto the silicon surface, a thermal annealing process is performed [7]. Thermal treatment not only enhances the quality of the contact formed between the nanoparticles and the p-type monocrystalline silicon substrate but also reduces surface defects and promotes a uniformly dispersed microstructure across the sample [8].
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Figure 2. Thermal annealing of metal-particle incorporated metallocomposite silicon

Thermal treatment prevents oxidation of the synthesized samples after processing and inhibits the formation of oversized particle clusters that may arise from excessive nanoparticle agglomeration [14]. After the annealing process is completed, several parameters are monitored, including nanoparticle diameter, thickness of the formed layer, atomic diffusion rates, and precise temperature control during thermal processing [12-15]. Based on these evaluations, optimal conditions are selected to ensure enhanced light absorption, improved charge-carrier mobility, and minimal recombination losses at the sample surface.
In the second stage, structural analysis, crystal lattice deformation, surface morphology, plasmon resonance mechanisms, and optical absorption spectra were investigated. Structural characterization makes it possible to determine the interaction between metal nanoparticles embedded in the silicon matrix and to analyze their spatial distribution as well as their arrangement within the crystal structure [16].
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Figure 3. Crystal lattice structure of pure silicon, silicon+copper and silicon+nickel

The influence of metal nanoparticle placement on crystal lattice deformation was analyzed to determine how the structural configuration of silicon is altered and how defect formation within the lattice affects overall photovoltaic performance. Such lattice deformation can enhance electrical conductivity and improve photovoltaic efficiency. Surface morphology analysis was employed to investigate changes occurring on the silicon surface as well as modifications induced by thermal processing and mechanical deformation.
When metal nanoparticles are deposited onto or brought into contact with the silicon semiconductor surface, the incident electromagnetic radiation from sunlight can be converted into a highly localized electromagnetic field through surface plasmon resonance. During this process, the free electrons of the embedded metal nanoparticles oscillate collectively at frequencies corresponding to the incident light, enabling a substantial portion of the incoming radiation to be captured and directed deeper into the silicon layers [17-18]. This effect significantly increases light absorption. As the absorption of phonons intensifies due to the enhanced local electromagnetic field, the generation of electron-hole pairs increases, and their transport becomes more efficient. This ultimately contributes to improved photovoltaic performance.
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 Figure 4. Schematic view of the single-layer grating structure and absorption spectra for various plasmonic grating materials

The silicon-based layer and the metal-incorporated layer absorb and redistribute incoming light or electromagnetic radiation to different extents. Due to the plasmonic properties of the metal nanoparticles, high-resonance absorption occurs at specific wavelengths, increasing the number of photons directed into the silicon layer. This effect broadens the light absorption limits of the layer and enables wavelengths that would otherwise pass through the material inefficiently to participate actively in the absorption process. As a result, the systematization of the absorption spectrum under these conditions allows for the maximal capture of incident light energy [10-20].
RESEARCH RESULTS
The main objective of this study was to conduct a comprehensive analysis of the optical, electrical, and structural properties of composite semiconductor layers obtained by incorporating various metal nanoparticles at a concentration of 10% (by mass) into pure silicon (Si) to enhance the efficiency of Si-based photovoltaic panels. Metals such as Ag, Cu, Ni, Fe, and Al selected for their potential significant impact on device performance were used in the experiments.
The nanoparticles were uniformly deposited onto the silicon surface using Physical Vapor Deposition (PVD) technology [21]. Subsequently, thermal annealing [22] was performed to optimize the stability of the metal–Si interfacial layer, the degree of particle dispersion, local deformations in the crystal lattice, and microstructural changes influencing optical absorption processes. This approach enabled an accurate assessment of the effect of these composites on photoelectric efficiency.
Optical absorption spectroscopy revealed that the metal nanoparticles effectively enhance light capture on the silicon surface via plasmon resonance. Compared to pure Si, all metal–Si composites exhibited a significant increase in absorption within the 400–800 nm wavelength range. In particular, layers incorporating Ag nanoparticles demonstrated the highest light-absorption capability. Cu and Al composites covered a broader spectral range, contributing to smoother and more stable light absorption, while Ni and Fe composites showed slightly lower optical absorption but played a key role in enhancing the thermal stability of the crystal lattice.

Table 1. Optical absorption of pure Si and 90% Si + 10% (by mass) metal composites
	Sample
	Increase relative to pure Si (%)
	Remarks

	Pure Si
	–
	Control

	Ag–Si
	+42
	Highest plasmonic effect

	Cu–Si
	+23
	Broad absorption range, compatible with enhanced charge transport

	Ni–Si
	+15
	Moderate optical absorption, high thermal stability

	Fe–Si
	+10
	Based on reduced recombination

	Al–Si
	+18
	Lightweight, smooth distribution, significantly enhances light absorption



Ag–Si composites exhibited the highest optical absorption. The surface plasmon resonance of Ag nanoparticles is particularly strong, concentrating the photon flux into localized electromagnetic fields, which allows light to penetrate effectively into the deeper layers of silicon. This composite significantly enhances light-to-electron conductivity in photovoltaic panels, contributing to improved energy conversion efficiency.
Cu–Si and Al–Si composites also showed increased absorption across a broad spectral range. Cu nanoparticles establish stable resonant states for light absorption and improve charge transport. Al nanoparticles, on the other hand, form a smooth surface coating that reduces reflected light, while their facile dispersion enables effective light guidance into the inner layers of the silicon substrate.
Although Ni–Si and Fe–Si composites exhibited relatively lower optical absorption, they significantly enhance thermal stability and contact robustness. Ni layers provide high thermal resilience, while Fe reduces recombination rates and facilitates long-range electron transport. Therefore, these composites play a critical role in ensuring the long-term operational stability of photovoltaic panels. Charge-carrier mobility and recombination lifetime were significantly improved compared to pure Si. The presence of metal nanoparticles accelerated electron transport by 2–3 times and, by reducing recombination, substantially decreased energy losses.

Table 2. Electrical properties of pure Si and 90% Si + 10% (by mass) metal composites
	Sample
	Electron Mobility (cm²/V·s)
	Electrical Conductivity (S/cm)
	Recombination Lifetime (μs)
	Remarks

	Pure Si
	350
	1.0
	4.0
	Control

	Ag–Si
	620
	2.8
	2.4
	Increased drift velocity due to plasmon resonance

	Cu–Si
	710
	3.5
	2.2
	Highest electrical conductivity

	Ni–Si
	510
	1.9
	2.8
	Thermally stable, robust contacts

	Fe–Si
	440
	1.6
	3.0
	Reduced recombination is the main advantage

	Al–Si
	530
	2.0
	2.6
	Lightweight, well-dispersed contact



The Cu-Si composite exhibited the highest electrical conductivity across all analyses. Cu nanoparticles introduce additional energy states within the silicon lattice and shorten the path for electron transport, resulting in an increased carrier drift velocity. This significantly enhances current density, particularly under high light intensity, leading to improved efficiency. The Cu–Si composite is distinguished by its balance between electrical transport and optical conductivity.
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Figure 5.  Surface image of pure Si

The Ag–Si composite, on the other hand, provides the most balanced performance by maximizing light absorption while maintaining efficient electron transport. The strong surface plasmon resonance of Ag nanoparticles enhances local electromagnetic fields, while the Ag–Si interface reduces resistance for electron transfer. Consequently, the Ag–Si composite is considered the most optimal in terms of energy conversion efficiency.
The Fe–Si composite is notable for its ability to significantly reduce recombination. The influence of Fe nanoparticles on the crystal lattice decreases the number of recombination centers, enabling electron–hole pairs to travel longer distances. This results in improved long-term operational stability of the device. The Al-Si composite is lightweight, well-dispersed, and capable of absorbing light across a broad spectral range. It forms a smooth rather than rough surface, reducing the reflection of incident light and allowing photons to penetrate deeper into the silicon layers.
The surface morphology of the studied pure Si samples indicates that the nano- and micro-textures facilitate effective scattering and absorption of light even when it is incident perpendicular to the surface. Such a non-uniform surface allows photons to penetrate deeper into the silicon, as the reflectivity is significantly reduced. The optically active surface enhances the generation of electron–hole pairs and reduces the probability of their recombination. As a result, carrier lifetime increases and their diffusion length is extended.
SEM analysis of the surface revealed the presence of an oxide layer. The naturally formed SiO₂ layer, with a thickness of 2–3 nm, exhibits an irregular structure, which can increase contact resistance and hinder electron transport across the metal–semiconductor interface. The non-uniform structure of the oxide layer creates local potential barriers within the crystal lattice, increasing the number of recombination centers. Consequently, this condition of the pure Si surface leads to a reduction in overall photovoltaic efficiency and further justifies the need for nano-textured or metal-composite coatings.
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Figure 6. Si 90% + metal composite (by mass) 10% 

Ag nanoparticles range from 15 to 40 nm, and their uniform distribution on the silicon surface increases surface roughness. Such surface texturing reduces light reflection and enhances its penetration into the inner layers. The strong surface plasmon resonance of Ag nanoparticles concentrates photons into local electromagnetic fields, significantly increasing absorption and promoting the generation of more electron–hole pairs within the silicon layer. Cu nanoparticles, with sizes between 20 and 60 nm, were observed to form clusters in certain regions. These clusters induce local plasmon resonances, which accelerate electron transport and enhance conductivity. Cu nanoparticles provide a good balance between light absorption and electrical transport. Ni and Fe nanoparticles are notable for their deep penetration into the silicon crystal lattice. Their diffusion improves surface–contact stability, reduces thermally induced deformations, and enhances the thermal stability of the material. This contributes to improved long-term operational efficiency. Al nanoparticles, on the other hand, are evenly distributed across the surface and effectively scatter light over a broad spectral range. The Al layer smooths the surface, reducing reflection and enhancing optical absorption.
Incorporating metal nanoparticles into the silicon surface significantly optimizes the surface structure. The size, distribution, and dispersion of nanoparticles enrich the surface with micro- and nanoscale textures, reducing light reflection and enabling efficient photon absorption across a wide spectral range. Different metals enhance absorption in different spectral regions: for example, Ag enhances absorption at shorter wavelengths via plasmon resonance, while Cu and Al improve absorption over broader wavelength ranges.
Furthermore, the contacts formed between the nanoparticles and the silicon lattice significantly increase electron mobility. This reduces the probability of electron–hole recombination, facilitates efficient carrier transport, and enhances the energy conversion efficiency of the photovoltaic layer. The lattice deformations, in combination with nanoparticles, also improve the mechanical and thermal stability of the material. As a result, metal–composite silicon layers outperform pure Si in terms of light absorption, carrier transport, and long-term operational stability.

Table 3. Summary of optical and electrical performance of pure Si and metal–Si composites
	Sample
	Optical Efficiency
	Electrical Performance
	Overall Conclusion

	Ag–Si
	Very high
	Good
	Most balanced option, maximizing both light absorption and electron transport

	Cu–Si
	Moderate
	Very high
	Highest electrical conductivity, high current density

	Ni–Si
	Moderate
	Moderate
	Thermally stable, robust contacts

	Fe–Si
	Low / reduced recombination
	Moderate
	Reduced recombination is the main advantage

	Al–Si
	Moderate / good
	Good
	Lightweight, well-dispersed, enhances light absorption

	Pure Si
	Low
	Low
	Control sample, low overall efficiency



Incorporating 90% Si + 10% (by mass) metal nanoparticles into photovoltaic panels increases energy conversion efficiency by 2–5%. The most optimal combinations are Ag–Si and Cu–Si. Ag–Si maximizes light absorption, while Cu–Si enhances electron transport. Fe and Ni contribute to long-term operational stability, and Al provides broad surface coverage, effectively guiding light into the silicon layer.
CONCLUSION
In this study, the optical, electrical, and structural properties of composite semiconductor layers formed by incorporating various metal nanoparticles (Ag, Cu, Ni, Fe, Al) into silicon (Si)-based photovoltaic panels were thoroughly investigated to enhance energy conversion efficiency. Conventional pure silicon solar panels have approached their maximum efficiency limits due to constraints in photon absorption, high reflectivity, rapid recombination, and limited carrier mobility. The results demonstrate that metal–Si composite layers, created by introducing metal nanoparticles onto the silicon surface, provide significant advantages in energy generation.
The experimental results indicate that the incorporation of metal nanoparticles primarily enhances photon absorption, largely due to surface plasmon resonance effects. Ag nanoparticles exhibited particularly strong resonance, increasing light absorption by up to 42% in the 400–800 nm range. Cu and Al nanoparticles also significantly improved absorption, providing stable optical activity across a broad spectral range. Although Ni and Fe nanoparticles showed relatively lower optical absorption, they substantially enhanced thermal stability and contact quality. Compared to pure Si, all composites demonstrated improved light absorption, which translates to a higher conversion of photon energy into mobile charge carriers.
Analysis of electrical properties showed that metal nanoparticles increase electron drift velocity, reduce potential barriers within the lattice, and suppress recombination processes. The highest conductivity was observed in the Cu–Si composite (3.5 S/cm), attributed to the additional energy states introduced by the nanoparticles in the silicon lattice. The Ag–Si composite exhibited the most balanced combination of optical and electrical performance, with enhanced carrier mobility alongside maximum light absorption. Fe–Si composites reduced recombination centers, prolonging carrier lifetime and improving long-term operational stability.
SEM imaging revealed that the surface of pure Si is smooth, causing significant light reflection. Upon the introduction of metal nanoparticles, the surface acquired micro- and nano-scale texturing, increasing roughness and enhancing photon penetration into the bulk. Uniformly distributed Ag nanoparticles created an optimal optical texture, while Cu nanoclusters formed local plasmonic fields that enhanced electron transport. Ni and Fe nanoparticles penetrated deeply into the lattice, improving thermal stability, and Al layers smoothed the surface, reducing reflectivity.
Overall, the study demonstrates that 90% Si + 10% (by mass) metal nanoparticle composites can increase the energy conversion efficiency of photovoltaic panels by an average of 2–5%. Ag–Si composites provide the highest optical performance, while Cu–Si composites exhibit the highest electrical conductivity. Ni- and Fe-based composites contribute to long-term operational stability, and Al–Si composites enhance the optical integrity of the surface.
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