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Abstract. Nowadays, conducting targeted scientific research aimed at designing cost-effective and high-efficiency silicon-based solar cells is among the most important objectives in photovoltaic technology. Such studies primarily focus on identifying loss mechanisms in silicon solar cells, reducing their production cost, and enhancing efficiency through the optimization of surface texturing. Furthermore, the use of numerical modeling methods allows for improved research quality while reducing both experimental expenses and time consumption. In this study, the Finite-Difference Time-Domain (FDTD) method was employed to analyze the optical performance of textured silicon (Si)-based solar cells. The main goal was to determine how the geometric parameters of the surface texture—including pyramid shape, angle, height, and periodicity—affect the light absorption capability of the solar cell. Through simulation, the absorption spectra and reflectance were investigated for various texture configurations. The results demonstrate that a textured surface significantly enhances internal light reflection, thereby increasing the average photon path length within the silicon layer. Consequently, the light absorption improved by 15–25% compared to a flat surface structure. The highest optical efficiency was achieved for a pyramidal texture with a 60° angle. These findings provide a valuable theoretical foundation for the optical design optimization of silicon-based photovoltaic devices, particularly for the development of low-cost and high-efficiency solar cells.
INTRODUCTION
Against the backdrop of rising energy demand and escalating environmental problems, interest in renewable energy sources is growing rapidly. In particular, solar energy has gained special attention as an alternative due to its safety, cleanliness, and practical effectiveness. Photovoltaic cells are devices that directly convert this energy into electricity, and improving their efficiency while reducing manufacturing costs has become a primary focus of scientific research. 
Textured surfaces extend the optical path within the photoactive layer through multiple reflections and scattering of light; this enhances photon absorption and thereby improves the overall efficiency of photovoltaic devices. Various texture geometries—pyramidal, conical, sinusoidal, and inverted-pyramidal structures—have been shown to significantly increase the efficiency of silicon-based cells. However, the dimensions, angles, and periodicity of these structures affect optical performance in different ways. Consequently, analytical or empirical approaches alone do not provide sufficient accuracy for determining optimal parameters [1]. 
For an in-depth analysis of such complex optical processes, the Finite-Difference Time-Domain (FDTD) method is one of the most effective numerical modeling techniques. This method computes the time evolution of electromagnetic waves by solving Maxwell’s equations using finite-difference approximations, enabling precise simulation of light–matter interactions. Using the FDTD method, the effects of various texture shapes on the absorption spectrum, reflectance, and electrical performance are analyzed in detail. 
Thus, the primary objective of this study is to model the optical properties of textured silicon photovoltaic cells using the FDTD method and to determine their most efficient geometric parameters. The results are intended to provide a theoretical foundation for developing new optical design solutions to enhance the performance of silicon-based solar cells [2]. 
EXPERIMENTAL RESEARCH
The results of this study demonstrated that the optical efficiency of textured silicon-based solar cells strongly depends on the surface geometry. The findings obtained using the FDTD and Ray Tracing methods complemented each other, providing a deeper understanding of the underlying photoelectric processes. 
The Ray Tracing simulations revealed that pyramidal surface textures promote multiple reflections of light, effectively extending the optical path length of photons entering the silicon layer. As a result, the absorption rate increased by 18–22% compared to that of a flat silicon surface. However, since this method does not account for the wave properties of light—such as interference and diffraction—it showed certain limitations at shorter wavelengths (400–600 nm). 
The FDTD method, in contrast, provided a more accurate representation of the absorption spectrum by fully considering the dynamics of electromagnetic waves. A significant enhancement in absorption intensity was observed within the 500–900 nm wavelength range, attributed to photon interference effects. The FDTD results indicated 10–15% higher optical absorption compared to the Ray Tracing outcomes, confirming the importance of incorporating wave-based effects when modeling textured surfaces [3]. 
Analysis of surface geometry showed that a pyramidal texture with a 60° angle and a 1.5 µm periodicity achieved the highest absorption efficiency. In this configuration, the reflectance was reduced to as low as 8%, while the absorption exceeded 90%. These findings are consistent with previously published research, validating the physical accuracy of the proposed model [4]. 
Furthermore, the localized electric field enhancement regions observed in the FDTD simulations increased the probability of photoelectron generation, thereby improving not only the optical absorption but also the overall photovoltaic efficiency of the device. 
The comparison of the two methods revealed the following: 
· Ray Tracing — computationally faster and suitable for analyzing macroscopic geometries; 
· FDTD — computationally more demanding but delivers higher accuracy and fully accounts for wave phenomena. 
Therefore, for the comprehensive modeling of complex photovoltaic devices, a combined approach using both methods is recommended: Ray Tracing can be employed for initial optical design evaluation, while FDTD can be applied for final precision analysis and investigation of localized optical effects [5].
These results establish a theoretical foundation for the development of more efficient textured silicon-based solar cells. Moreover, this modeling approach can be extended to future studies of perovskite–silicon hybrid structures, plasmonic nanoabsorber layers, and nanoantenna arrays, broadening its applicability in advanced photovoltaic research [6].
RESEARCH RESULTS
Figure 1 illustrates the current–voltage (I–V) characteristics of a non-periodically textured solar cell modeled using both the Ray Tracing and FDTD methods. According to the obtained results, the current values calculated using the FDTD method were higher compared to those obtained by Ray Tracing. 
The Ray Tracing method is a high-frequency approximation technique used to model the propagation of light rays within specific spatial regions. In this approach, the influence of individual scattering elements on an object or a group of objects is considered independently. However, when the size of the scattering elements becomes comparable to the wavelength of light, certain approximations and assumptions inherent in the high-frequency model become invalid [7].
Therefore, the results obtained using the Ray Tracing method showed slightly lower accuracy and current values compared to those produced by the FDTD method, which fully accounts for the wave nature of light and its interaction with textured microstructures.
The realism of the obtained modeling results is one of the most important factors in numerical simulation. When analytical methods are used, the accuracy of the model is typically evaluated by comparing the absolute difference between the analytical or empirical function and experimental data. In contrast, for numerical methods, the accuracy is assessed through statistical analysis, where the relative error strongly depends on the number of computational cycles performed. 
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FIGURE 1. Current–voltage (I–V) characteristics of solar cells modeled using the Ray Tracing and FDTD methods

Figure 2 illustrates the dependence of the relative error of the FDTD method on the number of simulation cycles. It was observed that as the number of cycles increases, the relative error decreases exponentially. Therefore, theoretical researchers are always faced with two primary challenges: minimizing error and maximizing computational speed.
The term computational efficiency refers to the product of calculation speed and accuracy. In practical modeling, it is sufficient to achieve a level of accuracy that satisfactorily represents real physical behavior, since reaching the exact real value or reducing the error to zero would require an infinite number of simulation cycles, which is computationally infeasible [8].
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FIGURE 2. Dependence of the relative error of the FDTD method on the number of iterations

Figure 3 shows the distribution of light absorption intensity in a non-periodically textured solar cell. The calculations were carried out using the FDTD method. On the left side of the figure, an aluminum contact with a width of 2 μm is formed. The shape and size of the pyramidal textures vary, allowing the simulation to more closely approximate real conditions. 
According to the obtained results, the main portion of the incident light is absorbed within the textured region, significantly reducing the optical penetration depth. The results also reveal that the texture not only alters the direction of light propagation but also causes absorption to occur at various angles and depths.
It is worth noting that in many simulations, only the solar cell itself is modeled. However, when studying textured surfaces, it is essential to include the surrounding air or vacuum region, since optical boundary conditions are calculated based on the parameters of both interacting media [9].
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FIGURE 3. Distribution of light intensity within the solar cell

Diode VD4 is connected to phase L1, diode VD5 is connected to phase L2, diode VD6 is connected to phase L3, diode VD7 is connected to the positive pole of the three-phase rectifier, open contact of current relay KA1, open contact of current relay KA2, open contact of current relay KA3, open contact intermediate relays KL1 and KL1' are connected in parallel and connected in series to the intermediate relay coil KL1, capacitor C is connected in parallel to the above circuits.
CONCLUSIONS
In this study, the optical properties of textured silicon-based solar cells were modeled using the FDTD (Finite-Difference Time-Domain) and Ray Tracing methods, and their results were comparatively analyzed. The findings demonstrate that surface texturing significantly enhances the multiple reflection of light within the silicon layer, thereby increasing the average photon path length and improving the absorption efficiency. The simulation results obtained using the FDTD method were found to be more accurate than those from the Ray Tracing method, particularly in the wavelength range of 500–900 nm, where the light absorption intensity was notably higher. The most effective performance was observed for a pyramidal texture with a 60° angle and 1.5 µm periodicity, where the reflectance decreased to about 8%, and the total absorption exceeded 90%.
The high precision of the FDTD method lies in its ability to fully account for the time-dependent propagation of electromagnetic waves, enabling detailed analysis of light scattering and interference effects on textured surfaces. Meanwhile, the Ray Tracing method is advantageous for rapid initial design evaluation, especially in simplified geometrical configurations.
The scientific novelty of this research is that it provides a comparative analysis of the optical behavior of textured silicon solar cells using two complementary modeling approaches -geometrical (Ray Tracing) and wave-based (FDTD) methods — and evaluates their accuracy and efficiency against practical results. The obtained outcomes establish a strong theoretical basis for optimizing the optical design of silicon-based solar cells, aiming to maximize light absorption and minimize reflectance [10].
In future research, it is planned to extend the application of the FDTD method to thermoelectric and perovskite–silicon hybrid photoelements, as well as to investigate nano-scale surface textures (such as nanopyramids, nanocones, and sinusoidal structures) to further enhance the performance and efficiency of solar cells.
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