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Abstract
Silicon, as the most abundant element in the earth's crust and the most common material used in electronic and optical equipment, has attracted the attention of many researchers to change the properties of this material to improve its electronic and optical properties. One of these efforts is to try to reduce the surface reflection of this material by using different methods. However, among these different methods, the use of lasers in creating surface microstructures has been of special importance and attention because in this method there is no need for masks and other additional materials. In this work, using theoretical methods that analyze these structures with the theorem of diffraction grating on a micrometer scale, the surface reflection of the microstructure created by excimer laser radiation on a silicon surface is simulated. Theoretical C method (also known as coordinate transformation method) has produced very acceptable results in comparison with experimental results by approximating these microstructures to triangular and trapezoidal structures. With the help of these results, we were able to predict the reflective response of the microstructural surface with changes in its surface morphology.
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چكيده
سیلیکون به عنوان فراوان ترین عنصر در پوسته زمین و متداول ترین ماده مورد استفاده در تجهیزات الکترونیکی و نوری، توجه بسیاری از محققین را برای تغییر خواص این ماده برای بهبود خواص الکترونیکی و نوری آن به خود جلب کرده است. یکی از این کوشش ها، تلاش برای کاهش بازتاب سطحی این ماده با استفاده از روش های مختلف است. اما در بین این روش های مختلف، استفاده از لیزر در ایجاد ریزساختارهای سطحی از اهمیت و توجه ویژه ای برخوردار بوده است زیرا در این روش نیازی به ماسک و مواد اضافی دیگر نیست. در این کار با استفاده از روش‌های نظری که این سازه‌ها را با قضیه توری پراش در مقیاس میکرومتری تحلیل می‌کنند، بازتاب سطحی ریزساختار ایجاد شده توسط تابش لیزر اگزایمر بر روی سطح سیلیکونی شبیه‌سازی می‌شود. روش C نظری (که به روش تبدیل مختصات نیز معروف است) با تقریب این ریزساختارها به سازه های مثلثی و ذوزنقه ای، نتایج بسیار قابل قبولی را در مقایسه با نتایج تجربی ایجاد کرده است. با کمک این نتایج، ما توانستیم پاسخ بازتابی سطح ریزساختاری را با تغییرات در مورفولوژی سطح آن پیش بینی کنیم.
کليدواژهها: ریزساختار سطح، سیلیکون، لیزر اگزایمر، توری، روش C
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Introduction
With the growing human population and their need for energy, and the limitation of non-renewable energy sources such as fossil fuels, the use of renewable and accessible energy sources is of great importance. Solar energy is one of the renewable, available and free renewable energies that is available throughout the planet and its surroundings (here we mean the space around the Earth and outside its atmosphere) and It can be used to meet the need. Due to the novelty of the field of solar equipment, modernity does not mean the number of years of presence of this equipment in human life and industry, but rather the efficiency of equipment that the values obtained for their efficiency are still far from the desired values. Especially solar cells, the need to increase the efficiency of this optical equipment is strongly felt. So that a 0.1% increase in the efficiency of a particular type of solar cell is very significant and commendable. Among solar cells, silicon cells are of great importance in order to increase their efficiency due to their age, reasonable price and low efficiency. Among the light losses for a flat silicon cell is the reflection of 30% of the incoming light, which results in a loss of a fraction of the convertible power to the useful power. However, unlike some losses for a solar cell that are unavoidable and irreparable, there are ways to reduce the surface reflection and this reflection can be reduced. One of the various methods used to reduce the reflection of silicon cell surface is the use of anti-reflective coatings. However, most of these methods are effective for certain wavelength ranges and do not cover the entire wavelength range in which the solar cells operate. Another method that reduces reflection over a wide range of wavelengths is to porosize and create regular, alternating structures on the surface of silicon or any other material. This increases the number of collisions of incident light to the surface and in each collision a fraction of the incident light is reflected. In terms of comparison with a flat surface, consider that 30% of the reflected light hits the surface again. This absorbs another 21% of this 30% and only the remaining 9% is reflected, which means reducing the surface reflection from 30. % To 9%. There are many methods for creating alternating structures on the surface, among which the method of creating microstructures using laser radiation is more important and features than other methods because it does not require additional materials and processes. Nano, pico and femto second laser irradiation creates regular self-organizing microstructures on the surface that have significant optical and electrical properties. One of the useful optical properties of these structures is the reduction of the surface reflection to values much less than 30% for large ranges of wavelengths.
Observations of laser light with different wavelengths to the surface of materials in different gaseous environments have been reported repeatedly in previous works, including the references [1, 10]. Reference [1] refers to microstructures that are created by excimer laser light with a wavelength of nanoseconds with dimensions of several tens of micrometers and reduce the surface reflection to less than 10% for wavelengths of 200 to 3000 nm. Reference [10] investigates the structures formed on the silicon surface due to femtosecond laser irradiation and the properties of these structures. It is worth noting that silicon whose surface is modified using these methods is known as black silicon because of its absorption over a wide range of wavelengths and reflections of less than 10%.
In most of the previous works, the reflection rate of these microstructures has been measured experimentally and the numerical methods used to measure the reflection rate of periodic structures using the grating theory have not been used. In the reference [11] using the approximation of surface microstructures to 2D alternating triangular structures, the reflection of these structures is measured using method C (coordinate system transfer method). Due to the similarity of these structures to laser-induced microstructures, it led us to study, simulate, and in some cases predict the optical behavior of lasers-generated microstructures. 
In general, modeling the structures obtained from laser radiation using trapezoidal, triangular and alternating structures of them and analyzing them with numerical methods is new and has not been reported before. In this work, the presence of ripples on the surface of conical structures caused by laser radiation has been investigated for the first time and its results have been reported. Needle structures whose dimensions of the periodicity are in the range of several tens of nanometers and their height is about 30 times their periodicity have also been studied and their results have been presented.

Theory
In order to study microstructures approximately equal to the wavelength of the incident light, it is necessary to use the methods used in the study of diffraction gratings. Diffraction grating is an arrangement of optical elements that, when placed next to each other, act to diffract the descending electromagnetic waves [12]. The grating elements diffract light of a specific wavelength into discrete order, each of which corresponds to a different direction that travels outside the grating. Our goal is examining a diffraction grating in which light transmits in addition to its reflection.
Transmission gratings are a type of the grating that has a periodic structure in two non-aligned directions [13]. Since 1970, transmission diffraction grating have found many applications, such as solar absorbers, beam splitters, non-reflective surfaces, and optical filters. Many precise numerical methods for implementing the transmission grating response, including differential method [14, 15, 16], integral method [17], iterative method [18, 19], C method [9, 20, 21], Fourier modal method (FMM) [22, 23, 24], Fourier-Ryleigh method [25, 26] and border changing method [27, 28] and other similar methods have been developed. All the mentioned methods for implementing software are time consuming and require a lot of memory to run. In precision theories, the cost of calculations is proportional to the third power of the number of unknowns.  The method used to study the microstructures obtained from the experimental results [1,2] is C method. Which is described in detail in the continuation of this work.

Method C (coordinate transformation method)

Coordinate transformation method (C-Method for short) was born in the 1980s due to the need to accurately solve diffraction problems on surfaces with periodic pores [29, 30, 31]. The main difficulty of such issues was the adaptation of border conditions. It is clear that any method for solving Maxwell equations is the most efficient that can fit the geometry of the problem [32].




In this work, we used two papers [11, 29] that analyzed microstructured surfaces using the C method. To express this method, we consider a periodic porous surface, without change in the z direction, which separates two homogeneous environments with similar properties and is shown in Figure 1 (a) [29]. The periodicity and depth of the grating are represented by d and h. The grating surface function a (x) is a general function as long as it is continuous and single value. The incident angle θ and the incident wave vector are assumed in the oxy plane. For simplicity, only the TM polarization mode is considered, and in order to determine the results for TE polarization, it is sufficient to make  E↔H,        ↔,↔, changes. In this method, only one coordinate system, i.e. the Cartesian coordinate system, is used and the time dependence is adopted as exp(-iωt). 
[image: 2]
Figure1: A demonstration of the geometry of the problem expressed to describe C method [29].

To express the grating problem mathematically, a little preparation is needed. Figure 1 (b) shows two dashed lines representing the maximum and minimum values of the function a (x). These lines divide the space into 3 parts: D1, D0 and D2. In addition, these areas are marked using the two halves of the upper and lower spaces y = a (x). Starting from Maxwell equations, we can easily conclude the following wave equation [29]:
	(1)




The field can be expressed in terms of Ryleigh expansion [33], which is the sum of flat waves with different directions created by the periodicity of the grating in regions D1 and D2. These flat waves are named diffraction orders [11]:
, in D1                 
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When F is an electric or magnetic field and the subtitles 1 and 2 correspond to the regions in which this answer is valid. The first part in the expansion is related to the incident wave, whose amplitude is assumed to be one. The flat waves within the Sigma sign propagate around the surface of the diffraction grating. The amount of propagation constants is also calculated from the following equations [11]:

	(4)
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Only a small number of propagation constants  related to the reflected waves are real numbers, and the flat waves corresponding to these constants propagate without attenuation, in which case the propagation angle  is determined from the following relation [11]:

	(6)






The other residual  constants are complex, and the waves corresponding to these constants are attenuated in the positive direction of the y-axis. These waves are unstable and are not found in the field away from the grating and do not participate in the reflected power. If n2 to be complex, all the flat waves propagating into the insulation (transmitted orders) will be unstable. Otherwise, a limited number of orders will participate in the transmitted long distance field as the reflected long distance field [87]. The zero-order part (m = 0) is propagated in both media based on what the laws of reflection and Snell refraction for smooth surfaces specify. The conditions in which the reflection orders in the far field due to the reflection for the zero angle of incidence (θ = 0) participate are as follows [11]:

	(7)



      
Therefore, the larger the grating period, the greater the number of reflection orders. For wavelengths larger than the grating period, there is only zero-order, and it propagates in a direction commensurate with the smooth surface.

In order to determine the diffraction amplitudes, the continuity of tangential fields along the surface must be considered. Therefore, it is necessary to connect the provided fields in D1 and D2. However, the accuracy of rail expansion (Equations 3.8 and 3.9) is limited to areas where the refractive index is constant [88]. This is the reason for the poor convergence of methods based on the generalization of the equation to Ryleigh expansion in the D0 region. In fact, the convergence of such methods can only be achieved for shallow gratings [29, 33].





Because the scattered field at y = ± ∞ must be finite and going out, is zero for all m and for all m ≠ 0. For simplicity,  (equivalent to assuming one is the amplitude of the incident wave in solving the problem by the Ryleigh method), and  are considered. Now, to determine the value of these unknown coefficients, the regions D1 and D2 must be connected to each other. However, according to previous explanations, Ryleigh expansion in the D0 area is generally invalid. So the grating problem involves solving the Helmholtz equation in D1 and D2 under boundary conditions at infinity and along y = a (x) [29].

Simulation of periodic microstructures

Due to the eigenvalue problem and the use of matrices in C method, MATLAB software, which has a great ability to solve matrix problems, was selected to code this method. The method of operation of the programmed code is that the whole code is executed once for each wavelength and all calculations are performed, then the result is stored in a matrix for each wavelength. After completing the calculations for all selected wavelengths, the result is plotted as a reflection rate (in percent) in terms of wavelength in a graph. The convergence and execution time of this code depends on the type of grating surface function, so that for sinusoidal grating with less time and number of approximations, the final result is reached. However, triangular grating require more approximations and certainly more time. In this method, the greater the number of matrix approximations, the closer the answer is to the actual value, but instead more time is required for the final result. Using Fresnel relations and precise mathematical calculations, ray optics was coded, and the results of this coding have been used in some figures.
After the previous step, when C method was converted to MATLAB programming code, it was necessary to check the validation of the programming code. To do this, numerical examples that were available in the references [11, 29] were used. Below are the results of the articles and the code of this work.

[image: 3]
Figure 2: The image of a triangular grating simulation with several different periodicities of reference [11], it is worth noting that in all these samples only zero of the diffraction orders participated in the measurement of the reflection rate.

[image: 3]

Figure 3: The results of the code for the examples in Figure 2, in these calculations, only the order of zero is considered.

From Figure 3 and Figure 5, the accuracy of the programming code can be fully verified. As can be seen in these figures, it is very desirable to match the simulations performed with the C method programming code of this work and the examples of  [11].

After successfully implementing the C method and also checking the accuracy of this code, an attempt was made to simulate the structures discussed by the references [1,2]. Due to the sensitivity of C method to the depth of the grating and the fact that the structures had a height of about 100 micrometers, it was not possible to directly simulate these structures with C method and structures similar to them but with lower height were used for investigation. In the following discussion, we will fully describe the characteristics of these structures from references [1,2]. For structures formed at a pressure of 500 mbar and a laser dose of 4, the average height of 100 μm and the base (periodicity) of 14 μm can be considered for simulation. 

[image: 3]
Figure 4: Image of a triangular grating simulation with 3 different periodicities of reference [11]. 

[image: 3]

Figure 5: Displays a review of the examples in Figure 4 using programmed code.

Result and discussion

After estimating the size of microstructures using [1,2] and considering the average height of 100 μm and the divergence of C method in the deep gratings. It is forced to simulate the ratio of height to base of these structures. In such a way, we consider the height and base of these structures in the simulation so that their ratio is equal to 100/14 and C method does not diverge to measure the amount of reflection. According to the mentioned explanations, the following results were obtained:
Three of the available average heights with values of 64, 70 and 100 μm with a fixed rule of 14 μm were selected as the sample. For all three samples for simulation, the base of 100 nm and the ratio of height to the rule of 64/14, 70/14 and 100/14 were chosen (Figure 6), which is the result of simulation with MATLAB programming code in Figure ‌‌7 is visible.

[image: 3]

Figure 6: Selective periodic structures with three different height to base ratios for simulation

[image: 3]

Figure7: Surface reflectance for 3 triangular structures with a base of 100 nm and the ratio of height to the rules expressed in the figure, which for the green curve the reflectance is less than 10%

The results shown in Figure 7 were somewhat acceptable, but because the dimensions of the simulated structures were not close to the real structures, the expected results, which were very close to the experimental graphs, were a bit far-fetched. Therefore, efforts were made to simulate structures that are similar in size to real structures in order to obtain better results, some of which are mentioned below.

It is possible that the size distribution of the structures, as well as the variability of the separation distance between them, will cause these structures to be placed next to each other in such a way as to form a structure similar to Figure 8 (a). This prompted us to perform the simulation based on figure 8 (b) in order to get as close as possible to the properties of the real structures, the results of which are show in the figure 9.
It can be seen from figure 9 that structures with a periodicity of 30 μm with a height several times smaller than the experimental structures, almost correspond to the experimental graphs in terms of reflection diagram and provide a completely flat graph for a wide range of wavelengths. For further investigation, assuming that the coefficient of  y1 and y2 equations in figure 8 (b) is 2 (which increases the height of the structures in the case where the period of the structure is constant), we repeated the simulation for the structures in figure 8. The results are shown in Figure 10.
[image: 3]
Figure 8 (a) Demonstrate how microstructures fit into the overall set [1] (b) Demonstrate the structure intended for simulation with programming code

[image: TOT 1]

Figure 9: Simulation result for structures in Figure 8 with periods of 11, 21, 25 and 30 μm. The height of the structures for the sample with a periodicity of 30 micrometers is about 13 micrometers.

[image: TOT 1]
Figure 10:  the result of simulating the structures of figure 8 with different coefficients of y1 and y2 equations and periodicities of 11, 21, 25 and 30 micrometers. The height of the structure for the period of 30 micrometers is equal to 15 micrometers.

As expected in Figure 10, the reflection decreases with increasing height of the structures, and the reflection graph for the 200 to 3000 nm range is below 10%. To better compare the two cases (figures 9 and 10), we have drawn two states of 25 and 30 micrometers of these two structures in a single diagram, which can be seen in figure 11. The structures introduced in Figure 8 have a significant number according to the SEM images of the experimental structure and have a behavior very close to the experimental graphs according to the diagram in figure 11. This structure can play a role in the final surface reflection diagram, which will be from the combination of the structures stated up to here and what follows.
Other structures that can be seen in the SEM images are structures similar to figure 12. In the following, we will examine these structures. As can be seen from figure 13, the reflection diagrams of structures similar to Figure 12 begin to flatten at wavelengths greater than 400 nm. Contrary to the results of the structures in Figure 8, which have lower reflectance for wavelengths less than 500 nm than for larger wavelengths, these structures have higher reflectance for wavelengths less than 500 nm than larger wavelengths. This suggests that if these different structures are put together in a scattered manner, it is likely that the reflection of the final structure is a combination of these structures. This smooths the reflection diagram for a wide range of wavelengths.
The surfaces related to triangular structures are not completely smooth and ripples are observed on their surface, and the effect of these ripples was further investigated by assuming the surface of triangular structures to be uneven.
[image: TOT 2]
Figure 11: Comparison of the diagrams of Figures 9 and 10 for two structures with periods of 25 and 30 μm

[image: 3]
Figure 12: (a) Trapezoid-like structures selected for simulation. (b), (c), (d) and (e) the trapezoidal structures observed in SEM images of microstructures with different pressures [1].
As can be seen from Figure 14, for a sample with 20 ripples of 200 nm, the surface is less reflective than the structure with a smooth surface. However, for a sample with a surface of 7 ripples of 100 nm, the reflection rate is almost equal to that of the original sample. Therefore, the unevenness of the surface of the structures formed by excimer laser radiation affects the amount of reflection, and the larger the ripples, the lower the surface reflection.
[image: TOT 1]
Figure 13: Simulation results of structures of figure 12 with periodicity and height of 8 and 4 μm, respectively
[image: TOT 1]

Figure 14: Results of the study of surface rippling of triangular structures

According to the experimental diagram that shows the height scattering of structures formed on the silicon surface [1], triangular structures with height scattering (figure 15) are also simulated to investigate the effect of this phenomenon, the results of which can be seen in figure 16.
[image: 3]

Figure 15: Structures intended to simulate the height scattering of structures formed by excimer laser radiation

As can be seen from Figure 16, the simulation results of scattering the size and height of conical structures due to excimer laser radiation increased the surface reflection in structures of variable size compared to an integrated structure of the same size. In figure 16, two structures with a base of 2900 nm and heights of 2510 and 7260 nm were selected as integrated structures and two series of 11 triangles together with the conditions showed in the figure to study the effect of height scattering. The general structure of the simulation can be seen in figure 15.

[image: TOT1]
Figure 16: Investigating the variability of the base size and height of triangular structures on reflection. Two groups with different heights and a sequence of 11 triangles were considered for study.

Finally, due to the existence of all the structures described above, in the structures formed by excimer laser radiation, the final reflection diagrams of these structures must be the resultant of all these diagrams drawn above. Due to the effect of some structures at shorter wavelengths and some at longer wavelengths, the final diagram will be smooth for a wide range of wavelengths.
To investigate the effect of increasing the height of structures with a fixed periodicity, several structures with a periodicity of 100 nm and variable heights have been investigated and acceptable results were obtained from these structures. In fact, these structures were isosceles triangles with leg angles ranging from 30 to 87 degrees (figure 17). It is worth noting that the experimental structures obtained from the excimer laser, assuming periodicity 14 μm and 100 μm in height are proportional to isosceles triangles with a leg angle of approximately 86 °. The study of these structures is useful in simulating the behavior of real structures.
As can be seen from figure 18, the surface reflection for a structure with a leg angle of 87 ° and a period of 100 nm is less than 10%. This corresponds to the experimental reflection diagrams [1] and the diagrams are almost smooth for a wide range of wavelengths.
We also examined the reflection of needle structures, structures that have a very small periodicity and a very large height. The results were significant for the wavelength range of 400 to 1100 nm. These structures have a height of about 30 times their periodicity (Figure 19). Samples with a periodicity greater than 40 nm show a reflectance of less than 1%, which can be introduced as structures with zero reflection and will have many potential applications.

[image: 3]

Figure 17: Structures resulting from the change in height of an isosceles triangle with a constant periodicity to investigate the effect of the triangle leg angle on the surface reflection.

[image: Total]
Figure 18: Simulation results for reflection of surfaces with different structures shown in figure 17

The microcones created by excimer laser radiation consist of a scattered combination of trapezoidal and triangular structures with rippled surfaces. At first, we tried to study their behavior at different wavelengths by modeling it with triangular structures, but the results obtained by approximating these structures with triangular structures did not agree with the experimental structure behavior. Upon further examination of the SEM images presented in [1], it was observed that in some cases, the juxtaposition of these microcones causes the formation of other microstructures, which are shown in figures 8 and 12. After studying the behavior of each of these microstructures at different wavelengths, it was observed that each of them in a certain range of wavelengths reduces the surface reflection significantly compared to other wavelength ranges. Finally, the plausible conclusion reached from these studies was that by juxtaposing these two different structures intermittently and sporadically, the result obtained for the whole structure is very close to the experimental results.

Conclusions
Examination of triangular alternating structures (equilateral triangles) with different periodicity showed that the reduction of reflection for these structures in the wavelength range of 400 to 1500 nm is more tangible than other wavelength ranges. These structures significantly reduce the surface reflection for the wavelength range between 200 and 500 nm. Examination of trapezoidal structures with surface ripples showed a reduction and smoothing of the surface reflection diagram for a wavelength range greater than 500 nm. Investigation of rippling the surface of microstructures resulted in reduced reflection compared to the non-rippling state of microstructures. However, if the size of the surface ripples began to decrease, the diagram would converge to a no-ripple state. The variable height of the triangular structures increased the reflection compared to the case where the structures were considered to be of the same height. The result of surface reflection diagrams of simulated microstructures with both triangular and trapezoidal structures will eventually lead to a flat graph for a wide range of wavelengths. Examination of microstructures with different heights and fixed periodicity showed that increasing the height of microstructures has a direct effect on reducing the reflection graph. Because we concluded from ray optics that increasing the height, increases the number of collisions of incident light with the lateral surfaces of microstructures. Increasing the periodicity of microstructures increases the wavelength range in which the reflection graph is smooth. In other words, if the periodicity is small, the reflection decreases for small wavelengths but starts to increase for larger wavelengths due to the comparable wavelength and microstructure dimensions.
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