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W N e

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 individuals to change
the properties of this material, improving its electronic and optical properties. One of these efforts
relies on the reduction of surface reflection by making use of different methods. However, among
them, the use of lasers in creating surface microstructures has been of special importance because
there is no need for masks and other additional materials. In this work, a theoretical method is
utilized to analyze these textures with the theorem of diffraction grating on a micrometer scale. The
surface reflection of the microstructure created by excimer laser exposure on a silicon surface is
simulated. The theoretical Coordinate transformation method (C method) gives out notable results
against the experimental records by approximating triangular and trapezoidal microstructures. The
model is useful for predicting the reflective response of the modified microstructural morphology.
One of the main applications is the texturing of the solar cell front faces to enhance their efficiency,
mainly due to photon trapping.

Keywords: surface microstructure; silicon; excimer laser; grating; C method

1. Introduction

The exponential growth of the human population elevates the need for energy. The
limitation of non-renewable energy sources, such as fossil fuels, increases the global demand
for the use of renewable and accessible energy sources. Solar energy is one of the freely
renewable sources that is available throughout the planet and its surroundings, i.e., the
space around the earth and outside its atmosphere. 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 is still far from the desired values. The need to increase the efficiency of
these solar panels is obviously seen, and 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 optical
power to the useful electrical energy. However, unlike some losses for a solar cell that
are unavoidable and irreparable, there are ways to reduce surface reflection. One of the
methods relies on the reduction of spectral reflection of the Si cell surface by making use of
anti-reflective coatings or inducing microstructuring on the Si surface. However, most of
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these methods are effective for a certain spectral range and do not cover the entire optical
spectrum. Another method that reduces reflection over a wide range of wavelengths is to
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, as 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%, leading to a final reflection of 9%. There are many methods for creating alternating
structures on the surface, among which the method of creating microstructures using laser
shots owns its own advantages against the other methods because it does not require
additional materials and complicated processes. Recently, surface texturing using laser
radiation has become a common and well-known method [1-3]. The laser irradiation
creates some regular self-organizing microstructures on the surface, indicating significant
optical/electrical properties. One of the useful optical properties of the microstructures is
the reduction of the surface reflection for a large spectral range [4-8].

Observations of laser light with different wavelengths on the surface of materials in
different gaseous environments have been reported repeatedly in previous works [9-13].
The microstructures with dimensions of several tens of micrometers are created by excimer
laser light with nanoseconds duration, which reduces the surface reflection to less than
10% over a spectral range of 200-3000 nm. It is worth noting that silicon whose surface
is modified is known as black silicon because of its absorption over a wide range of
wavelengths and the spectral reflections of 10%.

The reflectance of these microstructures has been measured, and the numerical meth-
ods used to predict the spectral reflectance of periodic structures using the grating theory.
The approximation of surface microstructures to 2D alternating triangular structures has
been studied [14]. The reflection of the microstructures is obtained using method C. More-
over, the creation of regular microstructures by the ArF excimer laser on the polymer
surface of the solar cell attests to a decrease in spectral reflection alongside the flattening of
the spectral reflection. This causes to enhance the efficiency of the solar cell by ~1% [15-19].
Moreover, the ZnO nanowires contribute to enhancing solar cell efficiencies due to UV-blue
spectral downshifting [20,21].

To the best of our knowledge, there is no similar report on the modeling of the
microstructures, such as trapezoidal/triangular skin morphology and the alternating
microstructures obtained from laser irradiation, analyzing them with numerical methods.
In this work, the presence of ripples on the surface of conical structures caused by UV laser
exposure has been investigated for the first time. Needle structures whose dimensions of
the periodicity are in the range of several tens of nanometers and whose height is ~30 times
larger than their periodicity have also been reported here.

2. Materials and Methods

In order to study microstructures approximately equal to the wavelength of the
incident light, it is necessary to use the diffraction gratings model. The diffraction grating
is an arrangement of optical elements that, when placed next to each other, act to diffract
the descending electromagnetic waves [22]. 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 to examine a diffraction grating in which light
transmits in addition to its reflection.

Transmission gratings are a type of grating showing periodic texturing in two non-
aligned directions [23]. Since 1970, transmission diffraction grating has found many ap-
plications, such as solar absorbers, beam splitters, non-reflective surfaces, and optical
filters, and it is a vital element in optical spectrometers. Many precise numerical methods
are available for implementing the transmission grating response, including the differen-
tial method [24-26], integral method [27], iterative method [28,29], C method [12,30,31],
Fourier modal method (FMM) [32-34], Fourier-Ryleigh method [35,36] and border chang-
ing method [37,38] and other similar methods have been developed so far. All the methods
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above are time-consuming that 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. Full details
of the experimental work leading to the creation of the regular microstructure simulated in
this work are provided in Ref. [9], and the theoretical analysis is given in Ref. [10]. We have
specifically simulated one of the regular microstructures created on the silicon surface by
excimer laser irradiation. In the experimental part, according to Ref. [9], we used a Lambda
Physik LPX200 ArF excimer laser at 193 nm to create the skin microstructures on silicon
(single crystal n-type <111> wafers, resistivity of 0.01 Qcm, Virginia Semiconductor Inc.
Frederickburg, VA, USA) and a Phillips SEM model XL30 to study the surface morphology.
The method used to study the microstructures obtained from the experimental results [9,10]
is the C method which is described in detail in the continuation of this work.

2.1. Method C

The C method was born in the 1980s due to the need to accurately solve diffraction
problems on surfaces with periodic pores [39-41]. Recently, this method has been used as a
powerful modeling tool for three-dimensional photonic structures [42], complex geometries
of diffraction gratings [43] and error calibration [44]. 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 where it can fit the geometry of the problem [45,46].

In this work, we refer to two articles [19,39] that analyze textured surfaces using the
C method. To explain this method carefully, a periodic porous surface is presumed, without
any change in the z direction, which separates a couple of homogeneous environments
with similar properties and as shown in Figure 1a [39]. 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 a continuous and single value. The incident angle § and the incident wave
vector are assumed in the xoy plane. For simplicity, only the TM polarization mode is
considered. In order to determine the results for TE polarization, it is sufficient to exchange
E«<H, gg<>—pp, <> —p. In this method, only one coordinate system, i.e., the Cartesian
coordinate system, is used, and the time dependence is adopted as exp (—iwt).

a y
b " Ay
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nz \
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Figure 1. (a) Notation and Cartesian coordinate system for a typical grating, triangular morphology
(blue) and trapezoidal scheme (red). (b) Definition of the spatial domains D*, D™, D; and D,.

To express the grating problem mathematically, a little preparation is needed. Figure 1b
depicts 2 dashed lines representing the maximum and minimum values of the function a
(x). These lines divide the space into 3 parts: D;, Dy and D;. In addition, these areas are
marked using the 2 halves of the upper and lower spaces, y = a (x). Starting from Maxwell
equations, we can easily write the following wave equation [35]:

22,
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The field can be expressed in terms of Ryleigh expansion [36], which is the sum of flat
waves with different directions created by the periodicity of the grating in regions D; and
D,. These flat waves are named diffraction orders [18]:

Fi(x,y) =exp [j (vcox + ,Bél)yﬂ + ZA,S}) exp {j (ocmx - /3,31@)},1@1 )
BE(x,y) = ZA,(WZ) exp {] (ocmx + ﬁ,(,f)yﬂ ,inD, (3)

When F is an electric or magnetic field, and the subscripts 1 and 2 correspond to
the regions in which this answer is valid. The first part of the expansion is related to the
incident wave, whose amplitude is assumed to be unified. 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 [18]:

&y = nikgsin@ + m%r 4)
1/2
60 = (25— 3) " in(A) > 0, p=1,5 ®

Only a small number of propagation constants 5$,5’ ) 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 0, is determined from the following
relation [18]:

27

Dnl k() (6)

sinf,, = sinf +m

The other residual ,B,(ﬁ ) 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 ny is complex, all the flat waves propagating into the insulation, transmitted
orders, will be unstable. Otherwise, a limited number of orders will participate in the
long-distance transmitted field as the reflected field [18]. The zero-order part (m = 0) is
propagated in both media based on what the laws of reflection and Snell refraction specify
for smooth surfaces. The conditions in which the reflection orders participate in the far
field due to the reflection for the zero angle of incidence (0 = 0) are given as follows [18]:

27 D
nlk%—zxzm>0 —>m3<n1k0—>m<nlx 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, propagating
in a direction proportional to the smooth surface. In order to determine the diffraction

amplitudes Ag,f ), the continuity of tangential fields along the surface must be considered.

Therefore, it is necessary to connect the provided fields in D; and D,. However, the
accuracy of Ryleigh expansion, Equations (2) and (3), is limited to areas where the refractive
index is constant [36]. That is why the poor convergence of methods takes place based
on the generalization of the equation to Ryleigh expansion in the Dy region. In fact, the

convergence of such methods can be achieved in favor of shallow gratings [36,40]. Because
(2)+

the scattered field at y = & co must be finite and outgoing, then A" = 0 is zero for all
m and Ag,} )= = 0'in favor of m # 0. For simplicity, A(()l)f = 1, equivalent to unity is the

amplitude of the incident wave in solving the problem by the Ryleigh method, where

A,(ﬂ1 )+ Ag,} ) and A,(f - = A,(i ) are considered. Then, in order to determine the value
of these unknown coefficients, the regions D; and D, must be connected to each other.
However, according to previous explanations, Ryleigh expansion in the Dy area is generally
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invalid. Thus, the grating problem involves the solution of the Helmholtz equation in Dq
and D; regions under boundary conditions at infinity and along y = a (x) [39].

The references [18,39] have stated the mathematical basis and modeling for the surface
reflection of the regular structure with general geometries based on the theory of gratings,
while this work benefits the provided tool for the specific morphology of the microstructure
created by laser on the silicon surface. The models of the isosceles triangle, trapezoid and
hybrid schemes are proposed based on the direct investigation of the surface morphology
of textured silicon and are exclusively dedicated to these experimental results. Using the
mathematical model and the results predicted by this model are compared with those
experimental results that lucidly attest to a good agreement as another success.

2.2. MATLAB Programming

Because we have an eigenvalue problem and the use of matrix in the C method,
MATLAB software with a great ability to solve matrix problems is chosen for coding.
During the coding, in order to reduce the calculation time, changes are made in some parts
of the programming code to optimize the calculation time so that, finally, the optimal code
is prepared. The way to run the programmed code is that the whole code is executed once
for each wavelength, and all the calculations are done. Then the result for each wavelength
is stored in a matrix. After completing the calculations for all the selected wavelengths, the
result is drawn as the amount of reflection (in percent) by wavelength in a graph.

The convergence and consumption time of this code depends on the type of grating
surface function. So for sinusoidal grating, the result is reached with less time and fewer
approximations. However, for triangular/trapezoidal grating, more approximations and
more time are needed. In this method, the more the number of matrix approximations, the
closer the solution is to the real value, and more time is required for the result.

The ray optics method is also coded using Fresnel’s relations and other mathematical
relations connected to them. The results of this coding are also used.

2.3. Simulation of Periodic Microstructures

Due to the eigenvalue problem and the use of matrices in the C method, MATLAB
software is selected to code this model, which benefits a great ability to solve matrix
problems. The operation of the programmed code is carried out 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. The convergence and execution time of
this code depends on the type of grating surface function, such that for a sinusoidal grating
with less time and a number of approximations, the result is well obtained. However, the
triangular grating requires more approximations and certainly takes more time. In this
method, the greater the number of matrix approximations, the closer the answer to the
actual value. Using Fresnel relations and precise mathematical calculations, the ray optics
are coded, and the results of this coding have been recorded accordingly. After fulfilling the
previous step, when the C method is converted to MATLAB programming, it is essential
to check the validation of the code. To do this task, some numerical examples that are
available in the references [18,39].

According to Figure 2a—d, the accuracy of the programming code is fully verified.
According to these figures, our code is well in agreement with those of reference [18] by
making use of the C method.

After successfully implementing the C method and also checking the accuracy of this
code, then an attempt was made to simulate the structures discussed by the references [9,10].
In the following discussion, we will fully describe the characteristics of this grating-like
structure from references [9,10]. Microstructures with an average height of 100 um and a
base (periodicity) of 14 um are considered for the simulation.
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Figure 2. Spectral reflectance of a triangular simulation with (a) several different periodicities and
(b) three different periodicities taken from reference [18], (c) and (d) the outputs of our code for the
examples given in (a) and (b), respectively.

3. Results and Discussion
3.1. Triangular Model

After estimating the size of microstructures using [9,10] considering the average
height of 100 um and the divergence of the C method in the deep gratings, it is forced to
simulate the aspect ratio of these textures. In such a way, we set the aspect ratios of these
microstructures in the simulation such that the ratio is equal to 100/14, where the C method
does not diverge, and the amount of reflection is obtained. According to the mentioned
explanations, the following results give out as follows.

Three of the available average heights are selected with values of 64, 70 and 100 pm
with a fixed base of 14 um as an exemplary run. For all three samples for simulation, the
base of 14 nm and the aspect ratios of 64/14, 70/14 and 100/14 are chosen, as shown
in Figure 3a. Figure 3b illustrates the output of the simulation using MATLAB. Despite
the results given in this figure being somewhat acceptable, however, it is not close to real
texturing. The expected results are close to the experimental graphs. Therefore, efforts
were made to simulate surface rippling that is similar in size to the real microstructures in
order to obtain better results, some of which are mentioned below.

The size distribution of the structures, as well as the variability of the separation dis-
tance between them, are taken into account as major parameters to induce these structures
to be placed next to each other in such a way as to form a structure similar to Figure 4a.
This prompted us to perform the simulation based on Figure 4b in order to get as close as
possible to the properties of the real structures. Figure 4c displays the spectral response in
favor of triangular microstructures with a periodicity of 30 um and a height several times
smaller than the experimental structures. This corresponds to the experimental graphs in
terms of the reflection diagram, which provides a completely flat profile for a wide spectral
range. For further investigation, assuming that the coefficient of y; and y, equations, as
shown in Figure 4b, take a value of two, which increases the height of the microstructures
in the case where the period of the structure invariant and the simulation runs for the some
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texturing given in Figure 4c. The results are shown in Figure 5a. The reflectance decreases
in terms of the height of the microstructures, and the spectral reflection is less than 10%,
ranging from wavelengths of 200-3000 nm. To better compare, Figure 5b depicts two states
of 25 and 30 um of these two structures in a single frame. The structures introduced in
Figure 4a,b exhibit a significant number according to the SEM images of the experimental
structure, demonstrating a behavior very close to the experimental findings. This structure
can play a role in the final surface reflection diagram, emphasizing a combination of the

microstructures of interest that gives out an optimal condition.
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Figure 3. (a) Selective periodic texturing with three aspect ratios (64/14, 70/14 and 100/14) for
simulation, (b) surface spectral reflectance for three triangular microstructures of interest with a base
of 14 nm and the aspect ratio of 64/14, 70/14 and 100/14. Note that the green curve addresses a

reflectance of less than 10%.
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ture of interest for simulation with programming code, (c¢) Simulation result for microstructures
with a periodicity of 11, 21, 25 and 30 um. The height of the structures for a typical sample with a

periodicity of 30 pm is set to be ~13 um.
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Figure 5. (a) Spectral reflection using simulation of the texturing with different coefficients of y; and
yo equations and periodicities of 11, 21, 25 having 30 pm. The height of the structure for the period of
30 pum is set to be 15 um, (b) comparison of two microstructures with periods of 25 and 30 pum. Note
that the larger the number of ripples, the lower the skin’s spectral reflectance.

The surfaces related to triangular structures are not smooth, and ripples are observed
on their surface. The effect of these ripples is further investigated by assuming the surface
of triangular structures to be uneven. According to Figure 6, for a sample with 20 ripples
of 200 nm height, the surface is less reflective than the structure with a smooth surface.
However, for a sample with a surface of seven ripples with 100 nm height, then the
reflection rate is almost equal to that of the original sample. Hence, the unevenness of
the morphology formed by excimer laser irradiation affects the spectral reflection and the
larger the number of ripples, the lower the surface spectral reflectance.
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Figure 6. Spectral reflection of triangular surface rippling of triangular microstructures.

According to the experimental diagram that shows the height distribution of texturing
formed on the silicon surface [9], the triangular microstructures with height distribution,
as shown in Figure 7a, are also simulated to investigate the effect of this phenomenon.
Figure 7a plots the general microstructure for the simulation. According to Figure 7b, the
simulation results of the size distribution and height of conical structures due to excimer
laser radiation elevate the microstructure’s surface reflection of variable size compared to
an integrated texturing of the same size. In Figure 7b, two microstructures with a base of
2900 nm and heights of 2510 and 7260 nm are selected as integrated microstructures, and
two series of 11 triangles together are considered to study the effect of height distribution.
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To investigate the effect of the height elevation with a fixed periodicity, several mi-
crostructures with a periodicity of 100 nm and variable heights have been examined, and
acceptable results were obtained. In fact, those are isosceles triangles with leg angles
ranging from 30° to 87°. It is worth noting that the experimental structures obtained
after the excimer laser exposure, assuming periodicity 14 um and 100 um in height, are
proportional to the isosceles triangles with a leg angle of approximately 86°. The study of
these structures is useful in the prediction of the behavior of real microstructures.

According to Figure 8, the spectral reflection for a given microstructure with a leg
angle of 30°-87° and a period of 100 nm does not exceed 10%. This corresponds to the
experimental spectral reflection [9], and the diagrams are almost much smoother for a wide
range of wavelengths.
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Figure 8. Simulation results for spectral reflection of surfaces with different microstructures by
changing the leg angle. D stands for degree.

3.2. Trapezoid Model

Figure 9a depicts the structural trapezoid scheme that appears in the SEM images,
as shown in Figure 9b. In the following, these microstructures are examined. Figure 9¢
plots the spectral reflectance diagrams of the texturing surfaces similar to Figure 9a. The
spectral reflection begins to flatten for wavelengths longer than ~500 nm. Contrary to the
results of the structures in Figure 4, showing lower reflectance for wavelengths shorter
than 500 nm for larger wavelengths. These microstructures benefit from higher reflectance
for wavelengths shorter than 500 nm for larger wavelengths. This suggests these different
structures are combined randomly. The final spectral reflectance would be smoother for a
wide spectral range.
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Figure 9. (a) Trapezoid-like structures selected for simulation. (b) Real trapezoidal structures ob-
served in SEM image of the surface texturing [9], (¢) Simulation results for the microstructures
with periodicity and height of 8 and 4 um, respectively. Note that the trapezoidal scheme under-
goes smaller spectral reflectance for wavelengths longer than ~500 nm with respect to those of the
triangular model.

3.3. Hybrid Model

Finally, due to the existence of all the structures described above, in the structures
formed by excimer laser radiation, the final spectral reflectance in favor of the microstruc-
tures of interest must be the resultant of all the profiles given above. Due to the effect of
some texturing at shorter and longer wavelengths, the final profile will be much smoother
for a wide range of wavelengths.

The spectral reflectance of needle-type microstructures characterizes a very small
periodicity and a very large height. The results were significant for the wavelength range
over 400-1100 nm. These textures exhibit a height ~30 times larger than the periodicity, as
shown in Figure 10. Samples with a periodicity greater than 40 nm show a reflectance of
less than 1%, which can be introduced as structures with very low reflection addressing
many potential applications.

The microcones created by excimer laser radiation consist of a distributed combination
of trapezoidal and triangular structures over rippling morphology. At first, their behavior
at different wavelengths is assessed by modeling with triangular structures. However, the
results obtained approximating these structures with triangular structures do not meet the
experimental structure behavior. Upon further examination of the SEM images presented
in [9], it was observed that in some cases, the juxtaposition of these microcones causes
the formation of other microstructures, as shown in Figures 4 and 9. After studying the
behavior of these textures at different wavelengths, it is observed that each of them reduces
the surface reflection at a certain range of wavelengths. Indeed, the spectral reflectance
is significantly reduced and simultaneously flattened over the visible spectral range [19].
Subsequently, the trapping of light in the small pores notably increases the rate of electron-
hole production so that the efficiency of the solar cell is elevated accordingly. Finally,
the plausible conclusion is reached by juxtaposing these two different microstructures
intermittently and sporadically, and the result obtained for the whole structure is very close
to the experimental results in favor of the hybrid model.
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Figure 10. Spectral reflectance of the needle-like microstructures according to the height and period-
icity mentioned in the legend.

4. Conclusions

This investigation improves our vision regarding the surface texturing of silicon in
solar cell assembly for the purpose of efficiency enhancement. In general, the skin rip-
pling results in the reflectance reduction against the non-rippling textures. The triangular
morphology in the form of the equilateral altering triangles with different periodicities
emphasizes the reduction of the surface reflectance over 400-1500 nm. Particularly, these
structures notably reduce the surface spectral reflection ranging from 200 to 500 nm. Fur-
thermore, the trapezoidal structures are examined with periodic surface ripples that attest
to spectral smoothing alongside the surface reflectance reduction for wavelengths longer
than 500 nm. The profiles of the spectral reflectance for both triangular and trapezoidal
structures with different heights and fixed periodicity indicate that the larger height gives
rise to the further reduction of the spectral reflectance. Note that the trapezoid scheme
undergoes much smaller spectral reflectance longer than ~500 nm against those of the
triangular model. On the other hand, ray optics emphasizes that the number of collisions
of incident light with lateral walls of microstructures notably enhances mainly due to more
efficient photon trapping events. The trapping of light in the small pores notably increases
the rate of electron-hole generation so that the harvesting of solar cells is effectively ele-
vated. Moreover, the enlargement of periodicity broadens the spectral range in which the
reflectance profile becomes smoother. In fact, at shorter periodicity, the reflectance levels
down in favor of shorter wavelengths, and it starts elevating for the longer wavelengths.
This mainly arises from the fact when the wavelength of the incident light becomes closer,
the texturing dimensions and the optimal condition takes place, leading to more efficiency
of the treated solar panels. The hybrid triangular/trapezoidal architecture is shown to
simulate the actual excimer laser-induced texturing on the silicon surface in agreement
with the experimental results regarding spectral reflectance.
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