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Abstract: Black silicon has attracted significant interest for various engineering applications, including
solar cells, due to its ability to create highly absorbent surfaces or interfaces for light. It enhances light
absorption in crystalline solar cells, improving the efficiency of converting incident light into electricity
for photovoltaic applications. This research focused on fabricating nanostructures that played a
critical role in enhancing light absorption in the upper layers of solar cells. These nanostructures were
created using the black silicon method, forming a layer known as “black silicon”. The coating not only
improved the efficiency of crystalline solar cells but also enhanced their stability. The antireflection
coating, composed of nanostructures with various shapes, including conical, pillar-like, and spike-like
forms, achieved a reflectivity as low as 10% in the spectral range of 400–700 nm. This corresponded
to a sample with α = 0.85 and a chuck bias of 4 W. An Inductively Coupled Plasma Reactive Ion
Etching (ICP RIE) machine was employed to develop and control the specific shape, size, and density
of the fabricated black silicon, which was then subjected to testing. The efficiency of the black silicon
photovoltaic cell was 23.3%.

Keywords: black silicon; antireflection coating; solar cells; inductively coupled plasma reactive ion
etching

1. Introduction

The use of renewable energy sources such as wind, solar, etc., has been growing rapidly
worldwide to reduce greenhouse gas emissions and mitigate climate change [1–4]. High de-
mand for renewable energy, particularly solar energy, has driven significant advancements
in silicon solar cell technologies for efficient energy harvesting. Today, silicon-based solar
cells dominate the commercial market, accounting for approximately 80% of production.
This prevalence is attributed to silicon’s abundance, cost-effectiveness, and well-established
fabrication methods [5–7]. As the second most abundant element on Earth, silicon plays
a crucial role in semiconductor technology, microelectronics, and nanotechnology. Its
widespread availability, coupled with mature manufacturing processes, makes it indis-
pensable for applications requiring high efficiency, flexibility, and cost-effectiveness, such
as optoelectronics, photonics, biosensors, and semiconductor devices [7–13]. Further-
more, silicon-based composite materials have been employed as self-cleaning surfaces,
reducing efficiency losses in solar cells, lowering cleaning costs, and maintaining surface
stability [14–18]. Recently, alongside the development of deterministic fabrication tech-
niques, a wide range of self-organized methods for creating silicon nanostructures have
emerged [19–24]. Additionally, one of the primaries focuses in photovoltaic technology has
been the use of black silicon (b-Si) in solar cells [25].
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Research on the properties of b-Si is still relatively new and widening. However, its
potential for solar cells is rapidly being exploited [26]. Black Si solar cells achieved a high
conversion efficiency as well as lower costs compared to conventional crystalline Si solar
cells [27,28]. In comparison to other silicon solar cells, such as those with dielectric coatings
like SiNx, b-Si offers broader spectral effectiveness in reducing reflection across a wide
range of wavelengths. This is particularly evident in the UV, visible, and near-infrared
spectra, where SiNx can only be optimized for specific wavelengths, particularly in the
visible range [29]. Furthermore, b-Si solar cells can significantly improve light absorption in
the top layer, offering a potential solution to the challenges faced by current designs [29,30].
In our case, we tried to exploit the properties of silicon as an element using special etching
techniques to produce nanostructures used in solar cells and increase efficiency [31].

According to the literature, the field of nanotechnology has recently evolved exponen-
tially to achieve higher resolutions at the nanoscale using different methods and techniques.
Recent developments in nanotechnology, particularly lithography, have enabled the cre-
ation of nanoscale features with unprecedented precision. Lithography methods are being
developed to transfer even smaller features into substrates [4]. Techniques such as Ex-
treme Ultraviolet Lithography (EUV) [31], Electron Beam Lithography (EBL) [31,32], and
Nano Imprint Lithography (NIL) [33], combined with precise thin-film deposition meth-
ods, facilitate the fabrication of microelectronic devices at the nanometer scale. Many of
these structures, produced using methods such as vapor–liquid–solid (VLS) growth or
wet-chemical catalytic etching, are commonly referred to as “silicon nanowires”, whereas
structures created through dry etching are typically known as “black silicon” [19,20]. With
advancements in these processes, etching techniques such as Inductively Coupled Plasma
Reactive Ion Etching (ICP RIE) have also evolved, becoming essential for the precise con-
struction and control of multilayer patterns [34]. Additionally, the ICP RIE technique was
employed to fabricate black silicon nanostructures for solar cell applications. Based on dif-
ferent attempts at nanostructure formation, the etching method offers several advantages,
including precise nanostructuring, low reflectivity levels in the 400–700 nm spectral range,
the ability to produce a variety of surface textures, and improved photovoltaic conversion
efficiencies. Additionally, ICP RIE enhances the long-term stability of solar cells and reduces
recombination losses, contributing to improvements in overall performance efficiencies.
Based on these findings, the plasma etching method was chosen for its speed, precision,
and superior controllability compared to conventional grating techniques [35]. Utilizing
reactive species generated in plasma via a radio frequency (RF) electric field, this method
enables the controlled formation of nanostructures with specific shapes and dimensions.

This paper presents the fabrication and characterization of black silicon antireflection
coatings for solar cell applications. The uniqueness of this research lies in the combination
of gas ratio optimization, advanced geometrical control, and the integration of superhy-
drophobicity, all of which contribute to improved optical properties and enhanced light
trapping. These innovations are positioned as advancements over traditional black silicon
fabrication methods [25–35]. The coatings consisted of nanostructures in various shapes,
including conical, pillar-like, and spike formations, which were fabricated using Induc-
tively Coupled Plasma Reactive Ion Etching (ICP-RIE) technology. The shapes, sizes, and
densities of the black silicon nanostructures were characterized using Scanning Electron
Microscopy (SEM). Reflectivity tests, the Bosch process, and water contact angle (WCA)
measurements were conducted to evaluate the performance of the fabricated structures.
The efficiency of a b-Si photovoltaic cell was determined by calculating the fill factor and
total efficiency.

2. Experimental Setup and Measurements

Integrating black silicon into the photovoltaic cell fabrication process requires a se-
quence of steps designed to maximize light absorption and minimize recombination losses.
Therefore, an effective passivation layer is essential to reduce recombination losses. This
process begins with surface texturing, where techniques like reactive ion etching (RIE) are
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used to create a highly textured, black surface. Plasma etching systems have been designed
to prioritize either reactive chemical components or ionic components for better results (see
Figure 1).
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Figure 1. Inductively Coupled Plasma Reactive Ion Etching (ICP RIE) machine (NanoSYD) [36].

This method uses SF6 and O2 gases to generate fluorine (F*) and oxygen (O*) radicals.
O* is responsible for forming a passivation layer of SiOxFy, while F’ etches silicon, pro-
ducing volatile products like SiFx. The passivation layer, assisted by oxygen, is partially
removed through ion bombardment. The remaining uncovered silicon is then etched
by F*. The etching reaction is exothermic, reducing the likelihood of forming a new
passivation layer, as SiOxFy primarily results from desorption during heating. At this
point, it is worth mentioning that the reaction occurs in the plasma system according to
Equations (1)–(3) [37]:

Si + 4F = SiF4 (1)

Si + 2O = SiO2 (2)

SiO2 + 4F = SiF4 + O2 (3)

This reaction governs the competition between the etching and passivation processes,
leading to the formation of random silicon microstructures. To control the morphology
of black silicon (b-Si), various reactive ion etching (RIE) parameters have been optimized.
These include the gas composition, flow rate, system temperature, substrate bias, and RF
power, among others, each contributing to different morphological changes. Increasing the
O2 flow rate enhances the deposition of the passivation layer, while an increase in SF6 flow
promotes a more volatile reaction with silicon. By adjusting these parameters, the coverage,
the passivation layer, and the density of the nanostructures can be controlled, with substrate
bias playing a key role in influencing these characteristics during the RIE process.

In the fabrication process of b-SI, a range of devices were employed for sample han-
dling, inspection, and data acquisition. Key tools included an SEM and an ICP RIE system.
Additionally, WCA measurements were conducted to evaluate the hydrophobicity of the
black silicon surface, including samples processed using the Bosch technique [36–40]. All
ICP RIE plasma etching procedures were carried out in a Class 100 cleanroom environ-
ment, utilizing appropriate chemicals and tools to minimize contamination risks [39,41].
Nanostructural analysis of the fabricated samples was subsequently performed using SEM.
Afterward, spectrometric analysis was conducted outside the cleanroom environment to
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measure reflectivity and absorption. Figure 2 provides an overview of the experimental
setup stages used in the fabrication of black silicon.
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Figure 2. Experimental setup stages of the fabrication of black silicon.

In the initial stage of this research work, black silicon was fabricated on a clean
silicon wafer using a plasma machine. The objective was to examine differences at the
microstructural level and evaluate the behavior of black silicon on the surface of a raw
silicon wafer. The first samples were created by varying the gas ratio of SF6 and O2 in the
ICP RIE machine, guided by reference values from previous studies on black silicon [34].
Subsequent samples were fabricated using gas ratios similar to the initial ones, with
feedback from the results informing adjustments to the next recipe, as can be seen in
Figure 3.
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In the early stages of black silicon characterization, sample selection was initially
based on the quality of the SEM images, followed by reflectivity measurements. The criteria
for SEM analysis focused on the regularity of the microstructures, as well as the size and
density of the holes, which are key factors influencing light scattering. As the process
progressed, reflectivity measurements were added as additional criteria to aid in sample
selection, streamlining the process.

It is important to note that during fabrication, some samples had to be reprocessed
due to contamination or issues with thermal conductivity in the ICP RIE machine. To
mitigate these issues, cleaned samples were prepared from raw silicon wafer cuts. After
the cuts were made, the samples were placed in three separate beakers containing acetone,
isopropanol, and distilled water. Each solution was applied for three minutes, and the
samples were then dried by blowing air onto their surfaces. These samples were then
subjected to further analysis in the ICP RIE machine.

The results and challenges encountered at each stage of the process are discussed
in the following sections. The analysis begins with the test samples used to understand
the properties of black silicon and measure feature sizes, which are compared with other
samples. For each stage, the final sample results were stored and incorporated into later
stages to refine the process and produce high-quality samples based on the original recipe.
The accompanying images help illustrate the “surface nature” of each sample, reflecting the
specific gas and power combinations used, which were the main variables in this process.

2.1. First Stage

In the first stage, a structural analysis of the black silicon was conducted, and SEM
images were acquired to characterize the samples. The process was carefully documented
with a focus on the geometric shapes and sizes of the microstructures formed on the silicon
surfaces. This step aimed to understand how the gas ratio of SF6 and O2 influenced the
geometry of the microstructures after the etching process.

The process began in the plasma machine, where only one variable was initially
adjusted: the ratio of sulfur hexafluoride (SF6) to oxygen (O2). This ratio was set according
to a recipe derived from previous research on black silicon [38,39]. Once the samples were
prepared in the plasma machine, visual inspection via SEM was carried out. The images
acquired during this inspection are shown in Figure 4. Only the recipe shown in Figure 4b,
with a gas ratio of SF6/O2 = 100/90, resulted in successful black silicon formation. The
other recipes, which used twice as much SF6 or O2, produced poor results, as seen in
Figure 4c, which closely resembled the untreated samples shown in Figure 4a.
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2.2. Second Stage

In the second stage, five samples were prepared and analyzed, following the steps
outlined in the working schedule. One of these five samples was saved to serve as the basis
for the next recipe in the following stage. The remaining samples underwent reflectivity
testing, and ultimately, only the best-performing sample was selected for comparison in
the later stages. The rationale for preparing five samples and selecting the best one was to
identify the trends in the structures as the gas ratio changed according to an exponential
function. This process began with the previous optimal recipe (α = 0.9), and the gas ratio
was adjusted by either increasing or decreasing the amounts of the gases in a manner
that approximated an exponential law, aiming to optimize the recipe more efficiently. The
results were based on SEM images of all samples treated with the gas ratios outlined in
Table 1.

Table 1. The gas ratios derived from the recipe with a gas ratio of α = 0.9 in the second stage.

Alpha SF6/O2 SF6 O2 O2 Trend SF6 Trend

1.1 100 90 (reference) (reference)
1.38 110 80 −10 +10
0.90 90 100 +20 −20
0.36 50 140 +40 −40
3.22 145 45 −95 +95

The SEM images from this stage are shown in Figure 5, where top and side views of
five samples, along with reflectivity data, are shown.

Based on the top-view SEM images, the best samples, with a gas ratio of α = 0.9,
exhibited more regular structures, and the hole shapes were more circular. After analyzing
the top-view images based on the criteria of regularity, size, and shape, a similar assessment
was conducted on the side-view images, which were obtained after cutting the samples
with a diamond tip. The sample with α = 0.9 proved to be the best in terms of structural
regularity. For further details, the side-view images of all five samples are shown in
Figure 6.
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The side-view SEM images of the black silicon samples revealed that the sample with
α = 0.9 exhibited the best nanostructures. This sample was identified as the most consistent.
To further investigate the shapes and sizes of the pillars and the relationship between the
pillars and light absorption rates, the images were used to measure the dimensions of the
pillars. The results are presented in Figure 7.
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Figure 7. Geometrical size of the best sample (α = 0.9).

Following the SEM analysis, reflectivity measurements were conducted to quantita-
tively assess strategies for improving light absorption. Figures 8 and 9 illustrate the reflectiv-
ity measurement setup and the corresponding results for the optimal sample, respectively.
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Figure 9. The reflectivity results for the best sample.

2.3. Third Stage

In the third stage, four new samples were derived from the best one (α = 0.9) during
the first selection. Then, from this recipe, the two best samples were extracted, and SEM
and reflectivity tests were performed. The 0.75 to 0.85 range was derived from a prior recipe
that was shown to produce the best combination of the etching rate, surface structure, and
material properties for photovoltaic cell efficiency. The gas ratios that were derived from
the recipes are shown in Table 2.

The results obtained by SEM inspection of the top and side views after applying the
derived recipes in the ICP RIE machine are shown in Figures 10–13.



Eng 2024, 5 3366

Table 2. The gas ratios for the derived recipes in the third stage.

SF6/O2 Ratio SF6 O2

Derived from recipes
with α values of

1.1–0.9

0.75 81.4 108.6
0.70 78.2 111.8
0.80 84.4 105.6
0.85 87.3 102.7
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From the acquired SEM images, it is evident that in both cases the microstructure that
was created (between the ‘holes’) was spread across the sample with the same density, and
the size was roughly the same in all regions. For the sample with α = 0.75, the structures
were more regular and deeper, whereas in the right image of the sample with α = 0.7 the
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microstructures were poorer and not sharp. To compare these samples with the two other
samples, another set of SEM images was taken, as shown in Figure 10. They were subjected
to a reflectivity test, and combining both SEM and reflectivity data gave a better indication
of which sample was best.

For the side view, the same procedure was carried out by cutting the samples after ob-
taining the top-view SEM images and comparing them based on features like the geometry
of the grating, size, density, etc., for the reflectivity measurements.

Figure 11 shows the SEM images taken from the sides of the samples with lower
ratios of α = 0.75 and α = 0.7. The difference in size between the pillars was very small.
Furthermore, it was quite hard to determine which one had the lowest reflectivity rate.

In Figure 12, pillars ‘coming out’ of the surface can be seen, and the same result is
shown when images from recipes with α = 0.8–0.85 are combined. Since the gas ratio
differences between the recipes were small, it was difficult to determine the best sample
via visual inspection. But based on the reflectivity rate, the light absorption scale in the
samples was more evident.

It is possible to see that the top- and side-view images of these samples are clearer,
and the grating is more uniform across the area of each sample than between them. Based
on the images taken from the side, some differences are evident in terms of the sizes and
distributions of the trenches. Based on the images, it was quite difficult to judge which
sample(s) was the best, so to avoid uncertainty when selecting the best sample, reflectivity
measurements were performed.

Furthermore, the ratios of gases combined during the etching process resulted in
different etching profiles due to the selectivity and dynamics of the process, influenced by
the dominance or absence of one of the gases (either SF6 or O2). Having more O2 in the
system inhibited the etching process, thus increasing the SF6 level to stabilize the process
and make it etch the silicon surface.

In the opposite case, there was a high amount of SF6 gas, which led to a situation
where the passivation layer was not able to provide the micro masks necessary to form
black silicon. For these reasons, the right equilibrium was theoretically easy to calculate,
but in practice it was difficult to control, and it was difficult to understand the real variables
acting during the etching process. At this stage, the reflectivity levels were quite close, as
were the gas ratios (see Figure 14). All these considerations required analysis to choose the
second-stage gas ratios to use for the next samples. 
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2.4. Fourth Stage

This stage of the work was carried out to find the best possible recipe to minimize the
reflectivity level, and this stage introduced another variable to control: the chuck bias. The
chuck bias, together with the gas ratio, contributed an additional change to the variables of
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black silicon fabrication. The gas ratios that were derived from the recipes are shown in
Table 3.

Table 3. Variables that were changed.

SF6/O2 Ratio SF6 (sccm) O2 (sccm) Chuck Bias (W)

Derived from recipes
with α values of

0.75–0.85

0.75
81.4 108.6 2
81.4 108.6 4
81.4 108.6 6

0.85
87.3 102.7 2
87.3 102.7 4
87.3 102.7 6

After all the recipes were executed with the ratios specified, including all the variables,
it was possible to acquire the following images via SEM (Figures 15–18).

 
Figure 15. Top-view SEM images with different chuck bias powers.
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Figure 18. Side-view SEM images.

Figure 15 shows top-view SEM images of three samples with different bias power
levels. Impurities can be observed in the samples, likely caused by ions impacting the
surfaces and irregularities in the silicon crystal structures. Despite these imperfections, the
pillar-like structures appear relatively regular at the 1 µm scale. However, it is difficult to
determine from the top view alone which sample would exhibit the lowest reflectivity or
the best light absorption rate.

Figure 16 presents the top views of samples with a gas ratio of α = 0.85 that were
treated at three different chuck bias power levels (2, 4, and 6 W). The microscale results
for this second recipe set showed similar outcomes. Cracks and incomplete structures
were visible at the corners of the samples, which sometimes complicated the acquisition of
clear side-view images. Despite these issues, the top views still appeared similar across
the samples.

Figures 17 and 18 display side-view images for each gas ratio combination. These
images were taken under suboptimal conditions known as “static charge buildup”, which
caused blurriness due to interference with backscattered electrons. This affected the re-
flected electron energy, leading to image noise. However, despite the challenges, most of
the side-view images still had acceptable quality for SEM analysis. Finally, the reflectivity
data shown in Figures 19 and 20 provide a clearer understanding of the differences in the
reflectivity levels across the samples.
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Figure 19. The reflectivity results across the samples.
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Figure 20. The reflectivity results across the samples.

Through the SEM image analysis, it was challenging to directly observe the variation in
the reflectivity rates between the samples. However, the data obtained from the reflectivity
tests clearly demonstrate a linear relationship for reflectivity across the wavelength range of
400–700 nm for each sample. The sample with α = 0.75 and a chuck bias of 2 W exhibited the
lowest reflectivity. The behavior of all three samples was consistent within the 400–700 nm
wavelength range, and considering that the spectrometer’s range spanned from 165 to
1100 nm, this stability in reflectivity is desirable, especially at lower reflectivity levels.
Achieving such stability supports the goal of improving the reflectivity performance of
black silicon.

Based on the reflectivity data, the best samples with the lowest reflectivity were those
with α = 0.75 and a chuck bias of 2 W, showing a reflection value of about 19% in the
400–500 nm range. The second best sample, as shown in Figure 19, was the one with
α = 0.85 and a chuck bias of 4 W, which achieved a reflectivity value around 10% in the
400–600 nm range, making it the selected sample. This sample demonstrated significantly
lower reflectivity compared to the sample from the first set. Notably, both graphs show an
improvement in light absorption after activating the chuck bias power.
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The improvement in the reflectivity level can be attributed to the chuck bias power.
When applied at lower power levels, it helps remove part of the passivation layer, enabling
ions to etch deeper into the substrate. However, this also results in some loss of directional-
ity in the etching process, leading to the formation of deeper and more irregular structures,
as observed in the SEM images. Despite these irregularities, the pillars created by this
etching process effectively trap incident light within the substrate, contributing to lower
reflectivity levels.

2.5. Fifth Stage

After changing the chuck bias, the three best samples were selected based on the
previous stages. In the last stage, an additional process, which was the Bosch process, took
place. The plan was to treat the three best samples (two from the last recipe and one from
the first) and observe any changes regarding the parameters of interest. The final recipe
using the Bosch process was carried out with the sample ratios shown in Table 4.

Table 4. Gas ratio values.

SF6/O2 Ratio SF6 (sccm) O2 (sccm) Chuck Power (W)

0.75 81.4 108.6 2
0.85 87.3 102.7 4
0.9 100 90 6

After applying these recipes in the ICP RIE machine, the new samples were sent
directly into the Bosch process to see its effect at the microstructural level, according to the
parameters shown in Table 4.

2.5.1. Bosch Process

In this step, after SEM and reflectivity testing, the three best samples out of nine
were chosen. The top three samples were chosen after a selection process using Scanning
Electron Microscopy images of the top and side views. Figure 21 provides a schematic view
of the Bosch process.

Eng 2024, 5, FOR PEER REVIEW 16 
 

 

Table 4. Gas ratio values. 

SF6/O2 Ratio SF6 (sccm) O2 (sccm) Chuck Power (W) 
0.75 81.4 108.6 2 
0.85 87.3 102.7 4 
0.9 100 90 6 

After applying these recipes in the ICP RIE machine, the new samples were sent di-
rectly into the Bosch process to see its effect at the microstructural level, according to the 
parameters shown in Table 4. 

2.5.1. Bosch Process 
In this step, after SEM and reflectivity testing, the three best samples out of nine were 

chosen. The top three samples were chosen after a selection process using Scanning Elec-
tron Microscopy images of the top and side views. Figure 21 provides a schematic view 
of the Bosch process. 

 
Figure 21. The Bosch process applied to the selected samples. 

The Bosch process was applied after the best samples were chosen from the recipes 
with α = 0.75; 0.85; and 0.9. Then, the next steps were to test the results from the etching 
process in the ICP RIE machine with SEM and a reflectivity test. Another testing step, 
water contact angle (WCA) testing, was introduced to measure the hydrophobicity of the 
surfaces. 

First, images were acquired via SEM for the top and side views. This time, they sur-
prisingly showed evident differences. In the top view, all samples had size increases re-
garding the texture geometry, and from the side the pillars looked �threaded’ on the edges. 
To provide a better understanding, an overview of the SEM images taken from the top 
and side is shown on the next page in Figures 22 and 23. 

Figure 21. The Bosch process applied to the selected samples.

The Bosch process was applied after the best samples were chosen from the recipes
with α = 0.75; 0.85; and 0.9. Then, the next steps were to test the results from the etching
process in the ICP RIE machine with SEM and a reflectivity test. Another testing step,
water contact angle (WCA) testing, was introduced to measure the hydrophobicity of
the surfaces.

First, images were acquired via SEM for the top and side views. This time, they
surprisingly showed evident differences. In the top view, all samples had size increases
regarding the texture geometry, and from the side the pillars looked ‘threaded’ on the edges.
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To provide a better understanding, an overview of the SEM images taken from the top and
side is shown on the next page in Figures 22 and 23.
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Figure 23. Side-view SEM images of samples treated with Bosch process.

In the side view, it was evident that the shape of the pillars had been improved,
with a more uniform height distribution, which was ideal for achieving a higher level of
hydrophobicity, as will be discussed later. Notably, the Bosch process had a significant
impact on the structures: although the top-view images initially appeared irregular, the
side-view SEM images revealed that the nanostructures (pillars) were, in fact, regular and
uniformly distributed across the sample.

The top-view images demonstrate the effect of the etching process, which interacted
strongly with the substrate, even within a short period of time. It is important to mention
that the first test applying the Bosch process to black silicon lasted 30 s. After this test, the
sample was essentially “wiped clean”, with the nanostructures removed and the surface
returned to its original smooth state. Following this, we reduced the duration of the Bosch
process to 10 or 5 s. The etching results were more effective, and the nanostructures were
preserved to a greater extent.

Figure 24 illustrates how the reflectivity levels changed dramatically when applying
the Bosch process. In contrast to the previous samples, which exhibited reflectivity rates
ranging from 10 to 20%, the absorption rate of these samples decreased significantly by
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two to three times compared to the previous recipe. As a result, the reflectivity rate for
the Bosch-treated samples was higher than expected, prompting us to perform the water
contact angle (WCA) test as the next step.
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Figure 24. Reflectivity levels of best samples after Bosch process.

2.5.2. Water Contact Angle

To test the effect of applying the Bosch process, we used a water contact angle (WCA)
test to measure the hydrophobic properties of the treated samples. Surprisingly, the
setup revealed a significantly high contact angle for the Bosch-treated samples, while the
samples with only black silicon showed almost no measurable contact angle. Initially, it
was expected that the WCA test would also demonstrate hydrophobic properties in the
untreated black silicon; however, the results indicated that the untreated black silicon did
not exhibit hydrophobicity, whereas the Bosch-treated samples did. This difference may
be attributed to the irregularity in the shape of the pillars in the untreated black silicon
samples, likely caused by the large distances between the pillars in those samples.

Figure 25 shows the best black silicon sample treated at α = 0.85 and 4 W. In this test,
it was difficult to discern any distinct angle between the sample and the water surface,
suggesting that this sample was hydrophilic. In contrast, Figure 26 illustrates a treated
black silicon sample that exhibited a high level of hydrophobicity.
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Figure 14. SEM reflectivity for α = 0.7, 0.75, 0.8, and 0.85. 
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3. Photovoltaic Cell Efficiency

In the previous sections, it was demonstrated that a higher density of microstructures,
particularly those with conical and pillar-like shapes, leads to an improved refractive index.
Additionally, to measure the electrical performance of b-Si-based photovoltaic cells, a few
parameters are usually monitored and calculated. The fill factor (FF) is one of the important
parameters used to determine the efficiency of a solar system [14]. The fill factor was
calculated using Equation (4):

FF =
VMP·IMP

VOC·ISC
(4)

where VOC is the open-circuit voltage, ISC is the short-circuit current, VMP is the voltage
value at the maximum power point, and IMP is the current at the maximum power point.

The total efficiency (η) of the photovoltaic cell was calculated using Equation (5).

η =
Pout

Pin
(5)

where Pout is the maximum electrical power output of the photovoltaic cell and Pin is the
total incident optical power point. The maximum electric power output was calculated
using Equation (6).

Pout =
ISC·VOC·FF

A
(6)

where A is the area of the photovoltaic cell.
Table 5 depicts the calculated results for the fill factor and efficiency of the photovoltaic

cell using the ICP RIE method.

Table 5. Efficiency results of photovoltaic cell.

Sample Fab.
Method Vm (V) Im (A) Voc Isc FF A (m2) Pout (W/m2) Pin (W/m2) η (%)

b-Si 0.585 0.318 0.622 0.364 0.822 0.0008 232.54 1000 23.25

Additionally, Table 6 presents performance data comparisons for different photovoltaic
cell samples using different fabrication methodologies.
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Table 6. Performance data comparisons for different photovoltaic cells.

Sample/Fabr. Method Voc Isc FF (%) H (%)

b-Si (ICP RIE) 0.622 0.364 82.2 23.3
b-Si (DRIE) [42] 0.665 0.422 78.7 22.1
b-Si (RIE) [43] 0.620 0.350 80.0 17.4
b-Si (PIII) [44] 0.621 0.320 78.3 15.7

b-Si (MACE) [45] 0.628 0.373 76.7 17.9
SiO2/WO3/ZnO (80/20) [14] 0.437 0.207 48.5 5.48

In the table above, it can be seen that in our case the fill factor was higher (82.2%) com-
pared to other fabrication methodologies for photovoltaic cells. Furthermore, black silicon
(b-Si) photovoltaic cells achieved an efficiency of 23.3% with optimized nanostructures and
effective passivation.

4. Results and Discussion

The results obtained from our experiments demonstrate important correlations be-
tween nanostructure geometry, hydrophobicity, and reflectivity that can improve the
performance of b-Si photovoltaic cells. The fabrication procedures of black silicon were
analyzed, and the factors influencing its reflectivity rate were evaluated. Various variables,
including the gas ratio, the chuck bias power, and the application of the Bosch process,
were carefully controlled. The goals were to achieve a low reflectivity level and to make the
fabrication method more accessible and cost-effective for solar cell manufacturers. One of
the key advantages of black silicon, in comparison to traditional grating techniques used in
commercial solar cells, is its potential for lower-cost production.

The process began with the best-performing sample from the first stage (α = 0.9) and
progressed through a series of iterations with similar recipes: α = 0.75 with a chuck bias of
2 W and α = 0.85 with a chuck bias of 4 W. The 0.75 to 0.85 range was derived from a prior
recipe that was shown to produce the best combination of the etching rate, surface structure,
and material properties for photovoltaic cell efficiency. After conducting reflectivity tests, it
was determined that the sample with α = 0.85 exhibited the lowest reflectivity of 10% and
90% light absorption. The reflectivity measurements showed a marked decrease in surface
reflectance, particularly in the UV and visible spectra, due to the nanostructured surface.
Additional tests were performed, including hydrophobicity measurements to assess the
water resistance properties of the b-Si layer.

Throughout the process, some challenges were encountered, particularly with reflec-
tivity drops when creating a hydrophobic surface. Notably, the hydrophobic effect was
more prominent in samples with short, thick, pillar-like structures, similar to the surface
patterns found on lotus leaves. It was observed that the samples treated with the Bosch
process exhibited structures resembling those produced by Bosch etching. For instance, the
sample shown in Figure 26 demonstrated a contact angle of approximately 155◦, which
classified it as superhydrophobic. Furthermore, Figure 27 shows an image captured while
testing the hydrophobic properties of black silicon.

The measurements derived from spectral reflectivity and the comparison of electri-
cal performance indicate that the light absorption showed promising power output and
efficiency. The results presented in Table 5 show a power output of 232.54 W/m2 and an
efficiency of approximately 23.3%, outperforming the other samples [14,42–45].

The results from the black silicon production and application study were generally
close to the desired outcomes, as seen in the SEM images, reflectivity tests, and hydrophobic-
ity measurements. While the reflectivity tests indicated some deterioration after applying
the Bosch process, the best result in terms of low reflectivity was achieved with the sample
with α = 0.85 and a chuck bias of 4 W, as shown in Figure 28.
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Figure 27. An image showing the hydrophobic properties of the treated black silicon.
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Figure 28. The lowest reflectivity rate achieved, about 10%, for the best sample with α = 0.85 and a
chuck bias of 4 W.

5. Summary and Conclusions

In this research, we investigated the fabrication of an antireflection layer using the
black silicon method. This was conducted in a cleanroom environment with an ICP RIE
plasma etching system. This technique enabled the formation of nanostructures crucial
for the antireflective layer applied to solar cells. The primary foci were to identify the
most efficient fabrication process for these nanostructures and to explore the relationships
between their size, geometry, and density and light absorption performance. The goal was
to determine the optimal nanostructured shapes capable of more effectively harvesting
photonic energy, thus enhancing charge generation (electron–hole pairs) and improving
the electrical potential of solar cells when integrated into an array.

Fabrication of black silicon nanostructures was achieved through plasma etching,
where ions generated in the plasma region bombarded a silicon surface. Two critical
variables, the gas ratio (SF6/O2) and chuck bias power (W), were controlled to influence
the bombardment rate, which directly impacted the size and shape of the nanostructures.
By optimizing these parameters, nanostructures with high light absorption efficiency were
successfully produced.

In the final stage, after refining the plasma etching parameters, samples with a re-
flectivity of 10% were obtained, corresponding to approximately 90% light absorption.
However, several challenges arose during the process, including gas and power combi-
nations that led to poor-quality black silicon or microstructures that did not significantly
reduce reflectivity. Despite these setbacks, key parameters influencing the size, density,
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and geometry of nanostructures critical for creating a high-quality black silicon layer were
successfully identified. Additionally, the efficiency of the black silicon photovoltaic cell
was 23.3%.

Several limitations were encountered, including constraints on the gas volume, power,
etching time, and bombardment rate. The tests were conducted by varying one vari-
able at a time while holding the others constant, a time-intensive approach essential for
understanding the critical factors necessary for achieving low reflectivity. To optimize
future results, computational models simulating light–matter interactions, coupled with
control algorithms for process variables, could streamline the fabrication of high-quality
antireflective layers.

The findings of this study offer promising insights into the key factors required to
produce an effective antireflective layer for solar cells. The novelty of this method lies
in its ability to improve the etching process by reducing costs, increasing scalability, and
providing better control over surface morphology. Moreover, the results demonstrate
that a clear understanding of the geometrical characteristics of nanostructures and their
interactions with light can significantly enhance light absorption. This advancement opens
the door for further optimization of the black silicon method, with the potential to develop
more efficient, cost-effective solar cells that could become commercially viable for a broader
range of consumers.
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