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Abstract: The photoelectrochemical method using a green laser has been employed in forming 

PSi on n-type Si (100) surfaces. The volume ratio of HF and ethanol was varied at 1:1, 1:3, and 3:1 
to obtain PSi that coincide as an anti-reflective material while current density and etching time 
were maintained constant. Based on the SEM images, ethanol is dominant in controlling the pore 
size and distribution. The quantum confinement effect occurs in PSi so that the optical bandgap 
energy (Eg) of PSi increases with increasing the porosity and decreasing the thickness of PSi. Also, 
the absorbance of PSi is high for large pore sizes. Due to PSi at a ratio of 1:3 having high porosity 
and high absorbance, these samples are better materials as anti-reflection layers in Si solar cells 
application than at ratios of 3:1 and 1:1. In addition, for all ratios, PSi formed a polycrystalline 
where Si and SiO2 structures co-exist.  
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1. Introduction 
Porous silicon (PSi) is a silicon substance that exhibits 

electroluminescence and photoluminescence at room 
temperature in the visible light region. Moreover, PSi 
could be easily integrated with existing silicon 
technology. PSi could be manufactured by using the 
simple and low-cost technique. Several devices have 
applied the PSi, such as fuel cell1), the anode in lithium-
ion batteries2,3), and biosensor4,5). 

There are several etching methods for the fabrication 
of PSi, namely dry etching and wet etching. The dry 
etching such as inductively coupled plasma reactive ion 
etching is commonly used to produce many porous 
structures6,7,8,9,10). Nonetheless, the dry etching technique 
has a disadvantage in that this etching technique can 
damage the surface of the thin film during the etching 
process. Therefore, this will degrade the properties of the 
porous structures and also the device's efficiency or 
performance. On the other hand, the wet etching 
technique is preferable in the fabrication of PSi 
compared to the dry etching techniques because it 
requires simple and inexpensive equipment. The wet 
etching technique that is commonly used to fabricate PSi 
is electrochemical using direct current11,12,13,14). They 
used ethanol to overcome hydrogen bubbles on the 
surface during the etching process in hydrofluoric acid 

(HF) so that uniform pores formation with this technique 
would be attained. 

Lehmann and Gosele15) proposed silicon 
decomposition that starts from hole injection and attacks 
Si-H and Si-Si bonds by fluoride ions to form pores. In 
semiconductor physics, charge carriers play a crucial role 
in determining the electrical behavior of materials. In a 
p-type semiconductor, holes are the majority charge 
carriers, while in an n-type semiconductor, electrons are 
the majority charge carriers. Therefore, light is necessary 
for photoexcitation in n-type silicon, leading to the 
creation of electron-hole pairs, which contribute to the 
semiconductor’s electrical behavior. In this study, we use 
the n-type silicon so that light is needed to form PSi. The 
distribution and shape of pores can be controlled by light 
with different energies16,17).  

The photoelectrochemical (PEC) method uses light 
during the electrochemical process to modify a silicon 
surface that interacts with HF solution, which induces 
corrosion on a partial area until a pattern is formed18). 
The morphology of PSi structures depends on the 
parameters like crystal orientation, doping density, 
concentration density, and light wavelength and 
intensity19). In the previous research, Harb and Mutlak 
performed the effect of gamma irradiation on the 
formation of PSi20) with different intensities. The pore 
size and porosity can be adjusted according to the 
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radiation intensity. Higher intensity caused bigger pores 
size and lower porosity. Hussein et al. used a red laser to 
fabricate PSi from n-type silicon with different etching 
times21). They obtained homogeneous structures and 
increasing pore size with increased etching time. Suryana 
and Aini formed PSi on n-type Si (100) using a laser-
supported electrochemical method22). They used different 
lasers i.e., 405 nm, 532 nm, and 650 nm. By employing 
532 nm, the most uniform and dense PSi was produced. 
However, the distribution of PSi between the above and 
below Si surface is different due to cathode and anode 
electrodes being arranged horizontally in HF and ethanol 
solution. It is considered that the concentration of HF 
and ethanol solution below is higher than above, causing 
the PSi density to be higher than above the Si surface. 
Therefore, to solve the distribution of the PSi density, we 
apply a vertical photoelectrochemical method with a Si 
substrate (anode ) placed on the bottom cell.  

This study examines the effect of HF and ethanol ratio 
on the morphology, structural, and optical properties of 
PSi fabricated by the photoelectrochemical method. 
Scanning Electron Microscopy (SEM), X-ray Diffraction 
(XRD), Ultraviolet-Visible (UV-Vis) spectrophotometer, 
and Attenuated Total Reflectance Fourier transform 
infrared (ATR-FTIR) spectroscopy were performed to 
obtain the morphological, structural, reflectance, and 
absorbance of PSi.  

 
2. Method 

The research utilized 3” single-polished n-type Si 
(100) substrates with a thickness of 400 µm owing ρ = 1-
5 Ω.cm (D&X Co., Ltd., Tokyo, Japan). It was cut in 1 x 
1 cm2 dimensions. The schematic of the 
photoelectrochemical method can be seen in Fig. 1. An 
aluminum back contact was used in direct contact with 
silicon. Silicon acted as an anode and platinum as a 
cathode. The ethanol and HF solution worked as the 
electrolyte solution. Adjustable DC power supply  
(Picotest P9610A) as a current source and laser-assisted 
in making a hole in the silicon surface. The anode, 
cathode, and laser were arranged vertically perpendicular 
to the substrate by 10 cm. 

 

 

 
Fig. 1: (a). Parts of electrochemical etch cell and (b). 

Schematic of the photoelectrochemical method using the 
etching cell23) 

 
The photoelectrochemical method started by cleaning 

substrate with H2O2:NH4OH:H2O in 1:1:5 v/v for 5 min 
on a hotplate with a temperature of 100oC. The sample 
was cleaned by HF:H2O in 1:30 v/v for 15 sec. All 
chemical materials were purchased from Merck Life 
Science Products (UK). Next, the photoelectrochemical 
process using the green laser (532 nm, 5 mW) was done 
during the etching of the substrate in HF (40%): Ethanol 
(96%) solution in various volume ratios of 1:1, 1:3,  and 
3:1 for 10 min. The current density applied was 
maintained at 4 mA/cm2. After etching, the substrate was 
overflowed in aquadest. N2 gas was then used to dry the 
substrate. Then, the samples were characterized using 
SEM (FEI-Quanta 250), UV-Vis spectrophotometer 
(Analytik Jena Specord Plus), XRD (Bruker D8 
Advance) with Cu-K alpha 1 wavelength = 1.5406 Å), 
and ATR-FTIR spectroscopy (Agilent). The distribution 
and pore size of the sample can be measured from SEM 
images. Reflectance curves of the samples were obtained 
by UV-Vis spectrophotometer can show the reflectance 
peaks, estimate the sample thickness, and calculate the 
optical bandgap energy. The orientation crystal and 
crystallite size of the samples could be analyzed using 
XRD patterns. In addition, ATR-FTIR was carried out to 
obtain the absorbance value and chemical bonds of PSi. 

 
3. Results and Discussion 

Figure 2 displays SEM pictures of the PSi surface after 
a laser has illuminated Si in the ratios of 1:3, 3:1, and 1:1 
using HF:ethanol. The experiment used a green laser 
with λ=532 nm and P=5 mW that correlates with an 
energy of 2.33 eV. When Si absorbs the laser energy, the 
laser energy is greater than the Si bandgap energy, so the 
electrons in the valence band are excited to the 
conduction band, leaving holes in the valence band24). 
During laser-induced, n-type crystalline of Si substrate 
generates redundant holes on the illuminated surface 
since the substrate was exposed to laser illumination in 
HF liquid. The depletion layer generates a flow of 
electrons from the electrolyte solution to the contact 
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surface. Since the Si substrate and HF acid solution react, 
the Si surface is rebuilt throughout this process25). Hole 
capture at the surface of n-type Si initiates the etching 
process. The surface hole triggers a nucleophilic attack 
on the Si-H bond by F- ions, establishing a Si-F bond26). 
These holes will aid in forming pores by allowing F- ions 
to disrupt the Si-H and Si-Si bonds15). The reaction in 
etching can be seen in Eq. (1) and Eq. (2), while Eq. (3) 
is a net reaction. In this equation, h+ is a hole. The final 
reaction produces 𝑆𝑆𝑆𝑆𝐹𝐹62−  indicate the initial pore 
formation and the hydrogen gas (H2). 

 
Electrochemical: 

𝑆𝑆𝑆𝑆 + 2 𝐹𝐹− + 2ℎ+ → [𝑆𝑆𝑆𝑆𝑆𝑆2]  (1) 
Chemical: 

[𝑆𝑆𝑆𝑆𝑆𝑆2] + 4𝐹𝐹− + 2𝐻𝐻+ →  𝑆𝑆𝑆𝑆𝑆𝑆62− + 𝐻𝐻2         (2)  
Net reaction: 

𝑆𝑆𝑆𝑆 + 6𝐹𝐹− + 2𝐻𝐻+ + 2ℎ+  →  𝑆𝑆𝑆𝑆𝑆𝑆62− + 𝐻𝐻2 (3) 
 

 

 

 
Fig. 2: Morphology of PSi surface after illuminated by green 

laser during etching process with HF: ethanol ratio a. 1:3, b. 3:1, 
and c. 1:1. Cracks area (white circles) occurs at a ratio of 1:1. 

 
Fig. 3: Distribution of pore size on PSi surface with HF: 

ethanol ratio in (a). 1:3, (b). 3:1, and (c). 1:1 
 

According to Fig. 2, the black color of the SEM 
images denotes pores on the Si surface. Figure 3 shows 
the distribution of pore size for each HF and ethanol ratio 
obtained using the ImageJ software. As a result, the ratio 
of 1:3 (sample (a)) has a pore size that is bigger than the 
other, i.e., 1211.46 nm. Sample (b) and (c) have an 
average pore size of 902.13 nm and 760.34 nm. The pore 
density of sample (c) is higher than samples (a) and (b). 
However, the crack (white circles) occurs in sample (c). 
Therefore, sample (b), with a ratio of 3:1, has relatively 
uniform pores.  

The reaction product in Eq. (3) is H2 gas in the form of 
bubbles on the Si surface that prevents F- ions from 
bonding with Si. To reduce the hydrogen bubble during 
the photoelectrochemical process, alcohol is added as a 
surfactant such as ethanol27). So, when the concentration 
of ethanol in electrolytes is high, F- ions can rapidly 
attack Si-Si bonds to form 𝑆𝑆𝑆𝑆𝑆𝑆62− or initial formation of 
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the pore. Therefore, the ratio of HF and ethanol 1:3 has a 
pore size bigger than ratios 3:1 and 1:1. Furthermore, due 
to the concentration of ethanol being similar, we assume 
that the amount of hydrogen bubbles which is reduced on 
the Si surface is also identical. So, the probability of the 
F- ions bond Si is higher in ratio 3:1 than in ratio 1:1. 
Hence, the pore size of ratio 3:1 is bigger than ratio 1:1. 
In this study, it is concluded that ethanol plays a key role 
in controlling the pore size. 

Figure 4 displays the experimental spectrum 
reflectance of PSi samples with various ratios. Because 
we cannot control the position of the light irradiation 
from the UV-Vis spectrophotometer that strikes the 
smooth or cracked PSi surfaces and also based on SEM 
images that there are cracks on surfaces as shown in Fig. 
2, the reflectance curve on the HF:ethanol (1:1) ratio will 
not be discussed. The reflectance spectrum is divided 
into three wavelength ranges, namely 210-270 nm, 270-
340 nm, and above 340 nm. In the range of 210-270 nm 
and above 340 nm, the reflectance of PSi at a ratio of 3:1 
is higher than that of a ratio of 1:3, while in the range of 
270-340 nm, the reflectance at a ratio of 3:1 is lower than 
that of a ratio of 1:3. This indicates that PSi at a ratio of 
1:3 has better anti-reflective properties than PSi at a ratio 
of 3:1. 

Due to changes in microstructure, an alteration of the 
interference pattern was seen. The quantity of local 
extremes during the spectrum reflectance is correlated 
with the thickness of the PSi layer. Klarik et. al.28) 
calculated the layer thickness of PSi by the theoretical 
model using the Looyenga EMA formula from the 
spectral reflectance. They concluded that more local 
extreme numbers have greater thickness. Thus, in this 
study, as shown in Fig. 4,   3:1 has two local extremes 
while ratio 1:3 has one local extreme means the PSi layer 
at   3:1 ratio is thicker than at 1:3 ratio.  

 

 

Fig. 4: Reflectance spectra of pore size on PSi surface by 
HF: ethanol ratio in 1:3, 3:1, and 1:1 

 

 
Fig. 5: Optical bandgap energy of PSi for HF:ethanol ratio of 

1:3, 3:1, and 1:1 
 

Regarding the reflectance spectra of PSi for each 
HF:ethanol ratio, as shown in Fig. 4, the optical bandgap 
energy (Eg) of PSi can be determined using the Kubelka-
Munk function in conjunction with the Tauc plot. The Eg 
values can be obtained from extrapolation of the linear 
least squares fit of [𝐹𝐹(𝑅𝑅∞)ℎ𝜈𝜈]1 𝑛𝑛⁄  to zero, by plotting 
[𝐹𝐹(𝑅𝑅∞)ℎ𝜈𝜈]1 𝑛𝑛⁄  vs ℎ𝜈𝜈29). Figure 5 shows the Eg values of 
PSi samples i.e., 2.13 eV, 1.80 eV, and 2.09 eV for 
HF:ethanol ratios of 1:3, 3:1, and 1:1, respectively. 

The quantum confinement effect in PSi is a fascinating 
phenomenon that arises due to the nanoscale 
confinement of charge carriers within porous structures. 
Gelloz et al.30) studied the relationship between optical 
absorption and quantum confinement in PSi 
nanostructures and investigated chemical dissolution in 
HF solutions and photoconduction. Based on the 
absorption spectra, they observed a clear porosity 
dependence of quantum confinement. If we assume that 
porosity is defined as the ratio of the amount of pore to 
the area, from Fig. 3, the porosity of a 1:3 ratio is higher 
than that of a 3:1 ratio. Pores in PSi act as the localized 
electronic state, contributing to their unique optical 
properties. In this study, the Eg increases with increasing 
porosity, which is 1.80 eV at a ratio of 3:1 to 2.13 eV at a 
ratio of 1:3, which indicates that more electrons are 
localized. The decrease of the itinerant electrons causes 
the increase of bandgap. This result is in good agreement 
with the reports of Behzad et al.31,32). In addition, in this 
study, the Eg decreases as the thickness of PSi increases. 
Goh et al.33) reported that in a two-dimensional system, 
elementary excitations will experience quantum 
confinement resulting in finite motion in the thickness 
direction. They explained the bandgap expansion with a 
reduction of film thickness.  

The XRD patterns of PSi for each ratio have similar 
orientations, i.e. (110), (200), (320), and (400), and 
minor peaks owing to the SiO2 at about 10-20o (Fig.6). 
Those peaks are determined using commercial Match! 
Software correlating with #96-901-1057 for Si and #96-
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901-1495 for SiO2.  The SiO2 peaks in this study are in 
good agreement with Nandanwar et al.,34) Sankar et al., 
35) and Hijri et al.36)  who found that SiO2 peak appears at 
2 theta of 21-22o.  

 
Fig. 6: XRD patterns of PSi with different ratio of HF: 

ethanol (a). 1:1, (b). 3:1, and (c). 1:3 
 

 
Fig. 7: XRD patterns of PSi at 2 theta about 61o with 

different ratio of HF: ethanol (a). 1:1, (b). 3:1, and (c). 1:3 
 

To confirm that modification of microstructure occurs 
in PSi, we show the peaks shifted at about 61o, as shown 
in Fig. 7, based on the Debye-Scherer equation 
below37,38,39) 

𝐷𝐷 = 𝐾𝐾𝐾𝐾 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽⁄   (4) 
where D is the crystallite size, K is a constant (0.9), λ is 
0.15418 nm, β is the full width at half maxima (FWHM), 
and θ is the Bragg's angle. Table 1 shows summary data 
to obtain the crystallite size for each ratio of HF and 
ethanol. Differences in crystallite size cause the crystal 
strain, indicating a microstructure change.  
 
Table 1. Summary of calculation of crystallite size for ratios of 

1:1, 3:1, and 1:3 
Ratio β 2θ (o) θ(rad) cosθ β(rad) D(Å) 
1:1 0.069 61.80 1.08 0.47 0.0012 2541.9 
3:1 0.075 61.86 1.08 0.47 0.0013 2336.6 
1:3 0.068 61.72 1.07 0.47 0.0012 2574.1 

 
The absorbance values of PSi are measured at 

wavenumber 600-2400 cm-1 for different HF and ethanol 
ratios, as shown in Fig. 8. The absorption of PSi is 
highest when the HF and ethanol volume ratio is 1:3 
compared to the ratio of 3:1 and 1:1. The relation 
between absorbance value and pores size is proportional. 
Therefore, the increase in pore size will be proportional 
to the increase in absorbance value40). 

Figure 8 displays the FTIR spectrum of absorption 
band intensity on PSi in the wavenumber range of 600-
2400 cm-1 for each HF:ethanol ratio, i.e., 1:3, 3:1, and 
1:1. The absorbance of PSi at a ratio of 1:3 is highest 
compared to the ratio of 3:1 and 1:1. Therefore, PSi at 
ratio of 1:3 is better material as anti-reflective layer in 
solar cell application than PSi at ratio of 3:1 and 1:1.  
The absorption peaks are dominated by Si-Hn (n=1,2,3), 
and only one peak owes Si-O-Si. The absorption peak 
that appears in FTIR measurements indicates the 
presence of a specific bond in PSi41). During the 
electrochemical process, the illuminated silicon substrate 
creates electron-hole pairs42). The minority carriers 
reached the electrochemical interface. At the end of the 
pores, where the electric field is greatest, they can pass 
through the depletion area to be consumed by the 
electrochemical reaction. A bond exchange occurs 
between molecules in solution and Si atoms on the 
surface during chemical etching, and the amount of 
photons absorbed in silicon is proportional to hole 
formation43). The hole also penetrates the contact 
between silicon and electrolytes44). 

 

 
Fig. 8: The absorbance of PSi at HF:ethanol ratio in (a). 1:3, 

(b). 3:1, and (c). 1:1 
 
Table 2 presents the chemical bond on the absorption 

spectrum of PSi. The Si-O-Si bond exhibits a peak 
around 1000 cm-1. The Si-O-Si peak is in good 
agreement with Dwirekso et al. works45). The PSi surface 
is covered with Si-Hn groups (n= 1,2,3); they appear 
around 2100, 1994, and 880 cm-1, which is attributed to 
the typical stretching modes of the Si-H and Si-H2 bond, 
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then the typical degenerated deformation mode of the Si-
H3. Hydrogen atoms dominate surface of Si during 
chemical etching due to their characteristic properties of 
electronegativity to Si than fluorine and its surface, 
which is not susceptible to nucleophilic attack46). At the 
end of etching, the silicon sample has the main porous 
structure on surface groups containing Si-H, Si-H2, Si-H3, 
and small amounts of O and F47). 
 

Table 2. Summary of the wavenumber, bonds, and vibration 
mode of PSi for each HF: ethanol ratio 

 
4. Conclusion 

The morphological, structural, and optical features of 
PSi have been studied by successfully fabricating PSi on 
n-type Si (100) substrates using the photoelectrochemical 
technique. The pore size of PSi is biggest at an HF: 
ethanol ratio of 1:3 compared to ratios of 1:1 and 3:1. It 
is considered that the ethanol concentration has a role in 
controlling the pore formation to reduce hydrogen 
bubbles on silicon surfaces. In addition, PSi at a ratio of 
1:3 has the highest absorbance value and the highest 
porosity compared to a ratio of 3:1 and 1:1, so it is better 
to apply as an anti-reflective layer in Si solar cells.  
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