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Abstract

Recently, the properties and applications of porous has become the main subject of a vast numbers
of books and review articles. Porous silicon has demonstrated significant versatility and promise for
a wide range of optoelectronic applications due to its large surface area and intense
photoluminescence at room temperature. In this review, we describe the fabrication techniques and
experimental improvements made towards porous silicon (PSi) and we provide a full picture of
realization and characterization of this material. We also highlight its important chemical, structure
and surface properties. Additionally, we will introduced the techniques that have been used to
characterize porouse silicon, including Fourier transform infrared spectroscopy, X-ray diffraction
measurements, atomic force microscope images (AFM) and a scanning probe microscope (SEM).
Moreover, the effect of the current density and etching time are also documented in this review. In
summary, porous silicon has undergone vast improvement in both fabrication and characterization
methods, which makes it an attractive modern material.
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1. Introduction

Porous silicon was discovered in 1956 by Uhlir [1] using electro-polishing experiments which were
performed on the substrate of silicon wafer using an electrolyte solution includeing hydrofluoric
acid (HF). From 1970 to 1980, interest in porous silicon rapidly increased because of its high surface
area, which was useful for a model of the crystalline silicon surface in spectroscopic studies. The
study of the photoluminescence efficiency (PL) at room temperature introduced by Canham in 1990
[2] at the red region (1.4 - 2.2 e V) of the porous silicon, which attracted great attention to
manufacturers, who commercialized an integrated optical device on silicon. Lehmann and Gosele in
1991 [3] observed that the band gap of non-porous silicon could be modified by the quantum
confinement effects. A few vyears later, multicolour photoluminescence and visible
electroluminescence were reported. Since that time, the considerable interest of researchers in this
material has constantly grown. Tsai et al. developed the first device of photovoltaic (photodetectors
and light emitting diodes) in 1993 [4]. In 1995, porous silicon (PSi) was prepared via
electrochemical etching method by Halimaoui et al. [5], the photoemission and X-ray absorption
spectroscopy analysis were used to characterise the properties of PSi. Their results showed shifting
in the conduction band and valence band of the PS relative to the bands for silicon bulk, this
agreement is expected in the model of quantum confinement for the optical properties of PSi. In
1997, Shigyo et al. [6] prepared and studied porous silicon layer (PSL) on p-type silicon with
electrochemical etching. They found that the visible photoluminescence intensity increased with
decreasing concentration of silicon hydrides (SiHx). In 1997, Smith et al. [7] reported a blue shift in
metal/PSi/c-Si structures compared to that of c-Si based photodetectors. Then, the rapid thermal
oxidation method was used to develop a high-gain photodetector of PS planar metal-semiconductor-
metal by Duttagupta in 1998 [8]. Moreover, Coulthard et al. in 2000 [9] prepared PS samples by
electrochemical etching and then studied the PL of the PSi samples using a synchrotron as a tuneable
excitation source. They exhibited a shift in the luminescence spectrum when the growth conditions
changed. Furthermore, the effect of HF concentration mixed with ethanol on PL was investigated by
Ohmukai and Collins in 2001[10]. They concluded that the strong PL was produced when the PSi
anodized with the electrolyte containing 35 or 40% HF acid Foll et al. in 2002 [11] showed that
photo-generation in heterostructures (Ni/PSi/p-Si/Ni) occurs in both regions of a thin PSL and Psi
base. Jarimaviciute et al. in 2003 [12] built and tested equipment for the electrochemical etching of
silicon in hydrofluoric acid as an electrolyte. Their study revealed that current density controls the
geometry of the pores. In 2004, Gaburro et al. [13] fabricated a gas-sensing device based on PSi,
these etched substrates were prepared to form a PSi layer by anodization. Pap et al. in 2005 [14]
found that the surface roughness of oxidized PSi layers increases with oxidation between 200400 °C
and decreases between 600-800 °C. Nichiporuk et al. in 2006 [15] analysed the passivation of the
front surface of a p-Si interdigitated back contact solar cell (IBC) by a thin PS layer. An
improvement in the efficiency up to 87% was observed after a PS layer formed on the front surface
of the IBC cell. Chaoui et al. in 2007[16] studied the fabrication of photo detectors using metal-PSi
with different geometries of the PSi layer. They found that the significant response from the spectra
can be determined based on the geometrical design of these devices. In addition, they showed that
the maximum response was measured when the pair of generated electron-hole cross a short path
from the point to the metallic contact where it is collected. Kanungo and Rumpf in 2009 [17],
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observed that the solution of palladium chloride (PdCl2) with chemically modifying PSi surface can
be used to achieve a stable low resistance aluminium (Al) which contact to PS. Granitzer et al. in
2010 [18] they found that the produced silicon nanocrystals size can be controlled in two steps:- the
first step, is to use the rapid thermal annealing technique for rapid anneling at 1000°C in nitrogen
ambient, and second step, is to use the radio frequency magnetron for rapid oxidation at 600-800°C.
Jian Feng et al. in 2016 [19] fabricated porous silicon microcavities (PSM) optical crystals to design
an optical sensor for the detection of environmental pollutants, including volatile organic vapours.
The anodization technique was used by Behzad et al. in 2017 [20] to prepare different layers of PSi
using different etching times and fixed current density. They found that band gap value increased by
raising the porosity. In 2018, Ghazwan et al. [21] prepared PSi by electrochemical etching technique
and then Zinc oxide layers were deposited on porous silicon by the CVD method. The physical
properties indicate that ZnO shows a good homogenous layer. Ghazwan et al. in 2019 [22] fabricated
PSi (P-type) with electrochemical etching and irradiation with neutrons. They showed that the optical
transmittance increases with etching time. Furthermore, the percentage of porosity decreased after
irradiation. Finally, Ghazwan et al. in 2020 [23] prepared nanoporous silicon by electrochemical
etching method of various etching times and exposure to neutron flux. They found that an increase in
porous size with increasing etching time, and the diameter is larger after irradiation.

2. Experimental procedure of PSi

a. Electrochemical etching

Electrochemical etching (anodization) is the most common technique used to form PSi on a doped
Si wafer in an aqueous/ethanolic HF electrolytic solution. A schematic of the PSi formation process
in this technique is shown in Figure (1). The Si surface contacted at the down is in contact with
concentration of HF solution. After voltage is applied between the Si wafer, the pore growth starts on
the silicon surface.

Electrode

HF solution

Porous silicon s————= —V

Bulk silicon 44—

Figure 1: Porous silicon anodization circuit[24]

b. Photochemical etching

The silicon surface is saturated by hydrogen when HF solution is immersed in Si wafer due to the
interaction between F~and Si bonds. Once the Si wafer is illuminated by light, electron-holes are
generated as a result of light absorption within the wafer. The holes are formed to the Si wafer by
the internal field, and hence a depletion layer is created at the irradiated area. The generated holes
then help to substitute fluoride by hydrogen on the silicon wafer . When a silicon atom is dissolved
from a flat surface, the surface geometry changes the distribution of the electric field similarly. The
photo-generated pores at this location referentially, cause an amplification in the inhomogeneity of
the surface. Meanwhile, electrical current flows through the electrolyte, completing the electrical
circuit. This current boosts the etching process towards thickness direction. This technique rebuilds
the surface with different pores and pillar size
distributions.
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c. Stain etching

The technique of stain etching is a simpler procedure than anodic etching. Stain etching requires
the silicon substrate to be immersed in hydrofluoric acid, nitric acid, or a water-based etchant. The
holes needed for silicon dissolution are generated by reacting between the nitric acid and
hydrofluoric acid. However, this method is unique because it gives a PSL with lower photo
efficiency, and is hence less homogenous.

d. Photo electrochemical etching

Photo electrochemical etching (PECE) is an important method in manufacturing PSi material
because of its appropriateness for etching n-type and p-type silicon in HF and also because it uses
two etching processes (i.e. electrochemical and photochemical). Juhasz and Thonissen, demonstrated
that during the formation process, the PSi surface makes significant changes in the structure under
illumination. Furthermore, nanoporous silicon covers the silicon layer with different scale of pores
[25].
2.1. Mechanism for pore formation in PSi

The key point in the reaction at the Si-electrolyte is the reduction of H* to Ha. Nevertheless, the
Si wafer dissolves under anodic polarization . Although the theory of the Si dissolution mechanism
within the anodization process has not quite been comprehended yet, it is believed that holes are
required not only for electro-polishing but also for pore formation. When provided with anodization
process , there is interaction between Si surface and F~ions by the formation of [SiF6]> complex
ions, as shown in Figure (2). The reactions are given as [26]

Si+6HF > HaSiFs + Hy + 2H' + 260 ... (1)

In the case of electro-polishing:

- - + -
Si+6HF > HoSiFe +4 H* +4e° ... )
Mechanism Description of electrochemical dissolution ef silicon
@ 2
@ - 1. In the absence of electron holes, a hydrogen saturated silicon surface is
[ ] '\ virtually free from attack by fluoride ions in the HF based electrolyte.
Q o
. If ahole reaches the surface, then a nucleo c attack on a 5i-H bon
: 2.Ifahol hes the surface, th leophilli k 5i-H bond
." @ by a fluoride ion can occur and a 5i-F bond is formed.
o
R ) - .
J . The Si-F bond causes a polanzation effect, which allows a secon
, 3. The Si-F bond pol ti ffect, which all d
.-'.‘\ o fluonne ion to attack and replace the remaining hydrogen bond. Two
[ ey | hydrogen atoms canthen combine, injecting an electron nto the substrate.
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a@ [ ]

Figure 2 : Anodic dissolution mechanism of Si [27].
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2.2. Anodization parameters

a. Current density

The current density is a key factor to control the porosity of the PSL during the fabrication
process. For example, at high current densities, hole transport overcomes the interaction of the F
ions . Consequently, the surface of the silicon is filled with pores, and each ion left there is met with
a hole. This process is electro-polishing. Furthermore, the chance of holes to reach the Si surface is
smaller because of the irregular field of distribution at the surface, so pore growth happens in silicon
substrate. The anodic dissolution portion of a typical silicon current-voltage curve is illustrated in
Figure (3).
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Figure 3:Typical anodic current-voltage relationship for silicon in HF solution[28].

As the current density increases, the silicon dissolution rate increases. Figures (4) (a) and (b) show a
linear dependent of PSi porosity and etch rate on current density.
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Figure 4: Porous silicon porosity (a) etch rate and (b) depending versus current density for p-

type[29]
b. Etching time
Etching time is an important variable that can be easily manipulated to dominate the
properties of the PSL. In particular, the thickness and porosity of PSL are etching time
dependant. Figure (5) plots the thickness of the PSL against anodization time.
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Figure 5 :Thickness versus anodization time p-type 0.01 Q-cm
at fixed current 50mA/cm? in 25% HF concentration electrolyte[30].

c. Hydrofluoric concentration effect

The composition of the solution plays a basic role in the etching process. When a purely aqueous
HF solution is used in PSi formation, hydrogen bubbles are created and stick to the surface of the
layer, which causes inhomogeneity. The most popular way to minimize hydrogen gas formation is to
add ethanol to the HF electrolyte. In all subsequent formations of PSi, ethanol is always added to the
electrolyte. Ethanol decreases the size of the hydrogen bubbles and makes it easier to remove them
from the surface. Ethanol can also improve the penetration of the electrolyte solution in the pores .
Lower HF concentration reduces the number of fluoride ions during the etching process, thereby
increasing the porosity of the PSi up to its maximum value of 100%, which corresponds to the
electro-polishing regime. When operating in this low HF concentration regime, it is important to
reduce the applied current density otherwise electro-polishing will occur. Using a lower HF
concentration also has the benefit of slowing the etch rate, which is necessary when etching highly
doped silicon substrates [31].

3. Results and Discussion
3.1. Chemical properties of PSi
Fourier Transform Infrared Spectroscopy (FTIR) displays the chemical bonds in a molecule in

PSi. The PSi layer is formed by SiHx (x=1, 2, 3) bonds that remain on the surface. The PSi surface
can oxidize spontaneously when it is kept in ambient air several times and the method continues until
the overall surface is completely oxidized. Temperature and illumination increase the reaction rate,
and change the properties of the PSi layer . Luminescence spectra exhibit a blue shift after oxidation
of the surface. Fluorine is the main impurity in prepared PSi and its concentration can be controlled
by the type of electrolyte used. The FTIR spectra of PSi samples are shown in Figure (6) FTIR
spectra of Si bulk for (111), whereas Figure (7) FTIR shows a PSi sample with current density 10, 20
and 40 mA/cm? sequential at etching time 20 min , HF 15%, and HF 30% for (100). Moreover,
Figure (8) shows FTIR spectra for PSi sample with HF15% at etching time 20min and current
density 10 mA/cm? for (100) and (111) of transmittance peak IR and chemical [32].
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Figure 6: FTIR transmittance spectra Si-bulk (111)[33].
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Figure 7 : FTIR transmittance spectral (100) (A) c-Si (B) 10, 20 & 40 mA/cm?, (C) HF: 15% and
30%[34].
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Figure 8: FTIR transmittance spectra of PS 10 mA/cm?, 20 min and HF¢ 15%, (A) (100) and (B)
(112)[35].

3.2. Physical properties of PSi
a. Structural properties
It can be seen from Figure (9) that in bulk PSi the spectrum is broader than it is in bulk Si due to
lattice mismatch in the PSi sample, which forms a strain regime. Moreover, it is evident that
although the PSi layer remains crystalline, it showed a slight shift to smaller diffraction angles.
Decreasing the crystalline size of PSi increases the energy gap[36]. The XRD spectra of silicon
displays a clear sharp peak at 20 = 28.8°. It then becomes broad and varying full width at half
maximum (FWHM) for different anodization current densities, as shown in Figure (9) and Tables (1)
and ( 2), because of the formation of pores on the silicon surface .
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Figure 9: X-Ray diffraction pattern for (A) c-Si (100) (B) c-Si (111) (C) PS (100), (D) PSi (111) with
etching time 20 min , current density 30 mA/cm?and HF¢ 15%[37].

Table 1: (d) Inter-plane distance, (a) lattice constant, (L) crystallites size and energy gap for PSi with
different orientation at 10 mA/cm?, 20 min. and HF¢ 15%.

Sample 20 | hkl FWHM d a L
(deg.) (deg.) (nm) (nm) (nm)
PS <100> 69.2041 81150 400 2.5250 0.2695 0.2695 3.82
PS <111> 28.4152 19462 101 2.2291 0.3138 0.5435 3.69

Table 2 : Crystallite size obtained by means of the Scherrer equation for the PSi layer
prepared under different current densities.

Etching time (min) Current density FWHM
(mA/cm?) (deg.) Crystallite size (nm)
10 1.96560 4.097
20 20 2.06020 3.943
40 2.27080 3.577

b. Surface properties of PSi

The surface of PSi was investigated using atomic force microscopy (AFM), which analyses the
display of the morphological properties at the nonmetric scale of the PSi layers. The morphology of
the PSi samples that were prepared with etching times (5, 20 and 35 min.), with different orientations
(100), at constant current density (30 mA/cm?) and constant HF construction (15%) were
characterized by the AFM technique. The images show that PSi has a sponge like structure and the
porous width increased as the etching time increased, as noted in Table (3). As can be seen from
Figure (10), the width and porosity of the pores increased with increasing etching time when HF
concentration and current density were kept constant. This is attributed to the interaction of chemical
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dissolution of PSi layer in HF solution leading to PSi owing to its large surface area. In fact,
chemical dissolution is responsible for the lower dissolution valence and the change of PSi density
with depth . Moreover, the morphology of the PSi layer preparations changes with the etching time
because the chemical reaction responsible for the etching processes is considered to be slow due to
holes accumulation and consumption within the porous layer [38].

4
S - )r - A

and 3D AFM image for PSi with (A) 5 (B) 20 (C) 35 min, at current density 30
mA/cm? & HF:15%, with silicon orientation (100)[39].

Figure 10: 2

W)

Table 3: Morphology features of PSi samples, at different etching times
and for orientations (100) and (111).

Etching Time Orientation Average Diameter Average Roughness
(min) (nm) (nm)
5 (100) 21.48 0.245
20 18.88 0.725
35 28.18 0.563
5 (111) 33.40 0.253
20 39.93 0.563
35 25.63 0.846

With a longer etching time, the porosity decreases because of the new growth of pores that covers the
old pores. This effect may be more important in low current density . It was expected that the etching
illumination would play an important role in PSi properties . Therefore, a laser was used to etch the
surface of PSi samples, which were prepared under 30 mA/ cm? current density with a (24%) HF
acid concentration then illuminated by various etching wavelengths (Green, Red and IR) on n-type
(1.5 - 4) Q.cm for 20 minutes. It was found that the resultant porous structure, shown in Figure (11),
has a pore like structure with different pore shapes and wall sizes.
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Figure 11: SEM images (nPSi) layers prepared at etching laser wavelength (a) Green, (b)
Red and (c) I.R, at 30 mA/cm? for etching time 20 min[40].

Figure (1L &), presents uie morpnoiogical Craraclerisucs ol uie nesi layer ewneu vy a green laser.
The SEM images show that the pores have a large diameter at sizes ranging from 1 to 0.2um. When
a red laser is used for etching, a pore like structure can be observed, as shown in Figure 11(b), but
with smaller sizes than those in Figure 11(a), ranging from 0.6 to 0.2um. Meanwhile, the infrared
laser diode shows new morphological properties, (see Figure 11(c)), and the pore diameters range
from 2-1um. Therefore, PSi of different sizes can be achieved using an etching laser at different
wavelengths. However, the etching rate plays a key role and leads to non uniformity in pore diameter
[41].
4. Conclusion

In this review, we attempted to establish a consistent understanding of the fabrication and
characterization of PSi. We found that many important milestones have been achieved over the last
few years. We also presented the main contributions of the chemical and physical properties of PSi
devices. Experimental conditions can control the silicon layer with two significant sizes: the first is a
region of microstructure silicon, and second is a region of nanostructure silicon with a large number
of small pores. Finally, we predict that there will be further improvements in both fabrication and
applications of PSi materials in the coming years.
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