340
EasT EUROPEAN JOURNAL OF PHysics. 3. 340-345 (2023)
DOI:10.26565/2312-4334-2023-3-35 ISSN 2312-4334

STUDY THE EFFECT OF HYDROFLUORIC (HF) CONCENTRATION ON THE
TOPOGRAPHY OF THE POROUS SILICON LAYER PREPARED BY SUNLIGHT
PHOTOCHEMICAL ETCHING (SLPCE)*

Hassan A. Kadhem?, Abdul Hakim Sh. Mohammed", Issa Z. Hassan®,

Rosure Borhanalden Abdulrahman®*

“Ministry of Education, Open Educational College, Kirkuk Center, Iraq
bDepartment of Physics, college of Education for pure sciences, University of Kirkuk, Kirkuk, Iraq
“Department of Physics, College of Science, University of Kirkuk, Kirkuk, Iraq
*Corresponding Author: rbadulrahman@uokirkuk.edu.iq
Received April 30, 2023; revised June 6, 2023; accepted June 7, 2023

Silicon nanocrystals have a vast range of potential applications, from improving the efficiency of solar cells and optoelectronic devices
to biomedical imaging and drug delivery, wastewater treatment, and antibacterial activities. In this study a photochemical etching
technique was used to create layers of porous silicon on a donor silicon wafer with orientation (111) and resistivity equal to
1-10 ohm-cm. The process involved focusing sunlight onto the samples using a telephoto lens with a suitable focal length of 30cm and
a diameter of 90 mm, which provided sufficient energy to complete the chemical etching. By using a constant etching time of 60
minutes and different concentrations of hydrofluoric acid (ranging from 25% to 40%), layers with varying properties were obtained.
The resulting surfaces were studied using the atomic force microscope (AFM), revealing the formation of different nanostructures and
particles with varying shapes, sizes, and thicknesses depending on the preparation conditions. The average size of the particles was
found to be 90.43nm at a concentration of 40% acid, while decreasing to 48.7nm at a concentration of 25% HF acid.
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INTRODUCTION

Silicon nanocrystals are a class of nanomaterials that have gained significant attention due to their unique
properties [1,2]. These particles are incredibly small, typically in the nanometer range, and possess both optical and
electronic properties desirable for various applications in biomedicine [3,4], optoelectronics [5—7], and energy storage
[8,9]. The fabrication of silicon nanocrystals can be achieved through several methods such as thermal decomposition of
silane [10], green synthesis [11], plasma-enhanced chemical vapor deposition [12], dry/wet laser ablation [13,14], and
thermally induced phase separation [15]. The size and surface chemistry of silicon nanocrystals can be tuned to control
their properties, making them highly customizable for specific applications [16,17].

Silicon nanocrystals exhibit the quantum confinement effect, which results from the confinement of electrons and
holes within the particles, leading to discrete energy levels [18,19]. This effect is influenced by the size of the particle
and the Bohr radius. Manipulating the size and surface chemistry of silicon nanocrystals enables precise tuning of their
optical and electronic properties, particularly their absorption and emission spectra within the visible and near-infrared
regions of the electromagnetic spectrum [20,21]. Porous silicon nanocrystals possess unique optical and electronic
properties, which arise from their porous structure. This structure increases their surface area, allowing them to interact
with a broader range of molecules [22].

Silicon nanocrystals have a wide range of potential applications that can enhance the efficiency of different devices
and technologies. In the field of photovoltaics, they can increase light absorption and reduce recombination losses, thereby
improving the efficiency of solar cells [23]. Silicon nanocrystals can also serve as the active element in light-emitting
diodes and other optoelectronic devices [24]. Additionally, they can be utilized as an anode material in lithium-ion
batteries [25]. Moreover, silicon nanocrystals can be functionalized with biomolecules, making them valuable in
biomedical imaging [26] and drug delivery [27]. They can also be used to remove heavy metal ions from wastewater
applications [28]. Additionally, silicon nanocrystals exhibit antibacterial activity by generating reactive oxygen species,
which can damage the cell membranes of bacteria [29].

To investigate how photochemical etching affects the surface topography of silicon wafers, researchers examine
how the process modifies the physical and chemical characteristics of the surface [30,31]. This investigation can be
accomplished using different techniques, including microscopy, spectroscopy, and profilometry [32-34]. By analyzing
the alterations in surface topography, researchers can gain knowledge about how to optimize the process to attain
particular outcomes, such as enhanced surface roughness or specific surface characteristics [30,35]. Such studies can be
valuable for the development of novel technologies in fields such as microelectronics [36], optoelectronics [7], and
photovoltaics [37].
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The article discusses the photochemical etching of silicon wafer, which employs a light through sun light
photochemical etching (SLPCE) process to dissolve particular regions of a silicon surface, leading to the creation of
unique patterns or structures. The study employs a novel and straightforward approach that utilizes natural sunlight instead
of traditional light sources such as lasers, halogen lamps, and tungsten lamps that are commonly used for preparing
materials in the microelectronics industry. The photochemical etching method is extensively utilized in the industry to
develop complex patterns or structures on silicon wafers utilized in electronic devices and integrated circuits.

MATERIALS AND METHODS

To conduct the experiment, a single side polished silicon wafer with a (111) orientation and resistivity ranging from
1-10 ohm-cm was utilized. The material was sliced into small pieces measuring 0.5x0.5 cm and subsequently cleaned
using distilled water and ethanol. Afterward, the samples were immersed in a diluted hydrofluoric acid solution (10%)
for 5 minutes to eliminate the oxide layer from the surfaces of the crystalline silicon.

The system comprises a Teflon container with a 7 cm inner diameter 3 cm tall on the inside, and 4 cm tall on the
outside. The Teflon container's interior is designed as a U-shaped sample holder to accommodate the samples.
Hydrofluoric acid of varying concentrations (40%, 35%, 30%, and 25%) is poured into the Teflon container, covering the
sample's upper surface by a few millimeters. A lens with a suitable focal length is used to focus sunlight on the sample.
The lens has a 9 cm diameter and a 30 cm focal length, and its inclination angle is adjusted by mounting it on an iron
stand that allows free movement. This ensures that the sunlight spot is focused on the polished front side of the sample,
as shown in Figure 1.

(b)

Figure 1: (a) The setup of the system for preparing nanoporous silicon samples, (b) the Teflon container

The optical power and intensity of illumination per cm? on the lens surface can be calculated using the average
radiation intensity at the top of the Earth's atmosphere, which is approximately 1361 W/m?. For the experiment, a digital
light meter (Lutron LX-103) was used to measure the sun's light intensity, and 1000 W/m? was considered a realistic
average value for working conditions, which translates to 100 mW/cm?. The power was calculated by multiplying the
lens area by the solar radiation falling on each centimeter of the lens, resulting in 6360 mW. This light energy, when
focused on a sample measuring 1 cm?, produces an intensity of 6360 mW/cm? or 6.36 W/cm?, which is sufficient to
complete the photochemical etching process. If the same energy is focused on a sample measuring 25 cm?, the intensity
increases fourfold to 25.44 W/cm?.

The first sign that the photochemical dissolution process has begun is the appearance of some bubbles on the samples'
surfaces. These bubbles are made of hydrogen and are the product of chemical reactions [38] that dissolve silicon. Another
sign that the porous layer has formed on the sample surface is the short-term change in surface color, which eventually
turns buffish-brown (like iron corrosion). As stated in this work, this procedure continues for a set period of time of 60
minutes. The samples are meticulously taken out of the Teflon container using specialized forceps in order to preserve
the surface and get them ready for analysis. The samples are then put in plastic receptacles with methanol in them to
prevent oxidation.

Atomic force microscopy was used to examine the surface topography of the generated samples, including the
particle size, dispersion, thickness of the porous layer, and roughness.

RESULTS AND DISCUSSION

Figure 2 shows an AFM image at the nanoscale, in which 3D images are displayed when scanning at about 2x2 um
for porous silicon layers. The Root Mean Square (RMS) roughness were 3.47 nm, 4.46 nm, 10.6 nm, and 4 nm at
hydrofluoric acid etching concentrations of 40%, 35%, 30%, and 25%, respectively. When silicon is treated in diluted
hydrofluoric acid, a condensation of Si-OH groups is formed due to rapid exchange of Si-F with water molecules followed
by Si-O-Si bridges formation and oxide nuclei appear [39]. Strain and altered surface topography led to a changed rate of
the logarithmic oxide growth. The oxide formation is accompanied by a slight corrosive attack of water molecules, leading
to roughening of the surface [38]. At low concentrations of hydrofluoric acid, the silicon ions may not be fully removed
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from the surface and can undergo a redeposition process, leading to a rougher surface. However, when the concentration
of hydrofluoric acid is further reduced, the etching rate becomes slower, and the amount of silicon ions formed on the
surface is also reduced. Therefore, the redeposition process is less likely to occur, resulting in a smoother surface and a
decrease in RMS roughness [17,40]. Figure 3 shows the consistency between the roughness and thickness of the samples,
where they are proportional to each other [41]. These images illustrated that porous silicon exhibited a sponge-like
structure with high homogeneity and densely branching pores.

(d
Figure 2. AFM image of silicon wafer at hydrofluoric acid etching concentrations of (a) 40%, (b) 35%, (c) 30%, and (d) 25%
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Figure 3. The roughness and thickness of the samples at each concentration.

Figure 4 illustrates the statistical measures (surface skewness and surface kurtosis) of the sample surface,
demonstrating a comprehensive understanding of the etching process on the surface. The asymmetry of the surface height
distribution about its mean (surface skewness) reveals that the surfaces of the samples treated with 40% and 35%
concentrations contain more low valleys than high peaks, whereas those treated with 30% and 25% concentrations have
more high peaks than low valleys. The sharpness of the surface height distribution relative to a Gaussian distribution
(surface kurtosis) reveals that the surfaces have more high peaks and low valleys than a Gaussian distribution and they
exhibit a platykurtic distribution because the kurtosis value is less than 3 for all samples [42].
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Figure 4. The statistical measures of the silicon surface: surface skewness (black line) and surface kurtosis (red line) for different
hydrofluoric acid etching concentrations treatments

The samples have been characterized by means of equivalent diameter distribution through digital image processing
of AFM pictures. In Figure 5, the percentage of the total volume occupied by these particles as well as the percentage
cumulation of particles that fall within a certain size range are shown. The average nanostructure diameters were
90.43 nm, 75.55 nm, 67.45 nm, and 48.70 nm at hydrofluoric acid etching concentrations of 40%, 35%, 30%, and 25%,
respectively as shown in Figure 6. These parameters can provide valuable insights into the distribution and size of surface
features, which can be useful in many applications, such as materials science, nanotechnology, and biophysics.
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Figure 5. Equivalent diameter volume percentage (histogram in red) and cumulation percentage (black line) distributions at (a)
40%, (b) 35%, (c) 30%, and (d) 25% hydrofluoric acid etching concentrations
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Figure 6. The average diameters of the samples at each concentration.

CONCLUSIONS
The photochemical etching method by focusing sunlight can be considered one of the approved methods for
producing porous silicone layers. The preparation parameters for each experiment led to the production of layers of porous
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silicon with different structures and properties. In this work, results showed that reducing the concentration of
hydrofluoric acid when the other parameters (luminous intensity, etching time, and the type and resistivity of the silicon
wafer) were constant led to a reduction in the size of the nanoparticles. The formation of a porous layer depleted of charges
on bulk silicon, which is of the donor type, leads to the formation of a junction between them that can be used as a basis
for the manufacture of diodes, photodetectors, gas sensors, and other electronic applications. Therefore, according to the
finding more smaller nanoparticles can be obtain with lower hydrofluoric acid concentrations such as 20%, 15%, 10%,
and 5%, while keeping other experimental constants.
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bKagpeopa hizuxu, oceimniii konedaic vucmux nayx, ynisepcumem Kipxyxa, Kipxyx, Ipax
‘Kagheopa ¢hizuxu naykosoeo xonedarcy ynisepcumeny Kipkyka, Kipkyx, Ipax
KpeMmHieBi HAHOKPHCTAIN MAIOTh MIUPOKHUI CIIEKTP MOTESHIIHHUX 3aCTOCYBaHb, Bij IiIBUINEHHS e()eKTUBHOCTI COHSIHUX E€IEMEHTIB 1
ONTOEJICKTPOHHUX TIPHCTPOIB J0 OioMequuyHOl Bizyawi3amii Ta JOCTaBKH JIKiB, OYHMIICHHS CTIYHHX BOJ 1 aHTHOaKTepiabHOT
JISIBHOCTI. Y I[bOMY OCIIIKEHHI MeTo]] (OTOXIMIYHOTO TPaBJICHHS! BUKOPHCTOBYBABCS JJIsl CTBOPEHHS LIAPiB MOPUCTOTO KPEMHIIO
Ha JIOHOPHIH KpeMHieBii ruactuHi 3 opieHrtauiero (111) i muromum onopom, pisaum 110 Om-cm. IIponec nependaua GpoxycyBaHHS
COHSIYHOTO CBITJIA Ha 3pa3Kax 3a JOIIOMOTOI0 Teleol’eKTHBa 3 BiAMOBiAHOKW (okycHoto BigcranHio 30 cM i miamerpom 90 MM, 110
3a0e31e4uyBajo JOCTATHIO SHEPTio Ul 3aBEePIICHHs XIMIYHOTO TpaBJeHHs. BukopucToByrour nocriitnuii yac TpaBieHHs 60 XBUIMH i
pi3Hi KoHIEeHTpamii ¢pTopucToBogHEBOI KUCIOTH (Big 25% mo 40%), Oymu oTpuMaHi mapH 3 pi3HUMH BIAcTHBOCTSIMH. OTpuMaHi
MOBEPXHI JOCTIHKYBald 32 JIOMOMOTOI0 aTOMHO-CHIIOBOTO Mikpockoma (ACM), BHSBISIOYM YTBOPEHHS Pi3HHX HAaHOCTPYKTYp i
YaCTHHOK pi3HOI ()OpMH, pO3Mipy Ta TOBIIMHH 3aJISKHO BiJ YMOB MiATOTOBKH. Byllo BcTaHOBIEHO, IO CepeHiil po3Mip YaCTUHOK

cranoBuB 90,43 aM npu koHneHTparii 40% kucnory, a npu konnentpanii 25% HF kucnoru 3menmryBascs mo 48,7 HM.
KurouoBi cinoBa: ghomoximiune mpagnents; nopucmuil Kpemuiu, Mophonociuni 0ocaiodxcentss, pomoximiuni consuni npomeni; ACM;
SLPCE



