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In this work, the progressive evolution of silicon surface micro-nanostructures was demonstrated using a
DC negative corona discharge at atmospheric pressure in ambient air. The morphologies of textured
multicrystalline silicon (mec-Si) and monocrystalline silicon (c-Si) wafers were observed using scanning electron
microscopy. It was found that, with increasing treatment duration under corona discharge, various
microstructures were formed, such as microspheres on the mec-Si wafer and microspikes with spherical tips on
the c-Si wafer. The surface reflectance of the fabricated microstructures was studied using a UV-VIS
spectrophotometer. The results showed that the light-trapping effect was significantly enhanced by the
microstructures produced during corona plasma treatment, leading to a substantial reduction in light
reflectance. The surface reflectivity in the wavelength range of 200 nm to 1000 nm was found to be less than
8 % for the textured mec-Si and as low as 0.78 % for the textured c-Si. Additionally, the photoluminescence
properties of the microstructures revealed a red shift in the emission peaks. This effect could be beneficial for
the development of silicon-based photovoltaic cells, optoelectronic devices, and luminescent applications.
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1. INTRODUCTION

Silicon has been widely studied due to its abundant
reserves [1, 2], low cost and toxicity [3], and high thermal
stability [4], making it a promising candidate for a wide
range of applications including solar cells, light emitting
devices, semiconductor components (diodes, transistors,
integrated circuits), and sensor [5-7]. However, with an
indirect band gap (1.12 eV), silicon has limited potential
for optoelectronics application [8-10], additionally, its
surface reflects 30-40 % of incident light in the visible
and near-infrared spectral range where it is
photosensitive [11-13].

The antireflective properties of the silicon surface
directly impact the performance of many optoelectronic
applications, including solar cells. To reduce unwanted
reflections and enhance light absorption, researchers have
developed various techniques. One approach is to deposit
antireflective coating (ARC) layers on the sili-con surface
[14-15]. Traditionally, antireflection (AR) is achieved using
single layer coating such as: SiO2, SiC, and SiN. [16-17].
However, the antireflective properties of these coatings are
limited to a narrow wavelength range of the spectrum. In
contrast, double or triple layer coatings, such as Si02/SiNx
and SiO.x/SiO«N/SiC/SiNy [18, 19], provide more effective
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AR property over a broader range of wavelengths [20].
Although single layer antireflection coatings with textured
surface are commonly used in industrial production, they
require deposition techniques such as PECVD for SiN
coatings. On the other hand, multi-layered AR coatings
face challenges related to the availability of cost effective
materials with suitable refractive indices and compatible
thermal expansion coefficients [13].

The fabrication of micro and nanostructures on silicon
surface has proven to be an effective way to overcome these
limitations. Silicon micro and nanostructures have
attracted significant experimental and theoretical interest
due to their high absorption efficiency across a wide
wavelength range (200-2500 nm) [21-22]. Light trapping in
these structures is achieved by extending the optical path
through multiple reflections and by energy attenuation
resulting from the interaction between light and the silicon
material [23]. Many efforts have been dedicated to reducing
reflection by applying micro or nano structures to the
silicon surface such as microspikes, microgrooves,
microcones, nanoripples, nanowires, nanoholes [24] among
others. To date, several approaches can be used to obtain
desired micro/nanostructures on the silicon surface such as
Metal Assisted Chemical Etching (MACE), Reactive Ion
Etching (RIE), plasma etching, and laser induced texturing
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[4, 25-28]. As for mentioned, MACE has the potential to
produce high AR structures and large scale
micro/nanostructures. In MACE Silicon etching is guided
by a metal layer (which is often a noble metal such as Pd,
Ag or Au) that catalyzes the local dissolution of silicon in
the presence of fluoride ions and oxidation in an etchant
solution [29-31]. However, this method is tedious and
involves the use of hazardous etchants (e.g., HF). This
technology utilizes noble metals, which can act as deep
traps for photo-carriers, leading to a decrease in solar cell
performance [32, 33]. Reactive Ion Etching (RIE) or ion-
assisted plasma etching is a widely used technique for
etching silicon surfaces with plasma assistance and a
chemical etch component [34]. RIE is highly anisotropic
[35], allowing for better resolution compared to wet
chemical etching [36]. The first step in this process is
selecting suitable plasma. Fluorine-based and chlorine-
based gases are typically used, with several fluorine-based
gases such as CHF3 and SFs, Oz as an oxidizing gas, and Hz
as a reducing gas [37, 38]. However, this process is usually
complex and requires a high level of maintenance.

In the last few years, laser processing has been
demonstrated as a promising approach due to its
flexibility, simplicity, and controllability in creating
various types of micro-nanostructures [39]. The evolution
of micro-nanostructures in monocrystalline silicon
following pulsed laser irradiation significantly affects its
mechanical and electrical properties [26]. Highly
absorptive silicon, known as black silicon, was developed
by structuring silicon through laser processing in
different background environments [40]. The morphology
of the silicon surface during pulsed laser interaction
depends on the background environment (gas or liquid)
[41, 42]. The resulting micro-nanostructures tend to be
sharper in the presence of gaseous reactants such as SFs,
Cl2, and SiH4. M.A. Sheely et al. analyzed the role of
background gas in determining the morphology and
optical properties of a silicon surface irradiated with a
train of femtosecond laser pulses in the presence of SFe,
Hs, SiH4, and a mixture of Ar and SFes. They showed that
the presence of sulfur (S) in these gases plays a key role
in creating sharp micro-nanostructures [43]. The laser
parameters, including laser intensity, pulse duration,
wavelength, and pulse width (femto-, pico-, nanosecond,
CW, UV...), and laser fluence, are also important factors
in controlling the properties of laser-induced surface
structures [25, 44]. For example, Peng et al. studied the
effect of laser wavelength on the formation of silicon
microstructures and found that by varying the laser
wavelength and pulse number, the morphology of the
fabricated microstructures could be controlled [21].
Nayak et al. investigated the origin and evolution of self-
organized conical micro/nanostructures on the silicon
surface after irradiation with multiple wultrafast
femtosecond laser pulses in gaseous environments of SF6
and He [45]. Skantzakis et al. explored the effect of laser
pulse duration on the morphology of microcones produced
by UV laser irradiation in an SF¢ environment [46]. Their
results revealed a strong correlation between the
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morphological characteristics and laser parameters,
including pulse duration, laser fluence, and the number
of pulses. Laser surface modification results from
reactions under extreme conditions that cause rapid
localized heating and cooling in the excited region. Laser
irradiation thus serves as a means of energy deposition
into materials, inducing extremely high temperatures
and pressures, which can lead to surface and subsurface
defects such as dislocations and lattice distortions [47-
49]. As mentioned earlier, shaping surfaces through
pulsed laser ablation has emerged as a competitive
alternative to wet etching. However, the physical
processes involved strongly depend on various factors,
including irradiation conditions, ambient conditions [50,
51], and the processing environment (liquid, gas, or
vacuum) [52]. Atmospheric pressure gas discharge
plasmas, especially those operating in energy non-
equilibrium and at low temperatures, have recently
attracted great interest for a wide range of technologies,
including surface treatment, activation,
functionalization, etching, and thin-film deposition [53].
Discharges at atmospheric pressure allow substrate
materials to be exposed to plasma without the need for
expensive vacuum equipment. The main advantage is
that materials can be treated continuously and in real-
time at ambient temperature [54]. The treatment of
silicon surfaces using cold atmospheric plasma (CAP) has
attracted significant attention due to its ability to
effectively modify surface properties. CAP can enhance
the structural, optical, and electrical characteristics of
silicon materials, making it suitable for various
applications [55]. Silicon micro-nanostructures can be
synthesized and modified using cold plasma techniques
at atmospheric pressure [56]. Various methods, including
cold atmospheric pressure plasma jets and micro-arc
techniques, have demonstrated the ability to manipulate
the properties of silicon micro-nanostructures.
Pokryshkin et al. showed that the use of helium and
argon plasma jets (CAP jets) led to significant
modifications in silicon nanowires (Si-NWs), including
changes in length and sharpness. The treatment also
resulted in increased silicon oxide formation and altered
electrical properties [55]. The Helix Jets, a plasma source
operating at atmospheric pressure with RF power and a
gas mixture (Ar, He, SiH4), was used for the synthesis of
silicon nanoparticles (Si-NPs) [57]. Silicon nanostructures
were also synthesized using a DC atmospheric pressure
microplasma jet with an Ar/SiH4/H2 gas mixture,
demonstrating an effective method for producing
nanomaterials under atmospheric conditions [58]. Plasma
suitable for cleaning and activation has to be non-
equilibrium and low temperature one, to allow for rapid
processing times and reduced costs compared to the
traditional low pressure treatment [58]. The most
popular cold atmospheric plasma sources are based on
DBD (Dielectric Barrier Discharges). DBD generates non-
equilibrium, low-temperature plasma at atmospheric
pressure, characterized by filamentary micro-discharges
[53]. This method uses atmospheric pressure plasma to
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modify silicon surfaces, significantly increasing surface
energy, which improves wettability [59, 60] and reduces
contamination. DBD cleans silicon surfaces by removing
contaminants, with studies showing a substantial
decrease in ions such as Na* and K* after plasma
treatment. Beyond cleaning, plasma treatment also
enhances the adhesion of nanoparticles, such as gold, to
the silicon surface and results in a smoother surface
morphology, which is beneficial for subsequent
applications in microelectronics [61]. Additionally, the
process can be adapted for etching silicon dioxide layers,
enabling precise surface preparation without the need for
harsh chemicals [62].

Corona discharge systems are another method for
generating cold atmospheric pressure plasma. This
occurs when a neutral gas is ionized by an external
electric field [63]. Corona discharges exist in several
forms, depending on the polarity of the field and the
electrode's geometrical configuration. In the case of
negative corona using a point-plate electrode
configuration (where the point is connected to the
negative terminal of the power supply), the initial form is
Trichel pulse corona, followed by pulseless corona and
eventually spark discharge as the applied voltage
increases. Negative corona discharge generally
propagates through impact ionization of gas molecules
[64]. The use of corona discharge for surface modification
was reported by Zanet et al. [65]. Their studies indicated
that corona treatment can modify the surface texturing of
silicon carbide (SiC) and alter surface roughness, which
is crucial for light absorption in photovoltaic cells and for
improving the interface in microelectronic devices.

To the best of our knowledge, no work has been
published on the use of corona plasma for fabricating silicon
micro-nanostructures to enhance light trapping on silicon
surfaces. In this study, micro-nanostructures were
fabricated using a DC negative corona discharge at
atmospheric pressure in ambient air. We examined how
treatment duration impacts surface morphology and optical
properties, highlighting its influence on the final structures.

2. EXPERIMENTAL DETAILS
2.1 Sample Preparation

Two types of silicon were used in our experiment:
n-type monocrystalline silicon (c-Si) (100) Czochralski with
a resistivity of 100 Q-cm and a thickness of 400 pm, and
p-type multicrystalline silicon (mc-Si) with a resistivity of
1.5 Q-cm and a thickness of 450 um. The silicon substrates,
measuring 10 mm x 10 mm, were first cleaned with
acetone for 10 minutes, followed by deionized water to
remove surface contamination. They were then immersed
in diluted hydrofluoric acid (HF, ~ 10 %) to eliminate the
native oxide layer.

2.2 Corona Discharge Reactor

The corona discharge reactor is mainly composed of a
pointed electrode and a planar electrode, both made of
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stainless steel. The pointed electrode has an opening angle
of 30°, while the planar electrode has a diameter of
100 mm. The inter-electrode distance is 20 mm. These
electrodes are placed inside a discharge tube to prevent
any contamination of the silicon samples during
processing. The corona discharge, generated at

atmospheric pressure, operates at a voltage of 23 kV. A
photograph of the experimental setup is shown in Fig. 1.

Fig. 1 — Photograph of experimental setup

2.3 Procedure for Sample Treatment

To investigate the effect of corona discharge on the
silicon surface, monocrystalline silicon (c-Si) samples
(Simonol, Simono2, Simono3, and Simono4) were treated
with negative corona discharge for 2, 4, 6, and 8 hours,
respectively. Multicrystalline silicon (mec-Si) samples
(Simcl, Simc2, and Sime3) underwent the same
treatment for 2, 4, and 6 hours, respectively. A Scanning
Electron Microscope (SEM) was used to analyze the
micro-nanostructures formed after corona treatment.
Reflectance spectra were recorded using a UV-VIS
spectrophotometer, while photoluminescence spectra
were measured at room temperature using an InGaAs
laser (375 nm, 100 mW) as the excitation source.

3. RESULTS AND DISCUSSION
3.1 Morphological Properties

The scanning electron microscopy (SEM) results of the
fabricated micro-nanostructures on mc-Si samples are
summarized in Fig. 1. Figs. 1(a)-1(c) show the typical
SEM morphology of me-Si samples (Simel, Simce2, and
Simc3) after exposure to negative corona plasma for 2, 4,
and 6 hours, respectively.

As observed in Fig. 1(a), at a shorter exposure time
(2 hours), isolated microspheres (~ 1 um in size) form on
the silicon surface. As the exposure time increases to 4
and 6 hours, as shown in Figs. 1(b) and 1(c), these
microspheres gradually evolve into nanoclusters with
particle sizes around 500 nm. Some of these clusters
merge, forming interconnected nanostructures with
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a noticeable reduction in inter-cluster separation
(highlighted in the red circle in Fig. 1(c)). Interestingly,
the morphology of the micro-nanostructures formed after
6 hours of corona discharge exposure, depicted in
Fig. 1(c), suggests that treatment duration is a crucial
factor in achieving a uniform distribution of silicon micro-
nanostructures.

Fig. 2 - SEM pictures of micro-nanostructures formed on the
me-Si samples after corona treatment at exposure time:(a) 2h,

(b) 4h, (c) 6h

Fig. 3 illustrates the progressive evolution of silicon
surface microstructures in c¢-Si samples (Simonol,
Simono2, Simono3, and Simono4) treated with negative
corona plasma for 2, 4, 6, and 8 hours, respectively. As
shown in Fig. 3, the silicon microstructures undergo a
gradual transformation as the exposure time increases.

Figs. 3(a) and 3(b) show the morphology of the silicon
surface after 2 hours of corona treatment, leading to the
formation of a non-homogeneous distribution of micro-
agglomerates with particle sizes ranging from 3 pm to
5 um. The cavities between individual agglomerates
(indicated by the red arrow) determine the degree of open
porosity formed on the surface.

Fig. 3(c) presents a lateral view of the sample treated
for 4 hours, where improved homogeneity is observed. The
structures grown on the silicon surface exhibit a
cauliflower-like morphology (Fig. 3(d)), com-posed of
interconnected nanoclusters (red circle). An increased
accretion of microstructures into clusters is also noticeable.

As the exposure time to corona discharge increases, the
cavity size decreases, and the agglomerates become more
uniformly distributed in both parallel and perpendicular
orientations relative to the surface (Figs. 3(e) and 3(f)).

The SEM images show that the silicon surface
microstructured after 8 hours of processing exhibits the
sharpest features, indicating the most intense reaction
process, which aligns with the plasma reaction intensity.

Figs. 3(e) and 3(f) illustrate the formation of
microspikes on the silicon surface after 8 hours of
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treatment. These spikes have a conical shape with a
spherical tip, suggesting that they were formed by melted
silicon that rapidly resolidified.

Fig. 3 — SEM pictures of silicon micro/ nanostructures obtained
after treatment of: a) 2 hours, b) 4 hours, ¢) 6 hours and d) 8hours

The formation of spikes on the silicon surface is an
iterative process driven by the simultaneous action of
physical surface deformation mechanisms such as melting,
evaporation, and etching. The effectiveness of each
mechanism in this complex surface reshaping process
depends on the processing duration. A similar structure
has been observed on silicon surfaces treated with lasers,
as reported in [22]. The micro-nanostructures fabricated
using corona discharge suggests that treatment time plays
a crucial role in shaping the surface morphology. Longer
exposure allows ions and radicals generated by the corona
discharge to interact more extensively with the surface,
leading to the formation of nanostructures without the
need for metallic catalysts or precursors.
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3.2 Optical Properties

The antireflection properties of the
micronanostructures formed on the two types of silicon
used in this study were analyzed using an uvvis
spectrophotometer. The reflectance () was measured as a
function of wavelength (1) in the range of 200-1000 nm,
as shown in Fig. 4. The micro-nanostructures produced
during the corona plasma process influence the
reflectance properties of silicon, as evident from the
reflectance curve. Fig. 4(a) shows that the reflectance of
mec-si samples initially decreases and then increases with
increasing wavelength. The surface reflectivity dropped
from 10 % for the sample treated for 4 hours to 8 % for
the one treated for 6 hours. This variation can be
attributed to the non-uniformity of the microstructures
formed during plasma processing.

The reflectance spectra of the c-si sample surfaces are
shown in Fig. 4(b), revealing a further reduction in
reflection losses compared to the mec-si samples. The
optical reflectivity of all samples gradually decreases
across the entire measured spectrum. The sample with
micro spikes (simono4) exhibits the lowest reflectance,
dropping below 0.78 %. This reduction can be attributed
to the enhanced broadband light absorption capabilities
of the micro-nanostructures formed during the process,
acting as effective light-trapping centers, as depicted in
Fig. 3(f). The voids between the micro spikes allow more
light to penetrate through their sidewalls, further
enhancing light trapping. These microstructures, with
their excellent antireflection properties, present strong
potential for solar cell applications.
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Fig. 5 — Reflectance spectra of micro-nanostructures obtained at different exposure time

After measuring the reflectance properties, we con-
ducted photoluminescence studies on the samples using
an InGaAs laser (375 nm, 100 mW) at room temperature.
Figure 5 shows the PL spectra of the c-Si samples,
revealing a PL peak at A= 1100 nm and a less intense
peak at A = 1500 nm. A red shift is observed, likely due to
additional light-emitting centers of radiative nature.

According to the study reported in reference [66], ion

implantation and electron irradiation create defects such
as vacancies, which can act as radiative centers and
enhance photoluminescence. In our work, the silicon
surface was treated with corona plasma in ambient air,
and the oxidizing effect of corona discharge is well
known. Therefore, the PL emission at red wavelengths is
likely caused by defects arising from ion irradiation in
the SiO2/Si system [67, 68].
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4. CONCLUSION

This study investigates the evolution of micro- and
nanostructures fabricated on two types of silicon surfaces of
P-type multicrystalline silicon (mc-Si) and N-type
monocrystalline silicon (c-Si) using a DC negative corona
discharge generated at atmospheric pressure in ambient air.

The interaction between corona discharge and the
silicon surface was examined to understand how the
formation of micro- and nanostructures -effectively
enhances antireflection properties through a cost-
effective, simple, and scalable corona discharge texturing
method. The findings reveal that the formation of these
structures during corona discharge-—silicon interaction is
strongly influenced by the treatment duration (exposure
time). The silicon surface undergoes a progressive
transformation, with the micro- and nanostructures
evolving as exposure time increases.

Corona discharge-surface interactions result in various
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Mopdosioriuni Ta onTUYHI BJIaCTUBOCTI KPEMHIE€EBUX MiKPOHAHOCTPYKTYP, iIHAYKOBAHUX
KOPOHHHUM PO3PAIOM MOCTIHHOIO CTPYMY 34 aTMOC(EPHOTO TUCKY

0. Boudial2, F. Bitam-Megherbil.2, M. Mekious!2, F. Bouarabal2, M. Megherbi!

L Advanced Technologies Laboratory for Electrical Engineering, Tizi-Ouzou, Algeria
2 Mouloud Mammeri University of Tizi-Ouzou, Algeria

V 11iit po6oTi 6yJI0 TPOAEMOHCTPOBAHO IIPOIPECUBHY €BOJIIOIII0 TOBEPXHEBUX MIKPOHAHOCTPYKTYP KPEMHI0 3a
JIOITIOMOTOI0 HETATUBHOTO KOPOHHOTO PO3PSAy IOCTIHHOIO CTPyMy 3a aTMOC(EPHOr0 THCKY B HABKOJIMUIIHBOMY

TOBITPI.

Mopdoorito TeKCTypoBaHHX OaraTOKPHCTANIYHUX KpeMHieBuX (mc-Si) Ta MOHOKPHCTAJIYHUX

KpeMHieBuX (c-Si) MIACTHH CIIOCTEPIraM 3a JOIOMOrOK CKAHYOUOl eJeKTPOHHOI MiKpockormmii. Byao BusasiieHo,
o 31 301JIbIIEHHAM TPUBAJIOCTI 0OPOOKM KOPOHHUM PO3PSAI0OM YTBOPIOKTBCS PI3HI MIKPOCTPYKTYPH, TaKl AK
Mikpocdepr Ha ILUIACTHHI mc-Si Ta MIKPOIIMIN 31 cpeprYHMMN KiHUMKaMu Ha IiactuHi c-Si. [loBepxmese
BIOUTTS BUTOTOBJIEHUX MIKPOCTPYKTYP JociiryBanu 3a gomomoroin Y®-BIC crnexrpodoromerpa. Pesynprarn
MOKA3a/H, 110 eeKT 3aXOIUIeHHS CBITJIA 3HAYHO IIOCHJIIOETHCS MIKPOCTPYKTYPAMH, IO YTBOPIOOTHCS IIif] 4ac
00pPOOKK KOPOHHOIO IIJIA3MOI0, IO IIPU3BOIUTE JI0 CYTTEBOTO 3HUKEHHS BIAOUTTs cBiTsia. [loBepxHeBe BIAOUTTS B
miama3oHi MoBKHH XBHJIb Bix 200 HM 1o 1000 HM BHABMIIOCS MEHIIHM 3a 8 % I TEKCTypPOBAHOTO mc-Si Ta
munte 0,78 % nis texcrypoasoro c-Si. Kpim Toro, dorosroMiHECIIEHTHI BIACTHBOCTI MIKPOCTPYKTYDP BUSIBHIIN
JepBOHe 3MilleHHs IIiKiB BunpomiHoBaHHsS. lleit edexr moxe OyTH KOPHCHHM JUIsi PO3POOKH KPEMHIEBHX
(hOTOESIEKTPUUHIX eJIEMEHTIB, OIITOEIEKTPOHHUX IIPUCTPOIB T JIOMIHECIIEHTHUX 3aCTOCYBaHb.

Knrouoeri cmoea: Kpemniit, Mopdosorist moBepxHeBrx MikpocTpyKTyp, Koporuwuit pospsiza, Binbuena sgarHicTs,

OnTuyHl BJIACTHBOCTI.

04004-7


https://doi.org/10.1016/j.heliyon.2023.e22792
https://doi.org/10.1002/admt.201900064
https://doi.org/10.1002/admt.201900064
https://doi.org/10.1016/j.sna.2019.04.044
https://doi.org/10.1016/j.sna.2019.04.044
https://doi.org/10.1016/j.apsusc.2011.03.106
https://doi.org/10.1007/s00339-011-6340-1
https://doi.org/10.1016/j.mtnano.2020.100078
https://doi.org/10.1021/cm049029i
https://doi.org/10.3390/mi14010119
https://doi.org/10.3390/mi14010119
https://doi.org/10.1016/j.optlaseng.2010.05.009
https://doi.org/10.1016/j.apsusc.2005.07.120
https://doi.org/10.1002/adfm.202108802
https://doi.org/10.1002/adfm.202108802
https://doi.org/10.1016/j.matdes.2022.111443
https://doi.org/10.1016/j.matdes.2022.111443
https://doi.org/10.3390/ma15144897
https://doi.org/10.1088/2399-6528/ac9d25
https://doi.org/10.1088/2399-6528/ac9d25
https://doi.org/10.1063/1.4887808
https://doi.org/10.1016/j.tsf.2010.07.044
https://doi.org/10.1016/j.tsf.2010.07.044
https://doi.org/10.1016/j.surfcoat.2003.08.008
https://doi.org/10.1016/j.surfcoat.2003.08.008
https://doi.org/10.18321/ectj1497
https://doi.org/10.18321/ectj1497
https://doi.org/10.1002/ppap.202200129
https://doi.org/10.1002/ppap.202200129
https://doi.org/10.1002/ppap.201400047
https://doi.org/10.1504/IJNM.2015.075226
https://doi.org/10.1504/IJNM.2015.075226
https://doi.org/10.1016/j.surfcoat.2013.10.008
https://doi.org/10.1016/j.surfcoat.2013.10.008
https://doi.org/10.1016/j.surfcoat.2016.11.036
https://doi.org/10.1109/27.125038
https://doi.org/10.1109/27.125038
https://doi.org/10.1016/j.ceramint.2022.04.344
https://doi.org/10.1016/j.ceramint.2022.04.344
https://doi.org/10.1016/j.jlumin.2021.118713
https://doi.org/10.1063/5.0205956
https://doi.org/10.1088/0957-4484/19/32/325708
https://doi.org/10.1088/0957-4484/19/32/325708

