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This study investigated the morphology and photoluminescence (PL) characteristics
of stain-etched p-type silicon using an aqueous HF-Cr(NOs):—H.O solution,
focusing on how these properties change with etching time. Scanning electron
microscopy (SEM) analysis revealed a sponge-like surface structure, with the layer’s
thickness diminishing as etching time increased. PL measurements showed a red
emission peak around 600 nm, which gradually shifted to longer wavelengths and
decreased in intensity as the etching duration extended from 20 to 60 minutes. A
comparable trend was also noticed with higher excitation wavelengths. Fourier-
transform infrared (FTIR) spectroscopy indicated that all freshly etched samples
were passivated with hydrogen and partially with oxygen. The mechanism behind
the observed luminescence was explored. Additionally, the photocatalytic
performance of the etched layers was tested for the degradation of rhodamine B under
both ultraviolet (UV) and visible light. Results showed the highest activity under UV
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light, achieving 76% degradation after 3.5 hours.
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1. INTRODUCTION

Since the discovery that porous silicon (PSi) can exhibit
visible PL at room temperature [1], there has been growing
interest in its application across various fields. Typically, PSi
layers are created on silicon substrates via anodic
(electrochemical) etching using hydrofluoric (HF)-based
solutions [2-4], though they can also be produced through stain
etching, which involves a chemical reaction between hydrofluoric
and an oxidizing agent [5-7]. The stain etching technique offers
key benefits over the electrochemical approach, notably its
simplicity and the ability to form large-area porous layers without
applying an external voltage. It also aligns well with standard
silicon wafer processing cycles [8]. One of the promising uses of
stain-etched PSi is in advanced energy systems, including solar
cells, batteries, fuel cells, photocatalysis, and
photoelectrochemical water splitting for hydrogen generation [9-
11]. The initial observation of light-emitting PSi created through
stain etching was made by Sarathy et al. [6], who used an
HF/HNOs solution. However, the nitric acid-based method has
drawbacks, such as poor reproducibility and the formation of non-
uniform layers typically less than 1 pm thick. These issues have
prompted researchers to explore alternative oxidizing agents. In
this regard, several studies have demonstrated the successful
formation of luminescent PSi using HF mixed with other
oxidizers like K2Cr.0, Na:Cr.0, KMnO, Co(NOs), or KBrOs [5,
12-17]. Kolasinski and colleagues [18-22] further showed that
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oxidants containing metal ions such as Fe(l11), Ce(IV), V(V), and
Mn(VI1) can not only replace nitric acid effectively but also offer
improved reproducibility and reduce gas bubble formation during
etching. Moreover, the exact origin of visible light emission from
stain-etched silicon remains not fully understood, and several
theories are still being explored to explain PL. These include the
quantum size effect, chemical confinement within siloxane-like
structures, hydride excitation, and the influence of surface states
[23].

PSi has attracted significant attention due to its unique
structural, electrical, and chemical properties. In energy storage,
PSi is widely investigated as a promising anode material for
lithium-ion batteries, owing to its extremely high theoretical
specific capacity (~4200 mAh.g™'), much higher than
conventional graphite. Its porous architecture helps buffer the
substantial volume changes during lithiation/delithiation cycles,
improving mechanical integrity and cycling stability [24-26].
Beyond batteries, PSi also shows great potential in
supercapacitors, where its high surface area and tunable pore
structure enable fast charge-discharge processes and enhanced
capacitance performance [27]. Moreover, PSi is explored in
optoelectronics, biosensors, and drug delivery systems due to its
excellent biocompatibility, PL properties, and ease of surface
functionalization [1, 28]. These versatile applications make PSi a
key material in both energy and biomedical fields.
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However, despite the potential of PSi to exhibit high
photocatalytic activity due to its large chemically active surface
area, only a limited number of studies have focused on its
photocatalytic properties. For example, Megouda et al. [29]
investigated PSi created by stain etching in an
NH4F/AgNOs/HNO:s solution, which was further modified with
Cu and Ag nanoparticles. Their results showed that Cu
nanoparticle-decorated  samples  exhibited the highest
photocatalytic efficiency for RhB photodegradation under UV
light.

In this paper, a new type of oxidant (Cr(NOs);) was
investigated in order to gain a better understanding on the origin
of PSi photoluminescence. Also, we examined the photocatalytic
properties of PSi obtained by this solution. The structural and
optical properties of the stain etched layers were examined by
SEM, PL, PL excitation (PLE), and FTIR spectroscopy. The
photocatalytic properties were investigated for the degradation of
an organic dye, rhodamine B (RhB), under UV or visible light
irradiation.

2. EXPERIMENTAL
2.1. Chemicals and Reagents

The reagents used for cleaning and etching the silicon samples,
including trichloroethylene (>99.5% ), acetone (>99.5%), hydrofluoric
acid (HF(48%),>99.99%), and chromium (111) nitrate (Cr(NOs)s, >99%)
were of clean room quality (VLSI grade) and sourced from Sigma-
Aldrich. Deionized water, employed throughout the experiments, was
obtained using a Milli-Q system (Millipore, Milford, USA).

2.2. Sample Preparation

P-Si(100) wafers (resistivity of 0.5-2 Q-cm) were sourced from
Sil'tronix-ST, Archamps, France. The silicon surfaces were initially
cleaned by degreasing with trichloroethylene and acetone, followed by
rinsing with Deionized water and drying with a stream of nitrogen. The
samples were then subjected to stain etching in an aqueous solution
containing 22.5 M HF and 8.33 x 10 M Cr(NOs)s, with etching times
varying from 20 to 60 minutes. After etching, the samples were rinsed
thoroughly with deionized water and dried under nitrogen.

2.3. Photocatalytic Degradation of Rhodamine B

RhB was chosen as a model organic pollutant to assess the
photocatalytic activity of the PSi samples. A sample (1.2 cm x 0.8 cm)
was immersed in 2 mL of an aqueous RhB solution with an initial
concentration of 5 x 10 mol-L™. The solution was irradiated with either
UV light (A =365 nm) or visible light (A > 420 nm), using lamps with a
power of 1 W each. The experiments were conducted at room
temperature for 3.5 hours. The concentration of RhB was monitored
using a UV-vis spectrophotometer by measuring the absorption peak at
555 nm. RhB degradation was assessed under the following conditions:

(i)  Photolysis: Direct irradiation without the sample.

(ii) Inthe presence of PSi: Irradiation with the PSi sample in
the dark.

(iii) In the presence of PSi sample under Visible or UV
irradiation.

(iv) In the presence of PSi sample deoxidized in a 10% HF
solution for 1 min.

(v) In the presence of PSi sample aged in air at room

temperature for 3 months.
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2.4. Characterization

The surface morphology of the PSi samples was analysed
using a ULTRA 55 scanning electron microscope (Zeiss, France).
PL measurements were carried out at an excitation wavelength of
325 nm using a Perkin—Elmer LS50B luminescence spectrometer,
operating at a scan rate of 300 nm/min. The chemical composition
of the sample surfaces was investigated through FTIR, performed
with a Thermo-Nicolet Nexus 670 spectrometer over the 400-
4000 cm™ range, with a resolution of 4 cm™. UV-Vis absorption
spectra of the RhB solutions were collected using a HITACHI
spectrophotometer, with measurements taken in quartz cuvettes
(20 mm path length) across the 400-800 nm wavelength range.

(b)

Fig.1. Tilted-view SEM images of 0.5-2 Q.cm p-Si(100) after
etching in agueous 22.5 M HF: 8.33.10 M Cr(NOs)s solution at
room temperature for (a) 20 min and (b) 60 min. The
magnification is ~27000 x for image (a) and ~28000 x for image

(b).

3. RESULTS AND DISCUSSION
3.1. Morphology

Figures 1(a-b) depict the tilted view SEM images of the silicon
substrate etched in an aqueous 22.5 M HF: 8.33.10° M Cr(NOs)s
solution for 20 min and 60 min at room temperature, respectively.
The initial smooth surface became a sponge-like structure after
etching. The cross-sectional SEM observations reveal that the
thickness of the PSi layer decreases from 545.5 nm to 333.3 nm
when the etching time increases from 20 min to 60 min,
respectively. Also, it can be observed that the thickness of PSi is
almost the same over the entire sample indicating that the stain
etching was uniform. The decrease of the PSi film thickness with
increasing etching time can be explained by the fact that in stain
etching, the thickness is determined by balancing the Si
dissolution rates of the bottom part and the top surface of the
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porous layer. In the first phase, the dissolution rate at the bottom
part may be higher than that at the top surface until a certain time
in the range between 0 and 20 min, which thereafter becomes
equal. Beyond this time, the opposite behaviour occurs; the
thickness will decrease with increasing etching time. The slowing
down of the silicon dissolution at the bottom interface compared
to that at the top surface can be ascribed to the low initial
concentration of oxidant species in the solution compared to that
of HF and its decrease due to their consumption during the etching
process. Therefore, for a longer etching time, their consumption
will be mainly at the top surface. These will decrease the diffusion
of these species towards the bottom interface to oxidize the
silicon. Consequently, the oxidation process will be limited,
which will lead to the reduction of the silicon dissolution rate at
this interface.

3.2. Fourier Transform Infrared Spectroscopy

FTIR analysis was performed on freshly etched samples to
investigate the evolution of chemical bonds within the PSi layers
over different etching durations. As shown in Figure 2, the spectra
display several characteristic absorption bands. Notably, peaks
within the 2100-2000 c¢cm™ range correspond to stretching
vibrations of Si-H, (n > 1) bonds [30-32]. The bands near 880
cm™ are linked to Si—-O-H vibrations, while those between 750
and 600 cm™! are attributed to Si-H, wagging modes [33, 34]. A
broad absorption around 1105 cm™ is associated with bulk Si—O—
Si stretching [33], with distinct peaks at 1067 and 1150 cm™
related to transverse optical phonons in a thin SiOx layer and Si—
O stretching modes, respectively. Peaks observed at 840 and 880
cm! are characteristic of SiHx deformation modes coupled with
oxidized silicon back-bonds [35]. The absorption band spanning
610-750 cm™! results from overlapping Si—Si stretching and Si—
H, wagging vibrations (n = 1, 2) [35], with the Si-Si stretch
appearing around 620 cm™ and Si—H, wagging modes extending
from 665 to 750 cm™ [35, 36].
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Fig. 2. FT-IR spectra of stain-etched of 0.5-2 Q.cm p-Si(100)
samples in aqueous 22.5 M HF: 8.33.10* M Cr(NOs)s solution at
room temperature for different etching times (20, 40 and 60 min).

These spectral features align well with previous literature and
suggest that the etched surfaces are primarily hydrogen-
terminated with partial oxidation. Notably, the absorption
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intensity in the 2100-2000 cm™ range remains nearly constant as
the etching time increases from 20 to 60 minutes. In contrast, the
1105 cm™ band shows a clear decrease in intensity, which is
consistent with SEM observations in Figure 1 indicating that the
PSi layer becomes thinner from 545.5 nm to 333.3 nm over the
same time interval, likely due to increased material dissolution.
However, this behaviour can also be explained by considering the
dynamics of surface chemistry during etching. Initially, partial
oxidation leads to the formation of Si—O-Si bonds on the surface.
As etching progresses, the oxide layer may be removed or
prevented from reforming due to the presence of HF, which
dissolves SiO:. In contrast, Si—H, bonds—formed by hydrogen
termination of dangling bonds—are more stable under HF-rich
conditions and are continuously re-established during the
dissolution process. Therefore, while the oxide-related features
diminish, the Si—H, termination is maintained, resulting in its
relatively constant infrared absorption.

3.3. Photoluminescence Analysis

The porous layers produced by stain etching display visible
red PL, observable even in daylight. As shown in Figure 3, the PL
response is strongly influenced by etching duration. A sample
etched for 20 minutes shows a peak emission near 600 nm. When
the etching time increases to 40 and 60 minutes, the peak redshifts
to around 633 nm, accompanied by a reduction in intensity. This
behaviour correlates with the SEM and FTIR findings, suggesting
progressive dissolution of the porous layer.
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Fig. 3. PL spectra of stain-etched of 0.5-2 Q.cm p-Si(100)
samples in aqueous 22.5 M HF: 8.33.10° M Cr(NOs)s solution at
room temperature for 20, 40 and 60 min.

Various mechanisms have been proposed to explain PL
emission in these materials, including quantum confinement in
nanostructures, siloxene-based molecular species, silicon hydride
complexes, polysilanes, and surface-localized states on silicon
nanostructures [37]. However, studies largely exclude molecular
compounds like siloxene and polysilanes as primary contributors
[37, 38]. Given the high surface-to-volume ratio of PSi, surface
effects play a major role in its luminescence. A widely accepted
model proposes that photoexcited carriers are generated in
nanocrystallites with size-dependent band gaps, and recombine
radiatively via surface-localized states [37].
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This model helps interpret the PL redshift with longer etching
times: smaller nanocrystals dissolve first, leaving behind larger
ones with narrower band gaps, which emit at longer wavelengths.
Eventually, even these larger crystallites begin to dissolve,
explaining the observed decline in PL intensity—an effect also
seen in electrochemically etched PSi [39, 40].

Further evidence is presented in Figures 4 and 5, where an
increase in excitation wavelength from 325 to 445 nm causes the
PL intensity to drop and shifts the emission peak from 600 to 611
nm. This is expected due to the wide size distribution of Si
nanocrystallites. Higher excitation wavelengths lack the energy
needed to excite smaller particles, resulting in emission
dominated by larger ones with lower energy transitions.

3500

325 nm
3000 -

2500 [

by step of 10 nm
2000

1500

PL Intensity (a. u.)

1000

500

500 700 725 750

Wavelength (nm)

Fig. 4. PL spectra of stain-etched of 0.5-2 Q.cm p-Si(100)
sample in aqueous 22.5 M HF: 8.33.10* M Cr(NO:s)s solution
for 20 min at room temperature excited at different wavelengths
as indicated in the figure.
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Fig. 5. Dependence of PL peak wavelength versus excitation
wavelength of stain-etched of 0.5-2 Q.cm p-Si(100) sample in
aqueous 22.5 M HF: 8.33.10 M Cr(NOs)s solution for 20 min at
room temperature.
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Fig. 6. UV/Vis absorption spectra of RhB before and after UV
irradiation in the presence of PSi sample as a function of
irradiation time. The initial concentration of RhB is 5 x 1078 M,
lamp power=1W.

3.4. Photocatalytic Activity Evaluation

Semiconductors are commonly used as photocatalysts due to
their wide band gaps. Titanium dioxide (TiO,) is one of the most
well-researched materials due to its excellent stability against
chemical and photochemical degradation [41]. However, TiO;’s
large bandgap (~3.2 eV) limits its absorption to UV light only,
which restricts its photocatalytic efficiency [42]. As a result,
developing photocatalysts that can absorb a broader range of
visible light has become a major focus. In this regard, silicon-
based materials such as silicon nanowires (SiNWs) and PSi have
gained attention in recent years. For instance, Chen et al. found
that increasing the concentration of H-SiNWs improved the
degradation rate of methyl red [43]. Similarly, Tsang et al.
showed that metal-modified SiNWs (e.g., with Au or Cu)
performed well in the selective oxidation of hydrocarbons and
were effective as substrates in nanocatalysis [44]. Previous work
demonstrated the high photocatalytic efficiency of H-SiNWs and
metal-decorated SiNWs (e.g., Ag, Cu) for the photodegradation
of RhB under both UV and visible light irradiation [45].
Additionally, Si nanostructures created by chemical etching in
NH4F/AgNO3s/HNOs solutions have also proven to be effective
photocatalysts for RhB degradation. Other reviews discuss the
design and application of photocatalysts using porous materials,
including PSi, highlighting advances in surface engineering and
applications in solar energy conversion and environmental
remediation [46-49]. In this study, we evaluate the photocatalytic
performance of PSi samples prepared through chemical etching
ina22.5 M HF: 8.33x102 M Cr(NOs)s solution, using RhB as the
organic model pollutant.

Figure 6 illustrates the UV-vis spectra of RhB solutions
before and after UV irradiation (A = 365 nm) for varying durations
in the presence of a PSi sample etched for 20 minutes.

The near-overlapping of the spectra at 0 min and after 10 min
in the dark (Figure 6) indicates that the system reaches an
adsorption-desorption equilibrium on the catalyst surface in the
absence of light. This observation is consistent with previous
reports [50, 51], where establishing an adsorption-desorption
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equilibrium before light irradiation is considered essential to
ensure that any observed degradation is solely due to the
photocatalytic activity. A noticeable reduction in the RhB
absorption peak at 555 nm was observed with prolonged
exposure. We also evaluated the photocatalytic behaviour of PSi
samples that had been aged in the air for 3 months and then
deoxidized in HF solution. As shown in Figure 7, the
photocatalytic efficiency decreased after air exposure, with the
degradation rate dropping from 76% for the fresh sample to 60%
after ageing, but increasing to 89% following deoxidation in a
10% HF solution for 1 minute. Notably, photolysis and immersion
of the PSi sample in the RhB solution for 3.5 hours led to
degradation rates of 6% and 45%, respectively. These findings
underline the significant role of PSi in promoting RhB
photodegradation, as evidenced by the colourless ethanol rinse
after the process, indicating the complete dissolution of RhB
molecules from the surface.
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Fig. 7. Comparison of photocatalytic degradation of RhB for
different photocatalytic systems as a function of time under UV
light (A=365 nm) irradiation. The initial concentration of RhB is

5% 1078 M, lamp power=1W.

A similar trend was observed under visible light irradiation,
although the photocatalytic efficiency was lower in Figure 8.
Degradation rates for the as-prepared and deoxidized samples
were 72.5% and 74.4%, respectively, which are lower than those
observed under UV light. The enhanced performance under UV
light is attributed to the higher energy of UV photons, which
generate more charge carriers and excite smaller Si crystallites
with a larger bandgap. This explanation aligns with findings from
Naama et al. on tartrazine photodegradation and Megouda et al.
for RhB photodegradation [29, 52].

The photocatalytic efficiency of PSi samples treated with HF
solution is likely due to the electron-deficient hydrogen atoms in
the Si—Hx surface terminations, which act as electron sinks and
facilitate the separation of electron-hole pairs [53]. Additionally,
the Si—H bonds may also serve as reducing agents in solution [54].
The detailed mechanism for RhB degradation has been discussed
elsewhere [29].
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Fig. 8. Comparison of photocatalytic degradation of RhB for
different photocatalytic systems as a function of time under
visible light (A>420 nm) irradiation. The initial concentration of
RhB is 5 x 107 M, lamp power=1W.

It is important to note the dissolution and photodegradation of
RhB in PSi are strongly influenced by the material’s high surface
area, porosity, and surface chemistry. PSi facilitates efficient
adsorption of RhB molecules within its porous network,
enhancing the interaction between the dye and photo-generated
charge carriers under UV or visible illumination. Various
promoters, such as surface passivation, oxidation, or metallic
nanoparticles, can further improve charge separation and extend
the lifetime of photogenerated carriers, thus accelerating RhB
degradation.

One notable advantage of heterogeneous photocatalysis is the
reusability of the catalyst, which significantly reduces operational
costs in effluent treatment. To assess the stability of the PSi
photocatalyst, the as-prepared sample was subjected to multiple
photocatalytic cycles. As shown in Figure 9, the degradation
efficiency declined progressively with each cycle, from 76% after
the first run to 30% after the fourth run. This reduction is likely
due to the adsorption of RhB molecules on the catalyst surface,
which occludes the active sites in subsequent cycles. It should be
noted that the sample was rinsed with deionized water and dried
with a flow of N after each use.
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Fig. 9. Cycling experiments for the degradation of RhB solution

in the presence of as-prepared PSi sample under UV irradiation.

The initial concentration of RhB is 51078 M, and the irradiation
time is 210 min.
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The present work introduces a novel approach to the
fabrication of light-emitting PSi by employing Cr(NOs)s as an
oxidizing agent in the HF-based chemical etching solution. This
choice of oxidant distinguishes our study from previous works,
where more conventional oxidants such as hydrogen peroxide
(H202), nitric acid (HNOs), and ferric nitrate [Fe(NOs)s] have
predominantly been used [1, 2, 55]. The introduction of Cr(NOs)s
modifies the etching kinetics and promotes the formation of a
porous silicon layer with greater uniformity and a slightly higher
thickness (~0.5 pm) compared to the ultrathin and often
inhomogeneous layers typically reported by conventional stain
etching methods [56, 57].

This improvement in thickness and uniformity is
advantageous for optical and catalytic applications, as it ensures
better control and reproducibility of PL properties. Moreover, the
increased layer thickness provides a larger specific surface area
and a more continuous porous network, which enhances the
number of active sites available for photocatalytic reactions,
thereby improving the degradation efficiency of pollutants. The
observation of a prominent PL peak at 600 nm for samples etched
for 20 minutes, along with its redshift and intensity decrease with
increasing etching time and excitation wavelength, reveals a clear
dependence on nanocrystallite size and quantum confinement
effects. These findings align with theoretical expectations [58] but
offer new experimental evidence within the context of Cr(NOs)s-
based etching, which has been scarcely reported.

Furthermore, this study goes beyond optical characterization
by systematically evaluating the photocatalytic activity of the
fabricated PSi samples under both UV and visible light
irradiation. While several earlier works have focused primarily on
the PL behaviour of Psi [37, 59], investigations into its
photocatalytic performance, particularly using stain-etched layers
with controlled morphology and improved thickness, remain
limited. These results demonstrate significant photocatalytic
degradation of RhB under UV light, indicating the potential of
these materials in environmental remediation applications [60,
61].

Overall, the novelty of our work lies in:

- The first-time use of Cr(NOs)s as an oxidant in stain etching of
silicon to achieve more uniform and slightly thicker light-
emitting PSi layers;

- The comprehensive correlation between etching parameters,
structural morphology, and PL characteristics;

- The demonstration of efficient photocatalytic activity,
positioning these materials for dual functionalities in
optoelectronics and photocatalysis.

These results not only broaden the understanding of oxidant-
assisted stain etching but also open avenues for tailoring PSi
properties for multifunctional applications, which were not
comprehensively addressed in earlier literature. Importantly,
these structural and functional properties have been achieved
using a simple chemical stain etching method, without the need
for external electrical bias or complex equipment required in
electrochemical etching techniques. This simplicity makes the
approach more accessible, cost-effective, and easier to scale up
for practical applications.
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4. CONCLUSION

This study demonstrated that a light-emitting layer can be
created by stain etching silicon in an HF/Cr(NOs)s/H,0 solution.
A thin (~0.5 pm) PSi layer is formed, with its thickness
decreasing as the etching time increases. FTIR analysis showed
that the samples are primarily covered by hydrogen atoms, with
some oxygen atoms present. The intensity of the absorption band
at 1105 cm™, attributed to the oxide layer on the crystallite
surface, diminishes as the etching time increases, likely due to the
dissolution of the PSi, which is consistent with SEM observations.
The sample etched for 20 minutes exhibited a prominent PL peak
at 600 nm, which redshifted and decreased in intensity as both the
etching time and excitation wavelength increased. This PL is
attributed to carrier generation in the c-Si core, influenced by the
size-dependent band gap, with radiative recombination occurring
at localized surface states on the nanocrystallites. Lastly, the
photocatalytic activity of the PSi samples was evaluated using
RhB under both UV and visible light irradiation. The results
showed that the PSi samples exhibited significant photocatalytic
activity, especially under UV light, indicating their promising
potential for photocatalytic applications.
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