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Abstract

Metal-coated mesoporous PSi (mesoPSi) opens up disruptive perspectives for biosensing,
which is primarily enabled by surface-enhanced Raman scattering (SERS). Although the
unique performance of SERS-active substrates based on metal-coated mesoPSi has already
been praised, influence of defects in silicon wafer on its morphology has not been revealed.
Defects lead to formation of spiral regions in mesoPSi with varying porosity, which affects
SERS activity of the overlying metallic nanostructures. It limits the reliability of SERS
analysis. Here, we investigate repeatability of morphology and SERS activity of silver
particles on mesoPSi as a function of defects in parent silicon, which are induced by irregular
dopant levels. We propose an original corrosion approach that has not yet been applied
to control the morphology of silicon nanostructures in general and mesoPSi in particular.
By replacing silicon nanocrystallites with sacrificial copper nanoparticles, we were able to
eliminate the surface irreproducibility of mesoPSi. The copper-corrosion-modified porous
silicon surface was shown to be a suitable substrate for reliable SERS-active substrates.
In more detail, SERS-active substrate based on mesoPSi without a defective surface layer
allowed for a more than 40% increase in the SERS-active surface area with a signal deviation
of only 10 % compared to that with a defective layer.

Keywords: mesoporous silicon; dopant level irregularities; corrosive deposition of copper;
plasmonic coating; SERS-sensing

1. Introduction
Porous silicon (PSi) is an artificially formed nanomaterial consisting of a highly de-

veloped network of pores within a bulk silicon wafer [1]. Since its discovery in 1956 [2],
PSi has undergone significant evolution—from use as isolating areas [3,4] and sacrificial
layers for layer transfer technology [5] in microelectronics and microelectromechanical
systems, to applications in lithium-ion battery anodes [6], integrated waveguides in op-
toelectronics [7,8], luminescent agents in sensing [9,10], tissue engineering [11], and drug
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delivery systems in biomedicine [12,13]. PSi layers are typically fabricated by electrochem-
ical/chemical etching of silicon wafers in solutions based on hydrofluoric acid [14–18].
They exhibit a wide range of unique properties not observed in bulk silicon, including
but not limited to photo- and electroluminescence [19,20], extremely developed surface
area, biocompatibility [21], and biodegradability [22,23]. The structural parameters of PSi,
such as porosity, pore diameter, and the spacing between pore centers, can be precisely
controlled through the etching conditions and the type of silicon wafer used [24]. This
makes PSi an excellent “host” platform for the controlled incorporation of “guest” nanos-
tructures made from various materials (e.g., metals), with precise control over their size,
shape, and spatial location. This capability has enabled the widespread use of PSi for
nanoscale fabrication of ordered arrays and ensembles with defined morphological and
electrodynamic properties [25–28]. For example, it has been used to fabricate plasmonic
substrates that possess antibacterial properties [29,30] and activity in surface-enhanced
Raman scattering (SERS) spectroscopy, including metallic nanoparticles [31], polydisperse
particles [32], dendrites [33], and nanovoids [34].

According to IUPAC classification, PSi is divided into three categories based on pore
diameter: microporous (pore diameter < 2 nm), mesoporous (2–50 nm), and macroporous
(>50 nm) silicon [35–37]. Although SERS-active nanostructures can be fabricated using
the three types [38], the strongest Raman signal enhancements are typically obtained with
metal-coated mesoporous silicon (mesoPSi) formed by electrochemical etching. A remark-
able detection limit down to the single-molecule level has already been demonstrated
for both small molecules [39,40] and macromolecules [41]. Thanks to the exceptional
SERS efficiency and a simple, cost-effective fabrication process—requiring only two wet
Si-compatible steps—metal-coated mesoPSi substrates have the potential to become strong
contenders in the SERS platform market. However, a significant challenge must be ad-
dressed before they can be widely adopted. An effective SERS-active substrate must be
stable, offer a high enhancement factor, and provide reproducible SERS signals [42]. While
the first two criteria are commonly met by mesoPSi-based substrates, signal reproducibility
remains their “Achilles’ heel”. This issue mainly stems from defects in the parent silicon
used to fabricate mesoPSi. These defects originate from irregular dopant concentration
distributions in monocrystalline Si ingots grown by the Czochralski method. It should
be noted that this feature is characteristic of mesoPSi formed on heavily doped wafers of
electron conductivity at high current densities as reported elsewhere [43,44]. Although such
inhomogeneities are not critical in microelectronics, where only surface layers are typically
used, they become problematic when deeper regions of the wafer are processed, as in
mesoPSi fabrication. The vertical alignment of the mesopore array is disrupted, leading to
irregularities in the final metallic nanostructure. Since the morphology of the plasmonic
metal directly influences the Raman signal enhancement, these structural inconsistencies
drastically affect the SERS response of PSi-based substrates. Such defects are often visible
to the naked eye as alternating dark and light circular stripes within the PSi layer [45].
When silver nanostructures are fabricated in these areas, a significant variation in SERS
signal intensity is typically observed. An approach to improving the structural uniformity
of PSi—and therefore the consistency of the resulting ‘guest’ nanostructures—involves
the implantation of ions prior to electrochemical etching of the n+-type silicon wafer. This
method has enabled the formation of mesoPSi with a more homogeneous dopant distribu-
tion in the surface layer, resulting in approximately a 5% reduction in spot-to-spot SERS
signal variation in the final PSi-based plasmonic nanostructure. However, this technique
is not easily integrated into standard metal-coated PSi fabrication protocols. Moreover,
implementing it would compromise the key advantages of PSi templates: their simplicity
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and low cost. To maintain the high market potential of SERS-active substrates based on PSi,
more accessible and scalable solutions must be developed.

To address this issue, we propose a robust method for producing mesoPSi layers
with highly uniform pore opening sizes (surface porosity), based on a simple corrosive
metal deposition and etching process. By combining this approach with the fabrication of
plasmonic silver nanostructures, we demonstrate significant improvements in spot-to-spot
SERS signal intensity reproducibility along with enhanced Raman signal intensity. The de-
veloped technique offers a rapid, user-friendly, and cost-effective means of controlling the
structural, morphological, and optical properties of various nanostructures fabricated using
mesoPSi templates.

2. Materials and Methods
2.1. Materials

A monocrystalline antimony-doped silicon wafer with (100) crystal orientation and
a resistivity of 0.01 Ohm·cm (n+-Si) was purchased from the Kamerton branch of JSC
‘Integral’ (Pinsk, Belarus). Chemically pure isopropyl alcohol (C3H8O), analytical-grade
copper sulfate (CuSO4·5H2O), 95–98% sulfuric acid (H2SO4), 70% nitric acid (HNO3),
and 50% hydrogen peroxide (H2O2) were obtained from LLC ‘Khim-Analit’ (Minsk, Be-
larus). Technical-grade ethyl alcohol (C2H5OH) was provided by JSC ‘Belkhim’ (Minsk,
Belarus), and 45% hydrofluoric acid (HF) was purchased from LLC ‘Mercury’ (Minsk,
Belarus). Silver nitrate (AgNO3) and rhodamine 6G (R6G) were purchased from Sigma-
Aldrich Chemie GmbH (Taufkirchen, Germany). All reagents were used without further
purification. Deionized water was produced using a Milli-Q Ultrapure Water System
(Merck Millipore, Darmstadt, Germany). A piranha solution was prepared by mixing
H2SO4 and H2O2 in a 3:1 volume ratio. H2O2 for the piranha solution was diluted with DI
water to 20%.

2.2. Fabrication of Mesoporous Silicon

First, the silicon wafer was diced into the 3 × 3 cm2 samples. Each Si sample was
thoroughly cleaned by immersion in a freshly prepared piranha solution for 10 min under
ambient conditions, followed by etching of the native SiO2 layer in HF diluted with DI
water to 4.5%. Next, a mesoPSi layer was formed by electrochemical anodization of the
cleaned wafer in an etching electrolyte composed of 45% HF, isopropyl alcohol (as a wetting
agent) and water, mixed in a volume ratio of 1:1:3. Anodization was performed at a current
density of 100 mA/cm2 for 45 s, using the Autolab PGSTAT302N potentiostat/galvanostat.
Finally, the sample was rinsed with DI water and spin-dried. Schematic representation of
the mesoPSi fabrication steps is shown in Figure 1a–c.

2.3. Removal of the Defective Surface Layer from Mesoporous Silicon

The surface layer was removed via corrosive copper deposition on the silicon skele-
ton of the mesoPSi sample, followed by etching in HNO3 diluted with DI water to 7%.
The electrolyte for copper deposition was prepared by mixing a 0.25 M aqueous solution of
CuSO4·5H2O with 45% HF in a volume ratio of 100:1. The mesoPSi sample was immersed
in this electrolyte for 5 s, leading to the formation of copper nanoparticles (NPs) within the
bottleneck layer, accompanied by partial dissolution of the silicon skeleton. Immediately
afterward, the mesoPSi sample was placed in the diluted HNO3 solution for 180 s to etch
away the Cu NPs. The sample was then rinsed with DI water and spin-dried. As a result,
the mesoPSi sample free of the surface layer was obtained. A schematic representation of
the defective layer removal is shown in Figure 1d,e.
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Figure 1. Schematic representation of the experimental sample fabrication: (a) removal of organic
contaminations, (b) removal of native SiO2, (c) formation of mesoPSi, (d) substitution of defective
layer of mesoPSi with Cu NPs, (e) removal of Cu NPs with the rests of the defective layer, and
(f) deposition of Ag NPs.

2.4. Deposition of Silver on Mesoporous Silicon

Ag NPs were grown on the mesoPSi samples—with and free of the surface layer—
using magnetron sputtering and electroless deposition techniques. Magnetron sputter-
ing was performed using a MARS-100 (BSUIR, Minsk, Belarus) series system to form a
50-nm-thick film composed of Ag NPs. The film thickness was monitored using a quartz
crystal sensor OI-001 (BSUIR, Minsk, Belarus). For electroless silver deposition, the mesoPSi
sample was immersed in a 3 mM aqueous-ethanolic solution of silver nitrate (AgNO3) for
10 min as shown in Figure 1f. After deposition, the sample was rinsed with deionized water
and spin-dried.

2.5. Characterization

The structural characterization of the experimental samples was carried out using a
Hitachi S-4800 (Tokyo, Japan) scanning electron microscope (SEM), which offers a resolution
of 1 nm. Elemental composition analysis was performed with a Stereoscan-360 SEM
(Cambridge instruments, London, UK) equipped with a QUANTAX energy-dispersive
X-ray (EDX) analyzer (Bruker Analytical, Berlin, Germany). The diameter of the focused
electron beam was approximately 2 µm, and the depth of the analysis did not exceed
1 µm. The phase composition of the samples was investigated using a DRON-3M X-ray
diffractometer (JSC Innovation Center "Burevestnik", St. Petersburg, Russia) with CuKα

radiation (λ = 0.15406 nm) at room temperature, employing an exposure time of 4 s and a
step size of 0.02◦.

To quantitatively evaluate the surface uniformity achieved through our approach, we
compared the porosity of mesoPSi before and after removal of the defective surface layer
using both gravimetric and SEM image analysis methods. The gravimetric method involved
measuring the sample mass before (m1) and after (m2) mesoPSi fabrication. Knowing the
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anodization surface area (SPSi), silicon density (ρSi, 2.32 g·cm−3 [46]), and the thickness of
the mesoPSi layer (dPsi), the porosity (p) was calculated using the following equation:

p =
m1 − m2

ρSi · dPsi · SPSi
(1)

Porosity was also estimated via SEM image analysis, in which the cumulative surface
area of visible pore openings in the top-view SEM images was calculated and divided by
the total mesoPSi surface area captured in the image.

The organic dye R6G was used as an analyte for SERS measurements. The R6G powder
was dissolved in DI water to prepare a basic solution with a concentration of 10−3 M, which
was then diluted with water to obtain DI solutions down to a concentration of 10−6 M.

Silver-coated mesoPSi samples were immersed in 1 mL of the analyte solution for
1 h before SERS measurements, followed by a 30-s rinse in DI water to remove excess R6G
molecules. SERS spectra were recorded using a 3D scanning confocal Raman microscope-
spectrometer Confotec NR500 (SOL Instruments LLC, Minsk, Belarus). A laser with a
wavelength of 473 nm was used for excitation. The initial laser power of 25 mW was
attenuated to 1.3 mW after passing through the optical-mechanical unit and a 100× ob-
jective. SERS mapping was performed over a 48 × 48 µm2 area, corresponding to a
15 × 15 point grid.

2.6. Numerical Simulations

Electric field simulations were conducted for the silver-coated mesoPSi sample af-
ter removal of the defective surface layer, using the AC/DC module of the COMSOL
Multiphysics software (v. 5.3) [47]. A finite element method was used to solve the 3D
frequency-domain wave equation for the electric field, enabling the determination of its
magnitude and spatial distribution. Floquet boundary conditions were applied to each
facet of the pores in the model system. In the full-field formulation, the excitation source
was a y-polarized plane wave with normal incidence, with a wavelength of 473 nm and
propagation along the negative z-direction. The power of the excitation source was set to
1.3 mW.

3. Results and Discussion
3.1. Structural Parameters of Mesoporous Silicon Before and After the Defective Surface
Layer Removal

For the study of structural parameters, SEM images of the mesoPSi surface were
acquired at various magnifications before and after removal of the defective surface layer.
Figure 2a,b show top-view SEM images of the freshly prepared mesoPSi surface, which
exhibits periodic light and dark stripes following the irregular dopant distribution on
the highly doped n+-Si wafer. These stripes correspond to regions with varying surface
porosity in the mesoPSi layer. As seen in Figure 2a, the alternating light and dark stripes
are 10–50 µm wide. A closer inspection of the boundary between the stripes in Figure 2b
reveals a denser pore distribution in the dark one. The insets in Figure 2b show a wide
variety of pore sizes and grayscale contrasts, with darker regions generally indicating
deeper pores. As the doping level increases from 1018 to 1020 cm−3 typical for the n+-Si
wafers [48], the number of pores increases while the distance between them and the
diameters of the pores are reduced. In the more doped area of the Si wafer, a greater
number of antimony atoms segregate on its surface compared to the less doped area, which
leads to the formation of an electron-depleted layer in the first seconds of the voltage
biasing [49]. At the moment of breaking this layer, ordered pores start growing under
it. However, the layer itself is no longer etched, and during further SEM analysis, it is
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strongly charged, resulting in the observation of a lighter region. Figure 2c presents a
cross-sectional SEM image of the same mesoPSi sample, revealing morphology variations
along the pore channels. In more detail, the pore entrances in the surface layer of mesoPSi
form so-called bottlenecks. Bottleneck pores contribute to a broad distribution of pore
entrance sizes. In addition to bottlenecks, numerous short collapsed ‘dead’ pores are also
observed. Notably, the structural irregularities (bottlenecks and ‘dead’ pores) are confined
to a thin surface layer of approximately 150 nm thickness. Once the mesoPSi layer becomes
thicker, i.e., in the later stages of anodization, when the current density stabilizes across
the sample surface, pores have rather uniform diameter and length. Although a deeper
discussion of the mechanisms of pore formation in the thin Si surface layer is beyond
the scope of this manuscript, those interested may find the more in-depth information
elsewhere [50,51]. In contrast, the mesoPSi surface treated with the copper-assisted silicon
corrosion method does not show a macroscopic stripe pattern, as illustrated in Figure 2d,e.
The corresponding cross-sectional SEM image shown in Figure 2f confirms the absence of
both ‘dead’ pores and bottlenecks, demonstrating the effectiveness of the proposed method
in producing mesoPSi layers with homogeneous pore sizes.

Figure 2. SEM images of mesoPSi: (a,b) top-views at different magnifications and (c) cross-sectional
view with corresponding schematic representation of pores arrangement (shown below) before
removal of the mesoPSi defective surface layer, (d,e) top-views and (f) cross-sectional view after
removal of the mesoPSi defective surface layer. The light (more doped) and dark (less doped) stripes
observed in the freshly prepared mesoPSi (a–c) are caused by variation in porosity, which results from
the irregular dopant distribution in the parent Si wafer. The dash yellow line shows pore boundaries.

Upon closer gravimetric and SEM image analysis, the pore distribution is found to
be uniform in terms of density, size, and grayscale throughout the 3 cm2 surface area.
Table 1 presents the gravimetrically determined mesoPSi porosities for the seven samples
investigated in this work, before and after the copper-assisted corrosion. In addition,
the surface porosity was calculated from the top-view SEM image of the sample. As shown
in Table 1, the gravimetrically measured porosity values exhibit only a slight increase after
removal of the mesoPSi surface layer. However, the variation in porosity from sample to
sample is significantly reduced, from 5% for freshly prepared mesoPSi to 2% after copper-
assisted corrosion. This change in absolute porosity is attributed to the nonspecific nature
of the gravimetric method, which reflects an average total porosity encompassing both
light and dark surface stripes as well as the bulk mesoPSi layer. In contrast, the SEM image
analysis evaluates only the surface porosity and, therefore, reveals a dependence on the
selected surface region, consistent with the observed differences between light and dark
stripes in the freshly prepared mesoPSi. Notably, the porosity values obtained by both
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methods are nearly identical after removal of the surface layer. This outcome confirms the
effectiveness of our method in eliminating the mesoPSi surface irregularities and exposing
a homogeneous pore network.

Table 1. Porosity of Samples Analyzed by Gravimetric and SEM Image Analysis Methods. A gravimetric
porosity uncertainty is ±0.2%. An uncertainty of the porosity evaluated from the SEM images is ±0.8%.

Sample No.
Gravimetric SEM Image Analysis

With Surface Layer Free of Surface Layer With Surface Layer Free of Surface LayerLight Dark

1 70.1 74.2
2 72.7 73.9
3 71.2 75.2
4 74.3 75.5 34 38 75
5 72.8 74.8
6 70.6 74.1
7 70.4 74.0

3.2. Principle of the Copper-Assisted Corrosion for Removal of the Defective Surface Layer from
Mesoporous Silicon

The study of the structural parameters of mesoPSi facilitated understanding the
mechanism of removal of the defective surface layer of mesoPSi by the copper-assisted
corrosion method.

Due to irregular pore morphology, it is challenging to precisely control the geometry
of the ‘guest’ nanostructures, in our case, silver NPs. As a result, the localized surface
plasmon resonance, whose spectral position is highly dependent on the nanoparticle size
and shape, varies significantly across the mesoPSi surface. This variation is undesirable for
the development of reliable and efficient SERS-active substrates, as it limits the substrate
application when a specific excitation wavelength is required. The problem is further
compounded by the wide distribution of interparticle distances, which leads to fluctuations
in the sizes of the nanoscale gaps between metallic NPs, or ‘hot spots’, where the electro-
magnetic field is enhanced. This, in turn, causes substantial spot-to-spot variability in the
SERS signal intensity.

To overcome these challenges, increasing the uniformity of the mesoPSi surface prior
to nanostructure fabrication is essential. In this subsection, we describe the principle of our
simple, cost-effective, and rapid method to remove the defective surface layer of mesoPSi,
which reveals a uniform pore network for the subsequent formation of Ag NPs. The process
begins with the standard fabrication of a mesoPSi layer, which is schematically shown in
Figure 3a. Corrosive copper deposition is then performed using a solution of copper sulfate
and diluted hydrofluoric acid. In this way, copper atoms partially replace silicon in the
defective surface layer via chemical reactions, forming Cu NPs, as schematically depicted
in Figure 3b. The duration of Cu deposition was adjusted to allow for the penetration
of Cu NPs precisely into the defective surface layer, as follows from the SEM image in
Figure 3c. XRD pattern shown in the inset of Figure 3c revealed prevalent orientations (111)
and (100) of Cu nanocrystals. The mechanism of substitution of silicon and PSi with Cu
NPs has been reported elsewhere [52,53]. Next, Cu NPs are removed by chemical etching in
diluted HNO3, which also leads to destruction of the defective surface layer. This procedure
exposes the deeper and more uniform layer of mesoPSi, as illustrated in Figure 3d.
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Figure 3. Principle of the Cu-assisted corrosion for removal of the defective surface layer from
mesoPSi: (a) schematic representation of freshly prepared mesoPSi, (b) schematic representation
of substitution of the mesoPSi surface layer with Cu NPs including illustration of the corrosive Cu
deposition chemical reactions following the addition of CuSO4 and HF (right image), (c) cross-section
SEM image of mesoPSi after Cu deposition with magnified areas of (1) the defective surface layer
coated with Cu NPs and (2) the deep porous layer free of Cu NPs; the inset shows XRD patterns of
mesoPSi after Cu deposition (red curve) and following etching in the diluted HNO3 (black curve),
and (d) schematic representation of chemical etching of Cu NPs with illustration of the chemical
reactions carrying out during the Cu dissolution, which reveals the internal mesoPSi layer.

3.3. Morphology of Silver-Coated Mesoporous Silicon

It is particularly interesting to apply the surface treatment method developed in
conjunction with plasmonic nanostructure fabrication. To explore this, we covered various
mesoPSi surfaces with silver using two different techniques. Figure 4 presents top-view
SEM images of the resulting samples. The first row in Figure 4a–c shows Ag coating
formed by the electroless (or immersion) method using silver nitrate solution, while the
second row in Figure 4d,e displays Ag NPs deposited by magnetron sputtering. Each
column corresponds to a specific surface region: silver deposited on the light and dark
stripes of mesoPSi (see Figure 4a,d and Figure 4b,e, respectively) and on the surface of
mesoPSi after removal of the defective layer, as shown in Figure 4c,f. In all of the cases,
Ag coatings with distinctly different morphologies were obtained. Electroless deposition
resulted in isolated, well-dispersed quasispherical Ag particles, as seen in Figure 4a–c.
These quasishperes exhibit a bimodal size distribution, comprising rare large particles
(several hundred nanometers in diameter) and more abundant smaller particles or NPs
(below 100 nm). Regarding the sample before the copper-assisted corrosion, Ag NPs were
found on both the light and dark stripes, while large Ag particles were observed only on
the dark stripes, as seen in Figure 4a,b, respectively. Figure 4c shows that the bottleneck-
free mesoPSi is coated with the large and small Ag particles similarly to the light stripes
of the initial sample. Although the larger Ag particles appeared randomly distributed
across the mesoPSi surface, the smaller Ag NPs tended to localize at the entrances of the
pores, as the insets in Figure 4a–c demonstrate. It should also be noted that removal of the
defected surface layer led to better penetration and more uniform deposition of Ag NPs
formed tightly packed ring-shaped structures on the pore walls, as follows from the inset
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in Figure 4c. In contrast, such spatial organization was not observed on the light and dark
stripes, where the Ag NP distribution appeared to be more random. This can probably be
attributed to the lack of pore uniformity in those surface regions.

Figure 4. Top-view SEM images of mesoPSi coated with Ag particles: (a) light stripe of mesoPSi with
defective surface layer after electroless deposition of Ag, (b) dark stripe of mesoPSi with defective
surface layer after electroless deposition of Ag, (c) mesoPSi free of defective surface layer after
electroless deposition of Ag, (d) light stripe of mesoPSi with defective surface layer after magnetron
sputtering of Ag, (e) dark stripe of mesoPSi with defective surface layer after magnetron sputtering
of Ag, and (f) mesoPSi free of defective surface layer after magnetron sputtering of Ag.

In contrast to the results obtained via electroless deposition, magnetron sputtering
produced dense quasi-continuous films composed of Ag NPs, as illustrated in Figure 4d–f.
The size and spatial distribution of the resulting Ag NPs look similar on both the light and
dark stripes of the mesoPSi surface. However, larger gaps between Ag NPs were observed
in the films deposited on the light stripes, as shown in Figure 4d,e and the corresponding
insets. Interestingly, the Ag film sputtered onto the defect-free mesoPSi surface presented in
Figure 4f exhibits a distinct worm-like morphology, where the elongated Ag NPs conformed
to the underlying mesoPSi skeleton, effectively replicating the surface topography of the
mesoPSi sample. This resulted in the formation of the structure mimicking so-called silver
‘nanovoids’, which can enable a strong and reproducible SERS response [54].

3.4. Simulation of Electric Field Strength in Silver-Coated Mesoporous Silicon

To further investigate the Ag-coated mesoPSi, we conducted numerical simulations
of the electric field strength distribution for the samples with and without the defective
surface layer using COMSOL code. The model shown in Figure 5a reflects the morphology
observed in the SEM image of Figure 4c, while the model in Figure 5b corresponds to the
‘nanovoid’ structure presented in Figure 4f. In more detail, the cross section of the pore
channel is represented as an equilateral hexagon with a side length of 50 nm. Ag NPs are
located on the internal pore surface. The geometry of the electroless Ag NPs is imitated by
truncated spheres of 10 nm diameter. Ag NPs formed by magnetron sputtering are better
described by the semisphere geometry of 25 nm in diameter. Simulation results under
473 nm plane wave excitation indicate stronger electric field strength up to 8.0 × 107 V/m
between Ag NPs formed by electroless deposition compared to those formed by magnetron
sputtering, which provided the maximal electric field strength equal to 6.4 × 107 V/m in
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the top parts of the semispheres. This is primarily attributed to the smaller interparticle
distances in the electroless-deposited structures. Although the electroless Ag NPs are
expected to facilitate a more intensive SERS signal, the Ag semispheres on the pore walls
can potentially act as ‘nanovoid’ structure because a mild electric field enhancement is
observed in the pore center.

Figure 5. Simulated electric field strength distribution for mesoPSi free of the defective surface layer
coated with Ag NPs by (a) electroless deposition and (b) magnetron sputtering.

3.5. SERS Response from Silver-Coated Mesoporous Silicon

This study evaluates the effectiveness of the developed approach of modifying the
mesoPSi surface to improve both spot-to-spot reproducibility and intensity of the SERS sig-
nal. To establish these correlations, we compared the morphologies shown in Figure 4 with
the corresponding experimental results of the SERS measurements presented in Figure 6a,b.
SERS-signatures of 10−6 M R6G are average spectra calculated from SERS maps collected
in dark and light stripes of mesoPSi coated with Ag before the removal of the defected
layer and in two spots of Ag-coated mesoPSi free of the defected surface layer.

For each Ag-coated mesoPSi sample, a distinct SERS fingerprint was recorded with
all characteristic bands of R6G [55]. In accordance with our expectations, the SERS signal
intensity varied depending on the underlying mesoPSi surface used as a template for the Ag
deposition. Notably, a 2–3 time decrease in SERS intensity was observed when moving from
the dark to the light stripes, regardless of the Ag deposition method. In contrast, samples
treated with the copper-assisted corrosion method exhibited consistent SERS responses at
different measurement points. In addition to the observed intra-sample variability in SERS
intensity (i.e., among surface regions coated by the same silver deposition technique), it was
also found that Ag particles formed by electroless deposition generally produced a stronger
SERS response compared to those formed via magnetron sputtering. These findings align
well with the observed difference in the simulation results, as SERS activity depends on the
local electromagnetic field enhancement generated by plasmonic nanostructures.

The spot-to-spot reproducibility of the SERS signal was assessed by SERS mapping
the Ag-coated mesoPSi samples with and without defected surface layer as shown in
Figure 6c,d. The sample free of the defected layer exhibited much more uniform signal
intensity across the silver-coated surface. In more detail, removal of the defective surface
layer from mesoPSi provided a base for formation of over 65% of the SERS-active area with
the signal deviation ±10%. On the other hand, only 12% of the SERS-active area of the
Ag-coated mesoPSi surface with the defective layer resulted in the same signal intensity
deviation. These results highlight the effectiveness of the developed method in producing
stronger and reproducible SERS responses on various silver-covered mesoPSi surfaces.
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Figure 6. SERS measurement results for R6G molecules adsorbed from a 10−6 M solution on Ag
particles on mesoPSi. Ag particles were deposited by (a) electroless deposition and (b) magnetron
sputtering. In (a,b), the SERS spectra were recorded from dark and light stripe regions on Ag-coated
mesoPSi with the defective surface layer as well as from two different areas on Ag-coated mesoPSi
free of surface layer. SERS intensity maps of the 1366 cm−1 R6G band (C-C stretching in xantene
ring) [55] intensity are shown for Ag coating on (c) mesoPSi free of the defective surface layer as well
as on mesoPSi with the defective surface layer in the (d) dark and (e) light stripe regions.

4. Conclusions
This study presents a novel approach to address the surface structural nonuniformity

of mesoPSi, which arises from the uneven distribution of dopant concentration in monocrys-
talline silicon ingots grown via the Czochralski method. The findings demonstrate that
the corrosive copper deposition on pristine mesoPSi samples prior to the formation of
the Ag coating, followed by wet etching of the deposited Cu film, effectively reduces
spot-to-spot variability in the SERS signal intensity and enhances Raman scattering. Once
the defective surface layer was removed, the variation in absolute porosity from sample
to sample of mesoPSi was reduced from 5% for freshly prepared mesoPSi to 2% after
Cu-assisted corrosion.

This improvement results from exposing the deeper mesoPSi surface, which is
largely free from pore irregularities such as bottlenecks and ‘dead’ pores—conditions
that are highly favorable for the formation of plasmonic metal nanostructures with well-
defined morphology.

The proposed method is not only simple and cost-effective, but is also rapid, requiring
only a few minutes to implement.

It was revealed that the spot-to-spot reproducibility of the SERS signal from R6G at
micromolar concentration adsorbed on the Ag-coated mesoPSi substrate free of the defected
layer exhibited much more uniform intensity level across the surface compared to that
before the Cu-assisted treatment. Removal of the defective surface layer from mesoPSi
led to formation of over 65% of the SERS-active area with the signal deviation ±10%.
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In contrast, just 12% of the SERS-active area of the Ag-coated mesoPSi surface with the
defective layer resulted in the same signal intensity deviation.

In addition to improving the reproducibility and intensity of SERS signals, the pro-
posed approach enables the fabrication of plasmonic substrates with enhanced control over
pore uniformity and metal nanoparticle distribution. This is essential for applications in
quantitative analytical chemistry, antibacterial surface engineering for tissue-embedded Si
microchips, and optical biosensing, where a uniform electromagnetic field distribution is
critical. Moreover, the method holds promise for a broad range of technologies that rely on
mesoPSi as a template material.
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