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ABSTRACT ARTICLE HISTORY
The integration of three-beam laser interference lithography (TBLIL) and Metal-Assisted Chemical Received 17 November 2024
Etching (MACE) is a novel approach to enhance the electrical and antireflection properties of sili- Accepted 13 February 2025

con micro/nanostructures (SiMNs) for advanced optoelectronic applications. This study explored

the fabrication, theoretical modeling, and performance evaluation of SiMNs with enhanced light

absorption, electrical conductivity, and reduced surface reflectance. A three-dimensional finite-dif- . .
. N N . interference lithography;

ference time-domain (FDTD) method was employed to simulate and optimize the surface texture metal-assisted chemical

design for improved light absorption. The electrical and optical characteristics of the fabricated etching; electrical

SiMNs were thoroughly examined. The simulated and experimental results exhibited comparable properties; silicon

trends. The integration of TBLIL and MACE not only offers a precise and scalable method for struc- microstructures;

turing SiMNs, but also provides valuable insights for the development of high-efficiency optoelec- antireflection

tronic devices, positioning these arrays as promising candidates for next-generation technologies.
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1. Introduction and mechanical properties. These features include a high sur-

Researchers have focused on semiconductor silicon micro-and  face-to-volume ratio, exceptional electrical conductivity, and
nanostructures (SiMNs) for decades owing to their outstanding ~configurable bandgap, making them excellent candidates for a
electronic and photonic capabilities [1-4]. SiMNs have attracted ~ wide range of applications, including solar cells [5], sensors [6],
considerable interest owing to their superior electrical, optical, ~photodetectors, and optoelectronic devices [7-10]. The
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performance of these devices depends on two critical character-
istics, namely, high electrical conductivity and minimal light
reflectance. To achieve these properties, researchers have
explored various structuring and surface treatment methods.
However, combining electrical and optical enhancements in a
single scalable fabrication process remains challenging [11-14].
Among various approaches, Nano structuring Si surfaces has
shown great promise in overcoming these challenges, particu-
larly in improving light absorption and reducing surface reflec-
tion [15-21]. Because of their high intrinsic reflectivity, surface
engineering approaches, such as antireflective coatings (ARCs)
[22] or surface micro/nanostructuring [23], are essential for
high-performance architectures. ARCs can provide a straight-
forward way to reduce surface reflection losses and angular
reflectivity dependence, which affect photovoltaic systems, dis-
play contrast, and brightness [24]. To achieve wideband
anti-reflectance, an ARC must carefully choose materials with
specified refractive indices and precisely calibrate layer thick-
nesses [25].

Microstructures and nanostructures have been fabricated
using several patterning techniques, such as photolithography
[26,27], nanoimprinting [28], nanosphere lithography [29],
and colloidal lithography [30]. These strategies were used to
produce periodic structures [31,32]. However, most of these
methods require complex and costly lithographic masks, high
experimental temperatures, high costs, and long fabrication
times, owing to the limitations of the growth mechanisms.
Furthermore, it is difficult to create large aspect ratios to
adjust and obtain the structures of the different parameters
according to the specific wavelength. Compared with other
approaches for producing surface micro/nanostructures,
metal-assisted chemical etching (MACE) is a simpler and
more controllable approach that does not require specialized
equipment or complex techniques. Furthermore, chemical
etching is particularly suited for the creation of large-scale
surface micro/nanostructures, which can be precisely con-
trolled by altering their composition, concentration, or tem-
perature [33,34].

The benefits of lithography for creating surface micro/
nanostructures include high controllability of the prepared
micro/nanostructures, such as controlling the shape and size
of the structures through factors such as the exposure agent
type and exposure duration [35-37]. Saeed et al. [38]
explored broad-band antireflection structures with gold
micropatterns by laser interference lithography. Lee et al. [37]
explored antireflection silicon structures with hydrophobic
properties fabricated by three-beam laser Interference lithog-
raphy. Senthuran et al. [39] reported a maskless and scalable
technique for fabricating nanoscale inverted pyramid struc-
tures suitable for light management in crystalline Si solar
cells. Zhang et al. [36] fabricated periodic antireflection struc-
tures with an average reflectance of 3.5% on silicon using
four-beam laser interference lithography. Wang et al. [40]
proposed both antireflection and superhydrophobicity struc-
tures fabricated by direct laser interference nanomanufactur-
ing. Li et al. [41] presented a method for the fabrication of
highly-ordered superhydrophobic micro-nano dual structures
on silicon by direct laser interference lithography. The

antireflection and self-cleaning functions were due to the for-
mation of an array of micro cone and hole structures [42] on
the silicon wafer surfaces. Three-beam laser interference lith-
ography (TBLIL) allows rapid, low-cost patterning over large
areas, making it possible to produce periodic structures with
flexible designs and wavelength adaptability. When followed
by MACE, which uses a metal catalyst to etch silicon select-
ively, this combination achieves high aspect ratios without
high temperatures or extended synthesis times, which is
typical for other methods. This two-step approach is versatile,
efficient, and cost-effective and provides a scalable and
adaptable method for creating SiMNs with precise dimen-
sions tailored to specific applications. Furthermore, the nano-
structuring process also advances beneficial modifications to
the Si surface, enhancing its electrical properties, such as
reduced carrier recombination rates and improved charge
carrier mobility [38].

This article presents an integrated approach combining
TBLIL and MACE to fabricate SiMNs with superior antireflec-
tion and electrical properties. In this study, we fabricated and
characterized SiMN arrays with controlled morphology, power,
and energy using TBLIL combined with MACE. We present
MATLAB and FDTD simulations and laser-based fabrication
approaches for the antireflection and conductivity mechanisms.
This technique has two primary purposes. The first was to cre-
ate periodic sub-nanostructures in the Si wafers, and the
second was to investigate the effect of this patterning on the
reflectance and conductivity of the nanostructures. Integrating
these two techniques opens new avenues for developing high-
efficiency Si-based devices, potentially contributing to the
advancement of renewable energy technologies and the broader
field of nanotechnology.

2. Materials and methods

Single-sided Si wafers (P-type, 10 Q cm, 500 um thickness
with (100) alignment) were set up to 2cm’” as the samples.
The Si substrates were then cleaned with acetone
(CH3COCH;, 99% purity) and ethanol (CH;CH,OH, 99%
purity) for 10 min and rinsed multiple times with deionized
water. Ag was deposited using a JFC-1600 ion sputter coater
(Quorum Technologies Q150T) on 20-, 30-, 35-, 40-, 45-,
and 50nm thick substrates. After deposition, a TBLIL
(German INNOLAS Spit Light 2000) high-power Nd: YAG
laser source with a wavelength of 1064 nm, frequency of
10 Hz, laser pulse energy of 40-50 mJjcm ™2, pulse width of
7-9 s, voltage of 560, 580, and 600V, laser beam spot size
of 6 mm, and exposure time of 10s was struck on the sam-
ples. Initially, the laser beam was dispersed into three beams
with incident angles of 5.5°, 30°, and 45° and azimuthal
angles @; = 0°, @, = 120°, and ¢; = 240°. The polarization
of the TE-TE-TE, TE-TE-TM, and polarizers were P; = P,
= P; = 90°. They were then recombined on the surfaces of
the substrates to create periodic patterns.

Figures 1 and 2 show experimental schematic diagrams
of the SiMNs. Figure 1 shows the three-beam LIL setup and
computer simulation results. Three laser beams were
obtained using beam splitters (BS). The beams can be varied
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Figure 1. (A) Schematic of the experimental setup for the TBLIL. The setup included a laser source, beam splitters (BS), a half-wave plate (HWP), a polarizer, mirrors,
and a stage for the sample. (B) Illustration of a three-beam interference pattern formed at the sample surface, showing beams arranged to create a periodic interfer-
ence pattern in the x-y plane. (C) Simulation of the interference pattern displaying a periodic array with controlled dimensions for the SiMN fabrication.

(D) Scanning electron microscopy (SEM) images of the SiMNs fabricated at 30 um.

by controlling the positions of the highly reflective mirrors
(HR). The polarization directions and output energies were
determined using 1/4-wave plates (Q) and polarizers (P).
The computer simulation results showed the intensity distri-
bution of the interference pattern, as shown in Figure 1(C).
The red and blue areas indicate the high and low intensities,
respectively. The image shows the periodic interference pat-
tern produced by the three-beam interference setup illus-
trated in Figure 1(A,B). The bright and dark regions in the
simulated pattern correspond to the areas of constructive
and destructive interference, respectively. These periodic
regions provide a template for creating structures with con-
trolled dimensions, allowing precise patterning at the micro-
and nano-scales.

Figure 2 shows a schematic illustration of the MATLAB
simulation and fabrication mechanism of the SiIMN arrays.
Figure 2(A) shows the sequential steps involved in creating
SiMNs. In Figure 2(A), colors are used to distinguish the
various stages and components involved in the fabrication
process of the SiMNs. The blue color represents the Si sub-
strate, which served as the foundation for the entire process.
Initially, the Si wafer was prepared and cleaned to ensure a

smooth surface for the subsequent steps. Subsequently, Ag
was deposited onto the Si substrate. The gray color indicates
the Ag layer deposited on top of the Si substrate. This Ag
layer plays a critical role in the fabrication process by acting
as a catalyst during the wet chemical etching phase. After
the deposition, the substrate with the Ag layer was exposed
to a high-power laser through a TBLIL. Following laser
exposure, the samples underwent wet chemical etching using
a solution of hydrofluoric acid (HF), hydrogen peroxide
(H,0,), and deionized water. The etching solution was pre-
pared in an etch bath containing HF, deionized water, and
H,0, as shown in Figure 2(B). The concentrations of deion-
ized water, H,0,, and HF were 37.5, 1.5, and 15mlL,
respectively. After preparing the solution, the substrates
were dropped into the solution for approximately
40-50 min. [43]. The yellow color highlights the regions in
Figure 2(A) where wet chemical etching occurs, specifically
beneath the metal nanoparticles. The color scheme differen-
tiates between the Si substrate, metal layer, and areas where
specific reactions occur during the fabrication process, mak-
ing the steps and their interactions clearer to the viewer.
The final step involved removing the metal, leaving behind
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Figure 2. Schematic illustration of the fabrication process for SiMNs. (A) The process involved depositing metal nanoparticles on the Si surface, followed by wet
chemical etching to create SiMNs. (B) Diagram of the MACE setup showing the chemicals used, including deionized water, hydrogen peroxide, and hydrofluoric acid

(HF). (C) Simulated three-dimensional and two-dimensional patterns of the SiMNs.

a uniform array of structures on the Si substrate. The etch-
ing solution generates a localized redox reaction at the
metal-Si interface, promoting anisotropic etching that results
in well-defined SiMNs. Subsequently, the samples were
rinsed thrice with deionized water and dried to ensure that
the SiMNs remained clean and undistorted after etching.
Figure 2(C) shows the simulated three-dimensional (3D)
and two-dimensional (2D) representations of the resulting
arrays. The 3D simulations (top images) highlighted the uni-
form peaks and valleys formed in the SiMNs, thereby con-
firming their periodicity. The 2D images demonstrate the
spatial arrangement and uniformity across the substrate,
showing a hexagonal or periodic grid pattern, which indi-
cates precise control over the etching process. These simula-
tions validate the ability of the experimental setup to
produce consistent SiMNs with controlled dimensions,
which are crucial for applications in photovoltaics, sensing,
and photonic devices, where uniform nanostructure arrays
can enhance performance through light trapping, increased

surface area, or specific wavelength interactions [44]. All the
experiments were conducted in a clean chemical laboratory.

3. Results and discussion

The FDTD simulation optimized the dimensions and peri-
odicity of the Ag micropattern to achieve the desired prop-
erties. This FDTD model investigates the interplay between
light and microscale structures, including Si(Ag) micropat-
terns. The texture size-to-wavelength ratio applies to all val-
ues, including the constraints on long and short wavelengths
[14]. The simulation domain comprising the microarray
structure and surroundings was divided into grid cells. The
grid cell size depends on the desired spatial resolution and
the incident light wavelength. The material properties
assigned to the grid cells represent the microparticle struc-
ture of Si with Ag coating. Plane waves were used to adjust
the incident light. The 2D structure’s polarization depends



on its low diffraction efficiency. The unit cell had periodic
boundary conditions. The boundary conditions of the simu-
lation domain determine the behavior of the electromagnetic
fields at their boundaries. These requirements ensure proper
field propagation within the simulation region and prevent
reflections from boundaries [45,46]. The refractive indices of
Si and Ag determine how light interacts with materials and
their optical properties. Refractive indices are often modeled
based on theoretical or experimental values and are deter-
mined as a function of wavelength.

FDTD advances the electromagnetic field over time. The
simulation involves multiple phases to allow the fields to
propagate and interact with the structure. The electric and
magnetic fields following Ag coating and structure are
shown in Figure 3. The fields were positioned at the edges
of the domain to determine the reflectance and transmit-
tance. The simulation patterns show the 3D electromagnetic
field distribution, the geometry of the hole constructs, and
changes in material layers. The region where the incident
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light (or other electromagnetic radiation) interacts with the
Ag coating is represented by the uppermost layer in the
image, which appears in a range of colors, from red to yel-
low. The color intensity is proportional to the amount of
light reflected by the Ag coating. The vast blue area beneath
the cover indicates the Si substrate. The absence of high-
intensity colors (such as red or yellow) at the top of the
material interface indicates low reflectance, or conversely,
high absorption or transmission. The dark blue color, which
dominates most of the substance, implies that the simulated
quantity is present at low levels within the material. This
demonstrates the effects of the laser on the reflectance,
absorption transmittance, and structural integrity of the Ag
coating. Figure 3(A-E) depicts a color map of the expected
total reflectance and transmittance for the micro-and nano-
structures as a function of the wavelength (300-1100 nm) and
diameter (4-100 nm) at normal incidence. The transmittance
was tuned to a period of 100 nm and 428 THz was chosen as
the frequency. The minimum reflectance at normal incidence
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Figure 3. Simulation results of micropattern array FDTD light propagation (A-E) spectrum analysis of reflectance and transmittance as a function of wavelength

(300-1100 nm).
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on the substrate with 4nm diameter nanostructures was
observed to be less than 0.5. In Figure 3(A-E), the period of
the micropattern refers to the spatial interval between
adjacent features in the pattern. This period is essential for
understanding the size and arrangement of microstructures
across the substrate [47]. The period values are represented
on the x-axis, corresponding to the wavelength range from
300 to 1100 nm, with the micropatterns being influenced by
these wavelengths. Each subplot (A, B, C, D, and E) shows
how the periodicity of the patterns changed across different
wavelengths. It is essential to highlight that the period can
affect the optical properties and performance of a material,
such as light diffraction or absorption [48]. The period of the
micropatterns in Figure 3(A-E) was determined by the spac-
ing between adjacent microstructures within each pattern
[49,50].

In TBLIL, the period can be influenced by the wavelength
of the laser light used in the patterning process, where the
spacing of the micropatterns is controlled by the interfer-
ence of the light beams [51].

A

p:

sin 0

A scanning electron microscope (SEM; FEI Quanta 250
FEG) was used to characterize the surface morphologies of
the laser-treated samples. The SEM images in Figure 4 illus-
trate the effect of nanosecond LIL on Si-Ag surfaces, with
varying Ag coating thicknesses (20 nm, 30 nm, 35 nm, 40 nm,
45nm, and 50nm) influencing the resulting nanopattern
morphology. These patterns are the result of laser interfer-
ence, where the intensity distribution is influenced by the
laser parameters, including the number of laser beams, inci-
dent angles, azimuthal angles, and polarization directions
[37,52]. As the Ag thickness increased, the periodicity and
clarity of the micropatterns also changed, with a noticeable
shift in the size and definition of the hexagonal structures
[53,54]. Figure 4(A) shows a high-density array of Ag nano-
particles formed on Si, with the pattern intricately defined by
precise adjustments in the laser parameters. This indicated
that the laser intensity distribution was sufficiently uniform
to create consistently sized particles across the sample area.
Figures 4(A-C) show a well-defined hexagonal pattern with
20nm Ag thickness, with a period of approximately 5.5 um is
visible. This pattern is consistent with the results of the three-
beam laser interference simulation, which also predicts a hex-
agonal distribution. Figure 4(D) shows that the Ag thickness

Figure 4. SEM images of Si-Ag structures after TBLIL. (A) Large-area view of the patterned Si surface with a magnified section showing highly periodic circular
microstructures on a scale of 100 um. (B, C) Closer view of the microstructure pattern with the Central section displaying the simulated interference pattern. The
periodic square array pattern closely aligns with the experimental SEM results, confirming that the TBLIL setup successfully created uniform arrays with controlled
spacing and size. (D) Micropatterns at 50 um thickness. (E) Periodic pattern formation at a scale of 10 um. (F) Close-up view of the patterns at the 10 um scale.
(G) Vertical region of Si substrate showing elliptical microstructures. (H) The zoomed-in SEM images emphasize consistency in the pattern shape and arrangement
achieved through precise TBLIL exposure. (I) close-up of the patterns at the 50 um scale.



increases to (30) nm, and the micropatterns become more
prominent with increasing size and improved definition of
the hexagonal features; a squarely distributed oval shape pat-
tern with a period of approximately 8-10 um is formed, high-
lighting how the number of laser beams and their
configuration significantly impacts the resulting surface pat-
terns. The variations in Ag thickness and laser parameters
lead to distinct periodic patterns, revealing the intricate rela-
tionship between material properties and laser interference
techniques in microfabrication. 4(E) shows the laser intensity
distribution across the surface simulated using MATLAB.
The intensity profile is color-coded, with red and blue regions
indicating high-and low-intensity ~zones, respectively.
Figure 4(G-I) shows the corresponding SEM image at 40-
50 nm Ag coating beside it shows SiIMN structures, suggesting
that high-intensity laser pulses induced dewetting in these
zones, leading to the selective formation of oval shape struc-
tures [42]. This shows a different structural arrangement of
Ag nanoparticles, which is attributed to changes in incidence
and polarization angles. These laser-induced structures dis-
play an ordered periodic pattern, in which high-energy inter-
ference is selectively eliminated at precise locations, leaving
behind defined nanopatterns. This selective fabrication allows
fine control over the depth, size, and spacing of nanostruc-
tures. This study demonstrated the potential of nanosecond
LIL for dynamically controlling Si surface patterning,

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES e 7

enabling customizable nanopatterns for applications requir-
ing specific optical and electrical properties.

Figure 5 indicates that by varying the laser voltage, energy
input, Ag coating, and beam configuration, it is possible to
tailor the morphology of arrays with diameters ranging
from 4 to 300 nm. The SEM images illustrate the impact of
these parameters on structure size and pattern formation.
The TBLIL laser beam diameter ranges from 1 to 2mm.
Figure 5(A) shows an array of oval-shaped micropatterns
with diameters ranging between 200 and 300 nm. This pat-
terning is the result of specific laser conditions, such as the
controlled beam voltage and energy input, which are opti-
mized to produce larger features [52]. The spacing between
these patterns was noticeable, suggesting a coarser arrange-
ment of the micropatterns formed under the experimental
conditions, including the Ag coating and beam configuration
[55]. Figure 5(B) shows a closer view of the same patterning,
in which the individual structures appear smaller and more
refined. Here, the diameter of the oval-shaped structures is
approximately 100-200 nm, which shows a reduced pattern
size compared to that in Figure 5(A). The reduction in struc-
tural size is due to a variation in the laser fluence, energy
input, and potentially thinner Ag coating [56]. This demon-
strates that, by fine-tuning the laser parameters, including the
beam configuration, it is possible to achieve smaller and
more tightly defined patterns. Figure 5(C) shows a broader

Figure 5. SEM images of Si-Ag structures with different coatings and laser fluences after TBLIL. (A) Oval shape micro patterns with low laser fluence. (B) Close view
of micro patterns at low fluence. (C) Larger array of structures at high laser fluence. (D) Close view of micro patterns at high laser fluence.
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field of view, showing a larger array of structures. The indi-
vidual patterns in this image are in the 200-400 nm range,
indicating a larger structure size, likely influenced by the laser
voltage and energy input, which favored broader, more
widely spaced patterns. This variation suggests that increasing
certain parameters, such as laser energy, can result in larger
micropatterns [57]. Figure 5(D) shows a detailed zoomed-in at
the micropattern scale of 10 um at high laser fluence. The struc-
tures were approximately 100-300nm in diameter, and the
details of the patterns were much clearer. The image reveals
finer features resulting from optimizing the experimental con-
ditions for smaller pattern sizes. These smaller structures cor-
respond to a more precise laser setup or more uniform Ag
coating, allowing for a higher resolution and smaller diameter
patterns. By adjusting the laser voltage, energy input, Ag coat-
ing, and beam configuration, it was possible to fabricate pat-
terns with diameters ranging from 100nm to several
micrometers, demonstrating the flexibility and precision of the
TBLIL process in producing custom SiMNs.

The process of creating SIMN arrays using MACE and
TBLIL is illustrated in Figure 6. The initial phase involves the
precise placement of silver nanoparticle (AgNP) arrays on a Si
substrate. These AgNPs, patterned using TBLIL, served as tem-
plates for the subsequent etching process in HF and H,0, solu-
tions. By applying alternating laser fluences to the AgNPs,
distinct patterns were obtained, which guided the etching pro-
cess and shaped the SiMNs. This approach allows detailed con-
trol of geometry and produces highly ordered arrays with
remarkable crystallinity. One of the critical findings illustrated
in Figure 6 is the capacity to fine-tune the dimensions of the
SiMNs through careful parameter adjustments in the MACE
process. The periodicity of the SiMNs was maintained at
approximately 7-10 um, whereas their length varied from 600
to 1310 nm, with an average of approximately 1092 nm. The
length variations were primarily influenced by the duration of
the etching process, demonstrating that the SiMN depth could
be modulated by controlling the etching time and reagent
concentration.

Figure 6(B,D,F,H) shows Atomic Force Microscopy
(AFM) images to measure the depth of the SiMNs, provid-
ing a topographical view of the nanostructures. AFM ana-
lysis showed that the depths of the SiMNs varied with the
etching time and thickness of the Ag catalyst. The samples
in the images displayed depths ranging from 1130 to
1600 nm, with an average depth of approximately 1295nm.
The correlation between depth and etching time suggests a
consistent and controlled etching process, where longer
etching produces deeper structures. This level of control is
advantageous for applications that require specific depth

Table 1. Three-beam LIL and MACE system parameters.

profiles, making MACE a versatile technique for creating
nanostructures with customizable dimensions. Further
insights from Figure 6 reveal a direct relationship between
the thickness of the Ag film and the depth of the resulting
SiMNs. As shown in the data, a thicker Ag catalyst resulted
in deeper etching, which can be used to tailor the SiMN
morphology by adjusting the thickness of the initial Ag
layer. This capability provides a straightforward means of
controlling the aspect ratio, which is essential for optimizing
micro/nanostructures for optical, electronic, and sensing
applications. The linear relationship between the Ag film
thickness and SiMNs depth underscores the importance of
catalyst layer properties in the etching process. The concen-
tration of H,O, in the HF/H,0, etching solution played a
crucial role in controlling the etching rate and stability of
the Si substrates. In this study, the H,O, concentration was
varied from 1.5mL to 2mlL, and it was found that higher
concentrations of H,O, resulted in increased etching rates
and more stable etching characteristics. Similar findings
have been reported in previous studies [58-62], which dem-
onstrated the impact of H,0, concentration on etching out-
comes. Finally, the role of the H,0O, concentration in the
HF/H,0, etching solution is evident as it significantly influ-
ences the etching rate and stability of the nanostructures
[58,63,64]. A careful balance of the reagent concentrations
ensured uniform etching across the Ag/Si interface, yielding
consistent nanostructures with minimal defects. This level of
control over the etching environment and catalyst design
further highlights the effectiveness of combining TBLIL and
MACE for fabricating Si nanostructures with desired proper-
ties. Figure 6 demonstrates the potential of the TBLIL and
MACE techniques for producing SiMN arrays with precise
dimensional and structural characteristics. By manipulating
the laser fluence, etching time, Ag layer thickness, and
chemical concentration, this method enabled the fabrication
of customizable nanostructures. The findings underscore the
versatility and precision of this approach, making it suitable
for applications in light harvesting, sensor development, and
other nanotechnology fields that demand high control over
nanostructure morphology.

Figure 7 shows cross-sectional SEM images of SiMNs
structures with feature sizes of 50 um and periods of 13 um,
15 um, 16, and 17 um, respectively. It can be seen that the
SiMNs structure has smooth sidewalls ridges, and sharp tips.
Figure 7(A) shows well-defined V-shaped grooves with
sharp edges, and uniform periodicity, indicating the high
precision of the TBLIL process. The inset in the image pro-
vides a magnified view of a single groove, highlighting the
clean, smooth sidewalls and the depth of approximately

Sample Si (Ag) Laser fluence (mJ cm™) Pulse energy (m)J) Exposure duration (ns) Polarization mode Depth (um)
20 560 40 7-9 TE-TE-TE 4.1

30 580 50 7-9 TE-TE-TM 433

35 600 40 7-9 TE-TE-TM 4.7

40 650 40 7-9 TE-TE-TE 5.6

45 700 50 7-9 TE-TE-TM 6.9

50 750 50 7-9 TE-TE-TM 7.52
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Figure 6. SEM, and AFM, images of the SiMN arrays. (A, C, E, G) SEM images of periodic SiMN arrays with different morphologies were obtained by varying laser flu-
ence and etching conditions. (B, D, F, H) AFM images illustrating the topographical depth of the SiMNs, with depths ranging from 1130 to 1600 nm, correlated with
the etching duration.
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50 pm

Figure 7. Cross-sectional SEM images of SiMNs fabricated by TBLIL and MACE. (A) V-shaped grooves at 50 um. (B-D) SiMNs with increased etching depth, showing

uniform periodicity and sharp profiles.

(3.31-4.7) pm, which reflects the controlled etching process.
Figures 7(B,C) display the SiMNs with increased etching
depth, reaching approximately (4-6) pm, while maintaining
structural uniformity and sharpness along the vertical pro-
files. The consistency in the triangular cross-sectional pat-
terns across these panels demonstrates the reproducibility
and stability of the fabrication process under varying etching
conditions [65]. Figure 7(D) shows a more pronounced
structural modification, where the SiMNs exhibit slightly
irregular features with surface roughness, likely due to
extended etching durations or variations in etching parame-
ters and depth around (7-8) pm. Overall, these images con-
firm the effectiveness of the combined lithography and
MACE techniques in producing highly ordered, vertically
aligned Si micro/nanostructures with tunable depths and

sharp geometries, suitable for applications in optoelectronics,
sensing, and photonic devices.

3.1. EDS analysis

The Energy-Dispersive X-ray Spectroscopy (EDS) analysis
shown in Figure 8 provides an in-depth examination of the
elemental composition and spatial distribution within the
SiMN arrays created through chemical etching. The EDS
spectrum in Figure 8(A) shows distinct peaks corresponding
to Si, Ag, and O. The high intensity of the Si peak signifies
that Si is the dominant element, forming the primary struc-
ture of the substrate and the surrounding matrix of the
SiMN arrays. The presence of Ag and O peaks further con-
firmed the presence of AgNPs and oxide compounds, likely
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Figure 8. EDS surface analysis of the SiMN arrays. (A) EDS mapping image. (B) EDS analysis of AgNPs on the array surface. (C) Si element. (D) O element. (E) Ag

element.

owing to the etching process. This spectrum underscores the
successful incorporation of Ag nanoparticles, which act as
catalysts during the etching process, and indicates that oxide
formation occurs within the structures. Figure 8(B) shows a
combined element map of the SiMN array, where each color
represents a different element (Si in red, O in green, and Ag
in blue). This map illustrates the periodic distribution of ele-
ments, mirroring the structural design of the array [66].
This organized distribution suggests that the etching process
effectively patterned the SiMN arrays, thereby achieving the
desired spatial arrangement of the elements. Figure 8(C,D,E)
provide individual maps for each element, highlighting their
unique distributions within the array. Figure 8(C) focuses
on Si, which is shown in red, indicating its high concentra-
tion in the surrounding matrix that forms the structural
framework of the arrays. Figure 8(D) highlights the distribu-
tion of oxygen in green, predominantly located in the cen-
tral regions of the SiMNs. Figure 8(E) shows the Ag
distribution in blue, illustrating the Ag clusters around the
edges of the SiMNs. This spatial arrangement aligns with
the role of Ag as a catalyst in the MACE process and reflects
its tendency to remain at the edges of structures after etch-
ing. This precise elemental distribution is critical for under-
standing the chemical and physical characteristics of SIMN
arrays, as the configuration of elements within the SiMNs

can influence their behavior in various applications, such as
electronic devices or sensors, where specific elemental lay-
outs may enhance the functionality [67].

4, Antireflection properties

Figure 9 shows a comparative analysis of the theoretical and
experimental optical properties of the SiMN arrays, which
were designed to reduce surface reflection and enhance light
absorption across a broad spectrum (400-1100nm). This
improvement is particularly relevant to solar cell technology,
where efficient light absorption can significantly increase
energy conversion efficiency. SiMN arrays employ a gradient
refractive index (GRIN profile that gradually changes the
refractive index at the surface, thereby minimizing light
reflection [68,69]. To account for the GRIN profile of the
SiMN arrays, the side-view SEM images provide critical
insights into the structural features responsible for this
optical behavior. The SiMN arrays exhibit a tapered, V-
shaped geometry with sharp apexes and gradually sloping
sidewalls, as shown in Figures 7(A-D). This tapered morph-
ology facilitates a smooth transition of the refractive index
from air to the silicon substrate, effectively creating a GRIN
profile. The gradual change in the structural density along



12 . S. SAEED ET AL.

Theoretical Results

)|
i
IR

10 A /\

0

Reflectivity (%)

400 500 600 700 800 900 1000 1100
Wavelength (nm)
100 —
’//—’
90 /
—
>
=
S 804 ’,/
< :
1=
g 701
p=
E 60
2
] /
= /
= 504 /
/
40 //
304
2{\
300 400 500 600 700 800 900 1000 1100
‘Wavelength (nm)

Experimental Results

ool —ea—Si
—e— SiAg20
—— SiAg30
50} v— SiAg40)
§ —— SiAg50)
> 40}
=
2
2 wp
9
~
20
10
400 5:)0 84;0 760 880 960 1(;00 1100
Wavelength (nm)
100
00— 00000000 * o+
',,vvvvvvvvavvv
90 W
s o
& &
3 80 e 4—0/”&—*’/"
g
£
E
w»
=
S 60
=
50 —a—- 5
—e— SiAg20|
40 —a— SiAg30}
—v— SiAg40)
30 . —— SiAg50)|

400 500 600 700 800 900
Wavelength (nm)

1000

Figure 9. Theoretical and experimental reflectance and transmittance spectra of the fabricated SiMN arrays. (A) Theoretical results for reflectivity and transmittance
across various wavelengths. (B) Experimental results for reflectivity and transmittance across various wavelengths.

the vertical direction minimizes the abrupt refractive index
contrast at the interface, thereby reducing Fresnel reflections
and enhancing light transmission [70]. This is particularly
evident in Figures 7(B-D), where the uniform periodicity
and increased depth (4-8 um) of the SiMNs contribute to
the gradual refractive index variation. The sharp, well-
defined edges and the high aspect ratio of the structures fur-
ther optimize light trapping and anti-reflective properties.
Hence, the side-view SEM images not only confirm the pre-
cise fabrication of the SiMN arrays but also substantiate
their role in achieving a GRIN profile, which is essential for
advanced optoelectronic applications.

Figure 9(A) shows the theoretical results for reflectivity
and transmittance across various wavelengths. The theoretical
reflectivity curve demonstrated that the reflectance decreased
sharply and remained low across the visible to infrared spec-
tra, supporting the theoretical predictions of the GRIN effect.
The transmittance curve suggests a corresponding increase in
light transmission, reaching approximately 100% in the near-
infrared range. These results indicate that SiMN arrays theor-
etically exhibit low reflectivity and high transmission owing
to their GRIN profile and periodic structure, which are
designed to facilitate destructive interference and light-trap-
ping [71]. Figure 9(B) presents experimental results, showing
the reflectivity and transmittance measurements for different

SiMN samples (SiAg20, SiAg30, SiAg40, and SiAg50) with
varying Ag coating thicknesses. In the reflectivity graph, bare
Si exhibited the highest reflectance, which decreased with
increasing Ag thickness on the SiMN arrays. SiAg40 and
SiAg50 samples demonstrated the lowest reflectance of
approximately 3% across the visible to near-infrared range,
supporting the effectiveness of the GRIN profile in reducing
surface reflection. The increased Ag coating enhanced the
antireflective properties of the SIMN arrays by scattering and
confining incoming light within the surface layers, thus mini-
mizing the reflectivity. The transmittance graph further illus-
trates this behavior, with the SiAg40 and SiAg50 samples
displaying the highest transmission rates, reaching approxi-
mately 97% across the spectrum. This high transmission is
attributed to the thin-film interference effect within the SIMN
arrays, where reflections from the top and bottom surfaces cre-
ate destructive interference, reducing reflectance. In Figure 9,
the transmittance discrepancies observed between the theoret-
ical and experimental data, particularly in the 400-800nm
wavelength range, are attributed to several factors. Theoretical
models assume ideal conditions such as a perfectly smooth sur-
face and uniform material properties, which do not fully
account for real-world conditions [72]. In experimental work,
surface roughness and fabrication imperfections in the SiMN
arrays and Ag coatings caused light scattering, leading to a
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Figure 10. 3D Plots of reflectance spectra of SiMNs with different morphologies,

showing reflectance variations at different wavelengths (400-1100 nm). (A) 3D

reflectance spectra of the SiMN arrays. (B) comparison of the reflectance spectra for different SiMNs with varying AgNP layer thicknesses.

reduction in the measured transmittance, especially at shorter
wavelengths. Additionally, variations in Ag deposition, such as
grain boundaries, can alter the optical properties of the mater-
ial, resulting in differences from the idealized model. The
experimental setup, including factors such as light-source
divergence, angle of incidence, and detector sensitivity, also
contributed to the observed discrepancies [73]. Furthermore,
absorption and scattering losses within the material, particu-
larly in the 400-800 nm range, could reduce the transmittance
compared with the theoretical predictions.

The experimental transmittance and reflectance trends
were closely aligned with the theoretical predictions, confirm-
ing the effectiveness of the SiMN arrays for antireflection.
Patterned SiMN arrays offer substantial improvements in
antireflective performance, making them well-suited for use
in photovoltaics and other optoelectronic devices [74,75].

Figure 10(A) shows the 3D reflectance spectra of the
SiMN arrays over a broad wavelength range (400-1100 nm)
and varying work functions. The graph highlights the sig-
nificant reduction in reflectance achieved by SiMNs owing
to their graded refractive index and enhanced light-trapping
properties. The interplay between the SiMN structure and
plasmonic effects from AgNPs results in minimized reflect-
ance values across multiple wavelengths. The results reveal
how the optical properties of SIMNs can be tuned by adjust-
ing parameters such as the work functions, demonstrating
their versatility for different optical applications [76]. Figure
10(B) compares the reflectance spectra for different SiMNs
with varying AgNP layer thicknesses of 10, 20, 30, 35, 40,
45, and 50nm. The 3D plot illustrates the influence of Ag
thickness on the reflectance properties of the SiMN arrays.
Thicker Ag layers (e.g. 40-50 nm) result in lower reflectance
compared to thinner layers (e.g. 10-20nm). As the thickness
of the Ag layer increased, the reflectance decreased owing to
the stronger plasmonic effects and enhanced electromagnetic
field interactions. This indicates that the thickness of the
AgNP layer plays a critical role in optimizing the light trans-
mittance and antireflection performance of the SIMNss.

5. Electrical properties

The electrical properties of the SiMN arrays were assessed by
measuring the current-voltage (I-V) characteristics across the
source (S) and drain (D) electrodes. Figure 11 illustrates these
I-V curves, spanning a bias range from —10V to 10V, show-
ing linear (ohmic) and rectifying behaviors. This indicates a
versatile electronic response attributed to the transformation
of the indirect bandgap of Si into a more conductive direct
bandgap within SiMNs [77]. This modification facilitates elec-
tron mobility, coupled with a high aspect ratio, and enhances
electrical conductivity by offering extended pathways for
charge-carrier movement, thereby reducing the resistance and
promoting efficient charge transport.

The presence of low reflectance and high absorption in
the SiMN arrays stimulated electron excitation, leading to an
increase in the current. Notably, the SiAg50 substrate exhib-
ited the highest current, which was attributed to its low
reflectivity, as depicted in Figure 11. The depth of the
SiMNs within the arrays also influences the charge-carrier
mobility, due to its direct impact on charge transport
dynamics, surface interactions, and internal electric field dis-
tribution that contributes to the higher current response
observed in the SiAg50 substrate, which possesses the max-
imum depth and optimal light-trapping capabilities. Deeper
SiMNs provide extended pathways for charge carriers, sig-
nificantly reducing surface scattering and minimizing the
influence of surface defects, dangling bonds, and trap states
that typically hinder charge mobility in shallower structures
[7,78,79]. This reduction in surface-related recombination
enhances carrier lifetime and promotes more efficient charge
transport. Additionally, the increased depth facilitates direc-
tional charge movement, creating continuous pathways that
reduce recombination losses and improve overall charge col-
lection efficiency [80]. The high aspect ratio of deeper
SiMNs also leads to enhanced electric field distribution
within the structures, which accelerates carrier separation
and drift, further boosting mobility. Our cross-sectional
SEM images (Figure 7) demonstrate SiMNs with depths
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Figure 11. (A, B) I-V characteristic curves of the SiNW diode. (C) V vs. Log | for conduction mechanism of schottky diode. (D, E) The current density-voltage charac-
teristic curve of the Schottky diode for different samples. (F) Voltage resistance curves of electrical properties.

ranging from approximately 4pum to 8 um, where deeper
structures exhibit uniform alignment and reduced structural
defects, correlating with enhanced charge-carrier mobility.
Additionally, the structure diameter influences the charge
carrier mobility, with smaller diameters facilitating greater
mobility, thereby reducing the charge carrier scattering and
enhancing the conductivity. The SiAg50 sample emerged as
the most conductive, suggesting that its conductance
decreased with increasing length, akin to the observed trend
where Ag thickness correlates with increased conductance.

The electrical resistance of the SiMN arrays can be deter-
mined from the slope of the I-V characteristic curves in
Figure 11(A,B) by employing Ohm’s law to calculate resistiv-
ity [81,82].

p=— (1)

L

Where R is the resistance, A is the contact area, and L is
the contact length.

The rectifying behavior observed is linked to the Schottky
diode effect arising from the Ag and SiMN interface, with I-V
curves indicating enhanced currents in negative voltage regions,
characteristic of metal-semiconductor Schottky contacts [83].

Furthermore, the conduction mechanism in the SiMN
samples was analyzed using a log I vs. log V plot
(Figure 11(C)) transitions from ohmic behavior at low vol-
tages to space-charge-limited conduction (SCLC) at higher
voltages. This shift is attributed to the high surface-to-vol-
ume ratio of SiMNs and the influence of surface states and
defects or trap states on charge transport, particularly at the
Ag/SiMN interface, which is rich in trapping states owing to
the presence of oxygen [84].

The following discussion assumes that the effect of the
oxygen layer on conductance is minimal because the I-V
curves demonstrate good metal-semiconductor properties
[8,85]. According to these results, smaller, shorter nanowires
have higher conductance than larger, longer nanowires,
which aligns with what has been observed in recent studies.



Quantitative analysis can be performed using the well-
known metal-semiconductor contact thermionic emission
model. This model can simulate the I-V characteristics of a
Schottky contact with a p-type semiconductor in series. By
modifying the experimental I-V characteristics using the
Richardson-Schottky diode equation and accounting for the
series resistance, diode characteristics such as the ideality
factor (n), series resistance (R,), and diode saturation cur-
rent (I,) can be obtained [86,87].

I=1, {exp <q(‘;k;3§51)) - 1} 2)

where q is the electron charge, V is the applied voltage, kg
is Boltzmann’s constant, T is the absolute temperature and
Ig is the reverse-saturation current.

I, = AA * T exp (— %;) (3)

A denotes the contact area, A* denotes Richardson’s con-
stant, and B denotes the Schottky barrier height (SBH)
between the metal tip and the Si nanowire. Consequently,
the SBH can be derived using the following formula:

2
¢ =kTIn <M> (4)
I

Figure 11(D,E) highlights the high-speed switching capa-
bilities of the Schottky diode with negligible lagging, thus
minimizing power loss. Figure 11(F) depicts a direct rela-
tionship between voltage and resistance, indicating an
increase in resistance with voltage, validating the findings
from four-point resistance measurements, and demonstrat-
ing a linear relationship between nanohole resistance and
length. These findings align with the existing literature,
underscoring the critical role of SiMN arrays in the electrical
performance of sophisticated structures and suggesting
potential enhancements in SiMN-based solar cells and high-
speed electronic devices [87-90]. The morphology of SiMN
arrays significantly affects their electrical characteristics, par-
ticularly their conductivity, resistivity, and carrier mobility.
As the morphology changes with varying Ag thickness and
the fabrication process, the number of active sites, the sur-
face area, and the interconnectivity between the nanostruc-
tures are altered, all of which influence the overall electrical
performance [91,92]. We found that SIMN arrays with finer
features, achieved through optimized TBLIL and MACE
conditions, exhibited improved electrical conductivity owing
to better alignment of the conductive paths and reduced
scattering. Additionally, the electrical resistivity was found
to decrease as the periodicity and uniformity of the struc-
tures improved, particularly in samples with thicker Ag
coatings. On the other hand, arrays with less-defined struc-
tures showed higher resistivity and lower carrier mobility
owing to increased scattering at irregular interfaces.

By combining TBLIL and MACE, it was possible to fine-
tune the morphology to optimize both the optical and elec-
trical properties. Our analysis highlights the significant
improvements in the electrical properties when using this

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 15

combined approach, offering superior performance com-
pared with arrays fabricated using either TBLIL or MACE
alone. These findings demonstrate the significant impact of
morphological control on the electrical properties of SIMN
arrays and emphasize the advantages of using TBLIL and
MACE in tandem to achieve optimal performance for prac-
tical applications.

6. Conclusion

In conclusion, the innovative combination of TBLIL and
MACE for fabricating SIMN arrays has demonstrated signifi-
cant advancements in enhancing both electrical and antire-
flective properties. This methodology enabled the successful
creation of SiMNs, offering meticulous control over the peri-
odicity, shape, depth, and diameter of arrays. The 3D FDTD
simulation showed that the reflectance of these designed sur-
faces can be decreased to an average of less than 3% across
a broad spectrum of light, ranging from visible to near-
infrared (400-1100 nm), with the experimental results closely
matching the predicted forecasts. The resulting SiMNs are
characterized by their exceptional conductivity and superior
optical attributes, positioning them as prime candidates for
integration into electronic devices. This dual enhancement
in the electrical conductivity and antireflection efficiency
within a singular hierarchical architecture provides a versa-
tile foundation for advanced nanomaterial engineering.
Moreover, the LIL and MACE production processes are
both scalable and economically viable, promising pathways
for widespread industrial application and commercialization.
The convergence of innovative fabrication techniques,
improved material properties, and cost-effective scalability
have led to a new era in the development of nanotechnol-
ogy-based solutions for electronic and photonic devices.
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