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ABSTRACT

This work presents a combined numerical and experimental study of the optical properties of black Silicon
(b-Si), which is synthesized by reactive ion etching. Finite-Difference Time-Domain (FDTD) simulations
based on a periodic nanocone model were used to analyze how nanostructure geometry influences spectral
absorption, reflectance, and transmittance. The modeling results show that nanocone heights in the range
of 650-700 nm and dense packing conditions, where the base diameter approaches the periodicity, provide
optimal broadband antireflection. Experimental measurements confirm a reduction of the average
reflectance to below ~2-3% in the visible range (400-700 nm) for b-Si layers with heights around 670 nm,
in good agreement with simulation trends. The results establish quantitative geometric design rules for the
targeted fabrication of broadband antireflective silicon surfaces and demonstrate the potential of b-Si for

applications in silicon solar cells, photodetectors, and other optoelectronic devices.
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I.  INTRODUCTION

Although silicon is the basic material used in
microelectronics and photovoltaics, having high reflectivity
(30-40% in the visible spectrum) significantly reduces the
efficiency of solar cells by minimizing light absorption.
Conventional antireflection strategies, such as micron-scale
pyramidal texturing [1, 2] or single-layer dielectric coatings [3,
4], offer limited spectral and angular performance. On the other
hand, methods, such as porous silicon layers [5, 6] or
multilayer coating stacks [7], improve broadband response but
often have cost, stability, and scalability issues. Furthermore,
most of these techniques rely on wet-chemical processing,
which is undesirable for modern microelectronic
manufacturing. b-Si has emerged as a promising platform for
broadband, angle-insensitive antireflection surfaces [8, 9],
featuring a dense array of nanoscale surface structures,
typically ranging in height from several hundred nanometers to
a few micrometers. Low reflectance comes from a continuous
effective refractive index gradient between air and silicon,
which is formed by the depth-dependent filling fraction within
the nanostructured layer. This gradient, combined with
enhanced multiple scattering and light-trapping effects, allows
b-Si surfaces to achieve reflectance levels below 2% across a
broad spectral range [10, 11]. Reactive Ion Etching (RIE) is a

technique that provides a highly controllable, dry method for
producing b-Si, by balancing chemical etching with fluorine-
containing ions and surface oxidation through the formation of
a stable oxyfluoride layer. Adjusting plasma chemistry,
chamber pressure, RF power, and etching duration carefully
enables precise control over the morphology and optical
performance of the resulting nanostructures. Despite significant
progress in b-Si fabrication, creating clear, quantitative
correlations between RIE process parameters, surface
morphology, and the resulting optical response is still a major
challenge. Numerical modeling provides an effective
framework for addressing this issue by enabling the predictive
optimization of nanostructure geometry without the need for
extensive experimental iteration. The FDTD method is an
accurate tool for modeling light-matter interactions in complex
nanostructured media because it directly solves Maxwell’s
equations in the time domain and captures key phenomena,
such as diffraction, scattering, and near-field effects [12]. This
work aims to examine the optical properties of b-Si synthesized
by RIE using a combined approach of FDTD simulations and
experimental characterization. Unlike our previous studies
summarized in [8], this work creates explicit, quantitative
correlations between the geometric parameters of b-Si and its
broadband optical response. These correlations are consistently
validated by modeling and experimentation, providing practical
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criteria for fabricating nanostructured layers with optimized
antireflection performance for use in silicon solar cells,
photodetectors, and other optoelectronic devices.

II. SAMPLE PREPARATION AND
CHARACTERIZATION

The initial substrates were p-type, boron-doped, single-
crystal silicon (Si) wafers with a (100) orientation and a
resistivity of 1.0-3.0 Q-cm. Prior to processing, the wafers
underwent a standard chemical cleaning procedure to ensure
the complete removal of organic, ionic, and native oxide
contaminants. This procedure consisted of sequential
treatments in acetone, isopropanol, and diluted Hydrofluoric
(HF) acid. The b-Si layer was synthesized using RIE in a
modified "Plasma 600" plasma etching system. The plasma
was generated using an RF generator operating at the standard
industrial frequency of 13.56 MHz in a gaseous mixture of
sulfur hexafluoride (SF6) and oxygen (O2). The base etching
process was defined by the following parameters: an RF
discharge power of 100 W, a chamber pressure of 60 mTorr,
and a gas flow ratio of SF6/0O2 = 2:1. This corresponds to
absolute flow rates of 75-80 sccm for SF6 and 35-40 sccm for
02, respectively. To examine the kinetics of nanostructure
growth and its impact on optical properties, the etching time
was systematically varied from 3 min to 15 min, preparing 3
samples. The surface and cross-sectional morphologies of the
b-Si samples were examined using a Philips XL 40 Scanning
Electron Microscope (SEM). This enabled direct measurement
of the nanostructure height, base diameter, and surface density.
Optical characterization was performed in the spectral range of
250-1150 nm  uwsing a  Shimadzu  UV-3101PC
spectrophotometer equipped with an integrated sphere. This
setup reliably separates the specular and diffuse components of
reflected and transmitted light. The optical spectra were
recorded with a 1-nm wavelength step, a £0.5-nm wavelength
accuracy, and a =0.3%-better-than-photometric accuracy.
Directly recorded spectra included diffuse reflectance (R) and
total transmittance (T). Absorption spectra (A) were
subsequently calculated based on the energy conservation
principle:

A=100%—-R—T (1

Numerical modeling of the optical properties of the
nanostructures, was performed, using Lumerical FDTD
Solutions, a commercial software package widely recognized
in the scientific community for solving electromagnetic
problems in complex media [13]. The software offers high
computational performance, an advanced graphical user
interface, and integrated functions for near- and far-field
analysis, making it a powerful tool for designing and
optimizing photonic and plasmonic structures [14, 15], and was
used to examine the antireflective properties of b-Si passivated
by thin metal-oxide films [16]. The simulations allowed the
variation of the key geometric parameters of the b-Si
nanostructures (height, diameter, and periodicity) and their
influence on the absorption and reflection coefficients, creating
a quantitative link between morphology and optical response.

III. RESULTS AND DISCUSSION

A. Modeling

The first step in the numerical analysis was constructing a
geometric model that could accurately represent the
morphology of the fabricated b-Si layer. SEM images of
surface and cross-sectional views, shown in Figure 1, revealed
a highly irregular, randomly distributed array of high-aspect-
ratio nanoneedles with significant variation in height, base
diameter, and interspacing. In order to capture the essential
optical behavior of such a stochastic surface while ensuring
computational tractability, the real morphology by an ensemble
of nanocones was approximated.

(©

Fig. 1. (a) Cross-sectional and (b) top-view SEM images of b-Si (insets:
10x magnification); (c) 3D view of the stochastic cone-based model.

A simplified regular periodic model consisting of
hexagonally arranged nanocones with average geometric
parameters, such as cone height (&), base diameter (d), and
lattice periodicity (f), was adopted for systematic parametric
analysis, as depicted in Figure 2. The computational domain
included one unit cell with one nanocone on a silicon substrate,
while periodic boundary conditions were applied along the x
and y directions to model an infinite array. The top and bottom
boundaries were terminated with perfectly matched layers to
prevent unphysical reflections. Light was provided by a
normally incident broadband plane wave. Power monitors
placed above the structure and beneath the substrate recorded
the reflected and transmitted electromagnetic fluxes, enabling
the extraction of wavelength-dependent optical coefficients.
The optical constants for crystalline silicon, were taken from
datasets to ensure consistency between simulation and reality.
Mesh refinement was applied near the nanocone tip and
sidewalls to accurately capture nanoscale field variations and
scattering processes. The periodic nanocone model is an
effective approximation of the real stochastic morphology,
capturing the dominant optical mechanisms while neglecting
local randomness in cone dimensions and spacing.
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(a) (b)

Fig. 2. (a) 3D and (b) 2D views of the regular periodic model, (c)
computational domain.

The parametric analysis revealed clear dependencies of the
optical response on the nanostructure geometry. Figure 3
displays a three-dimensional (3D) map of the absorption
coefficient as a function of cone height and array periodicity,
made with a fixed base diameter of 150 nm and a wavelength
of 600 nm, which corresponds to the maximum of the AM1.5G
solar spectrum. The absorption coefficient increases
monotonically with cone height due to an increased optical
path length and enhanced multiple scattering within the
nanostructure. However, as the height approaches ~700 nm, the
growth of the absorption coefficient slows significantly and
eventually saturates, indicating a practical upper limit for
efficient light trapping. Examining the influence of the
nanocone base diameter at fixed heights and wavelengths
revealed a non-monotonic dependence on reflection, as shown
in Figure 4. The data curve exhibits three distinct regions:

e d < t: An elevated reflection level is observed due to the
small effective scattering area and the presence of
significant flat substrate regions between sparse cones.
These flat areas have a high refractive index and dominate
the overall Fresnel reflection.

e d~t: The minimum reflection coefficient is achieved in this
region. This corresponds to the regime of dense
nanostructure packing, where the most uniform and smooth
gradient of the effective refractive index from air to silicon
is formed. This ensures efficient reflection suppression.

e d > t: A further increase in diameter degrades the
antireflective performance as the nanostructure approaches
a quasi-continuous rough layer. This effectively reduces the
optical height of the cones.

Overall, the modeling quantitatively identified the relative
contribution of each geometric parameter and established
criteria for optimizing b-Si design. The results indicate that
achieving strong, broadband antireflective performance
requires nanocone heights of at least 650 nm, combined with
dense packing conditions in which the base diameter
approximates the periodicity.
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Fig. 3. 3D map of the absorption coefficient as a function of cone height
and nanostructure periodicity.
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Fig. 4. Dependence of the reflection coefficient on the base diameter of
the nanocones.

B. Experimental Investigation

Table I outlines the geometric parameters of b-Si
nanoneedles synthesized at etching times of 3 min, 10 min, and
15 min. These parameters include height (%), base diameter (d),
lattice periodicity (), and average sidewall inclination angle ()
and were measured using SEM analysis. The results confirm
that these etching durations correspond to average
nanostructure heights of approximately 335 nm, 670 nm, and
765 nm, respectively. As expected, increased etching time
results in a deeper, more developed nanostructured b-Si layer.

TABLE L. GEOMETRIC PARAMETERS OF NANONEEDLES
Etching time (min) | 7 (nm) d (nm) t (nm) 6 (degree)
3 335432 167+14 175421 ~14
10 670+58 164+16 179+18 ~7
15 76561 15419 181425 ~6
Figure 5 shows the absorption, reflectance, and

transmittance spectra of b-Si layers that were synthesized by
RIE at etching times of 3 min, 10 min, and 15 min. Reflectance
and transmittance spectra were measured directly, while
absorption was calculated using (1).
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Fig. 5. (a) Absorption, (b) reflection, and (c) transmission spectra of b-Si
layers with different nanoneedle heights: 1 - 335 nm, 2 - 670 nm, 3 - 765 nm.

Spectral measurements reveal the significant impact of
surface morphology on the optical response. Samples with
nanoneedle heights of 670 nm and 765 nm exhibit significantly
reduced reflectance and higher absorption across a broad
spectral range compared to the sample etched for only three
minutes, as portrayed in Figures 5 (a) and (b). This
improvement is especially evident in the visible spectrum
(400-700 nm), which is crucial for silicon photovoltaic
applications due to the high photon flux within this wavelength
range. Interestingly, the sample with shorter nanoneedles
exhibits comparatively higher absorption in the near-infrared

region above ~1100 nm. This behavior is primarily due to
silicon's intrinsic optical response: long-wavelength photons
have significantly greater penetration depths and are absorbed
deep within the bulk material rather than in the nanostructured
surface layer. It is also important to note that increasing the
nanostructure height from 670 nm to 765 nm only slightly
improves the optical properties. This aligns with the saturation
behavior predicted by numerical simulations, in which further
elongation of nanoneedles yields diminishing returns in light-
trapping efficiency. The spectra also exhibit prominent features
in the ultraviolet region (250—400 nm), most notably peaks near
270 nm and 360 nm. These peaks correspond to direct
interband transitions at critical points in the electronic band
structure of crystalline silicon. At longer wavelengths
approaching silicon's indirect bandgap energy (~1.1 eV),
absorption drops sharply and transmittance increases. This
reflects silicon's transition from absorbing to transparent in the
near-infrared spectrum.

C. Discussion

Comparing the FDTD modeling results with the
experimental measurements shows strong qualitative
agreement and acceptable quantitative consistency (6-8%).
This confirms that the periodic conical approximation is
suitable for describing the optical behavior of b-Si. Minor
discrepancies between the regular model and the experiment
arise from differences between the idealized geometry and the
actual nanostructure morphology. Real b-Si surfaces exhibit
variations in cone height, base diameter, taper angle, and local
density, as well as structural imperfections, such as
agglomerations, partially etched regions, and nanoscale
sidewall roughness. These features introduce additional
scattering pathways that the regular model does not capture and
may slightly alter the effective refractive index profile. The
effective refractive index profile of the b-Si layer can be
described using Effective Medium Theory (EMT), which
applies when the characteristic dimensions of the
nanostructures are significantly smaller than the wavelength of
the incident light. In this approximation, the nanostructured
surface is treated as a depth-dependent composite medium
consisting of silicon and air. For b-Si represented as an array of
nanocones, this gradient can be described as [17]:

n(2) = [f@nd +1-F)]"" @

where ng; is the refractive index of bulk silicon, f(z) is the
local material filling fraction at depth z, and g=2/3 corresponds
to the Bruggeman effective-medium approximation. The filling
fraction, f{z), is determined by the nanocone geometry and
increases monotonically from the tip of the cone toward its
base. Near the top of the nanostructured layer, the silicon
volume fraction is small and the effective refractive index is
close to that of air. Deeper into the structure, however, the
increasing cone cross-section leads to a gradual rise in f{z) and
n(z) toward the bulk silicon value. This continuous refractive-
index gradient creates a smooth optical transition between air
and silicon, which significantly reduces Fresnel reflections at
the interface. Rather than encountering a single abrupt
refractive-index jump, the incident electromagnetic wave
passes through a series of infinitesimal impedance-matched
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layers. This results in broadband suppression of reflection and
enhanced light coupling into the substrate. Additionally, the
graded index profile combined with lateral scattering induced
by the nanocone sidewalls increases the effective optical path
length within the silicon, further enhancing absorption across a
wide spectral range. As the nanocone height increases, the
filling-fraction profile becomes smoother and extends over a
larger vertical interval. This creates a continuous transition
from n=1 (air) to ns~3.4. This gradual change minimizes
Fresnel reflections at each interface, resulting in a reduction of
total reflectance across the spectrum. Additionally, enlarging
the base diameter of the cones increases the local filling
fraction, f(z), thereby reducing the amount of exposed flat
silicon that would otherwise act as strong Fresnel reflectors.
Larger-diameter cones also enhance lateral scattering,
redirecting incident light into oblique trajectories and
increasing the probability of absorption within the silicon
substrate. These mechanisms collectively explain the observed
decrease in reflectance with increasing base diameter, up to the
point where excessive enlargement leads to partial cone
merging, which can ultimately degrade optical performance.
The analysis of geometric parameters reveals two dominant
optimization factors. First, nanocone height plays a decisive
role in light trapping. While extremely tall, high-aspect-ratio
nanoneedles may further reduce reflectance, they introduce
practical fabrication challenges, such as mechanical fragility,
processing instability, and difficulty applying subsequent
passivation or protective coatings [18], as well as susceptibility
to deformation or collapse during chemical and thermal post-
processing [19]. Therefore, the optimal morphology must
balance optical performance with manufacturability and long-
term reliability. Second, structural density, which is quantified
by the relationship between the base diameter (d) and the lattice
periodicity (7), plays a critical role. Maximum absorption and
minimum reflectance are achieved when d ~ f, which
corresponds to densely packed nanocones with a minimal
amount of planar silicon surface remaining exposed. This
configuration ensures the most uniform effective-medium
transition and maximizes the scattering-induced enhancement
of the optical path length. Although deep RIE enhances light
trapping and forms a graded refractive-index profile, improving
optical absorption, it also increases the surface area of b-Si.
This increase in surface area may lead to enhanced surface
recombination and degradation of the electrical performance of
silicon solar cells, despite the optical gains. This trade-off can
be reduced by creating a protective layer on the b-Si
nanostructures using thin films of metal oxides [16, 20]. In
summary, the combined modeling and experimental results
indicate that nanocone heights of 650-700 nm, together with
dense packing where #/d ~ 1, constitute the optimal
configuration for achieving high-efficiency, broadband
antireflection in b-Si. These findings establish clear design
criteria for advanced antireflective surfaces and highlight b-Si's
substantial potential for improving solar cell and other
optoelectronic device performance.

IV. CONCLUSION

This study examined the optical behavior of of black
Silicon (b-Si) synthesized by Reactive Ion Etching (RIE)
through a combined experimental and numerical approach.

Finite-Difference Time-Domain (FDTD) simulations based on
a periodic conical representation showed strong agreement with
experimentally measured absorption, reflectance, and
transmittance spectra, validating the model's effectiveness. The
analysis revealed that the dominant factor governing broadband
antireflective performance is the formation of a smooth,
effective refractive index gradient that becomes increasingly
optimized as the nanocone height increases. Simulations and
experiments indicate that heights in the range of 650-700 nm
provide a practical optimum; beyond this range, additional
height results in only marginal improvement. Dense structural
packing, characterized by a base-diameter-to-period ratio close
to unity, was identified as the second essential parameter for
minimizing b-Si reflectance. These results establish clear
geometric design principles for maximizing broadband
absorption and can be directly applied to optimizing silicon
solar cells, photodetectors, and other optoelectronic devices
that require efficient broadband antireflection.
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