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Optical Simulation of Nanostructured Silicon Surfaces
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Abstract—The optical properties of nanostructured silicon
surfaces in the form of nanocylinder and nanocone arrays are
simulated by the finite difference time domain method. Such
surfaces correspond to porous and black silicon layers,
respectively. The relationship between the reflectance and the
geometric parameters (in-plane period, out-of-plane depth or
height, diameter) of the nanocylinders and nanocones has been
studied. It is shown that surfaces with nanocones are the most
effective frontal antireflective surfaces for solar cells.
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. INTRODUCTION

Nanostructured silicon-based surfaces feature unique
electronic and optical properties, high surface-to-volume
ratios, and facile surface modification. Such sub-wavelength
surfaces are a promising approach to reducing broadband light
reflection for single junction and tandem silicon solar cells [1-
3]. The first identified nanostructured silicon surface was the
porous silicon (PS) layer, which can be considered as
crystalline silicon with a nanovoid network [1]. In recent
years, another nanostructured silicon surface, namely the
black silicon (BS) layer, has been of greatest interest [2, 3].
This layer consists of an array of randomly arranged and
densely packed nanoneedles. It is important to note that the
PS and BS formation process is self-organized without
additional external techniques.

Various properties of PS and BS depend on the
geometrical parameters (diameter, period, height or depth) of
nanopore and nanoneedle arrays [4-7]. Optical simulation of
these surfaces can effectively optimize their parameters at the
initial stage of solar cell design. Such an analysis eliminates
the need for numerous experimental and technological
reworks later. In addition, from the point of view of practical
application, it is important to compare the antireflective
properties of PS and BS with the same geometric parameters.

Various rigorous methods such as the finite difference
time domain method (FDTD), the effective index technique,
the rigorous coupled-wave analysis, the transfer matrix and
finite element methods allow optical simulation of sub-
wavelength surfaces [8-11]. The FDTD method is known for
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its accuracy and simplicity in modeling antireflective
properties of nanostructured silicon-based surfaces.

In this work, using the FDTD method, we simulated and
carried out a comparative analysis of the optical properties of
PS and BS. Our research will improve the efficiency of solar
cells with frontal antireflective surfaces based on self-
organized nanopore and nanoneedle arrays.

1. SIMULATION MODEL DESCRIPTION

For simulation, we used the Rough Surface module of the
commercial software package FDTD Solutions by Lumerical
Co, which was previously used by us to simulate the optical
properties of tandem structures with a BS interlayer [12]. This
software package allows you to determine the optical
properties of periodic structures depending on their shape and
geometric dimensions, as well as on the wavelength and
incidence angle of light radiation (6) The numerical
calculation is based on the parameters of stochastic
nanostructured surfaces, namely, on the values of the root
mean square (RMS), correlation length (LC) and spatial
resolution (6).

Based on the results of studying the PS and BS
morphology [4, 5], their optical models can be represented as
a thick silicon substrate with regular near-surface straight
circular nanocylinders and nanocones, respectively (Fig.1, a).
Such periodic structures can be characterized by the following
basic parameters: in-plane period (t), out-of-plane depth or
height (h) and diameter (d) (Fig.1, b). Based on these
geometric parameters, the initial parameters RMS, &, and LC
required for simulation are uniquely determined (Fig.1, c).
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Fig. 1. Schematic diagrams of 3D view (a, d), cross-sectional view
(b, ), and FDTD Solutions models (c, f) of simulated surfaces with
nanocones (a, b, ¢) and nanocylinders (d, e, f)
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The simulation was carried out at normal (6 = 0°) and
different angles of incidence of light radiation. The reference
solar spectrum AM 1.5G was used to calculate the weighted
average reflectance (WAR) of the simulated surfaces over
A =400 — 1000 nm wavelength region according to the

equation [12]
f1000nm
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where R(1) and S(4)au15 are the wavelength-dependent

reflection and incident photon flux of the AM1.5G solar
spectrum, respectively.

WARQL) =

I1l. SIMULATION RESULTS

The reflectance, absorptance and transmittance spectra of
simulated silicon surfaces with nanocylinders and nanocones
for a wide range of wavelength at 8 = 0° are shown in Fig. 2.
Surfaces with the following typical values of geometrical
parameters were considered: h =650 nm, d =150 nm and
t=250 nm. The optical properties of the plane silicon surface

are used for comparison.
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Fig. 2. Reflectance (a), absorptance (b) and transmittance (c)
spectra of simulated surfaces with nanocylinders (1) and nanocones
(2) and plane silicon surface (3)

It can be seen that the plane silicon surface is noticeably
inferior to nanostructured surfaces in terms of optical
properties. The most preferred are surfaces with nanocones,
which correspond to BS.

Fig. 3 shows 2D WAR patterns of the simulated surfaces
depending on the height and period of nanocylinders and
nanocones at & = 0° and d=150 nm. The WAR values for
different d at h=650 nm and t=250 nm are given in Table 1.
It follows from the presented results that the reflectance
strongly depends on the geometrical parameters of the
nanostructured surfaces. WAR decreases as t decreases and h
and d increase. This trend is more pronounced for surfaces
with nanocones.

Table 1. The WAR values (%) for different diameters of
nanocylinders and nanocones

Surface/Diameter | 100 nm | 150 nm | 200 nm | 250 nm
Nanocylinder 6.95 4.21 3.89 -
Nanocone 2.31 1.26 1.14 0.98
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Fig. 3. 2D WAR patterns of the simulated surfaces with
nanocylinders (a) and nanocones (b) depending on the height and
period

2D reflectance patterns of the simulated surfaces at 6 =
20 — 807, normalized to the reflectance of the plane silicon
surface, are shown in Fig. 4.
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Fig. 4. 2D reflectance patterns of the simulated surfaces with
nanocylinders (a) and nanocones (b), normalized to the reflectance
of plane silicon surface
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It can be seen that the nanostructured surfaces in the entire
range of the incidence angle have a lower reflectance than
plane silicon surfaces. The reflectance of surfaces with
nanocones practically does not change at incidence angles less
than 70°. In comparison with them, the reflectance of surfaces
with nanocylinders noticeably increases starting from the
incidence angle & = 55°. The omnidirectional light trapping
capability of the simulated surfaces is very important for
photovoltaic stations without sun tracking to generate
electricity in the morning and evening.

The results obtained indicate that, under all identical
conditions, the simulated surfaces with nanocones are
noticeably superior in antireflective properties to surfaces
with nanocylinders. In the literature, the antireflective
behavior of nanostructured silicon-based surfaces is
associated with the combined action of the following two
mechanisms [1, 3]: multiple reflections from neighboring
textures and refractive index gradient change in the surface
from air to silicon. From the point of view of the first
mechanism, a better antireflective behavior of PS should be
expected, since the area of light-receiving surfaces of
nanocylinders is larger than that of nanocones. Therefore, it
can be assumed that the second mechanism is predominant for
the simulated surfaces. In this case, the refractive index
gradient change is described by the following expression [13]:

n(@ = [l +1-f2)]",

where ng; is the refractive index of silicon, f(z) is the filling
factor of the nanostructured surface, and the z axis is directed
from the top to the base of the texture.

The refractive index gradient change of the simulated
surfaces with nanocylinders and nanocones from air to silicon
is schematically shown in Fig. 5. The boundary conditions for
this change are as follows: f(0) = 0, n(0) = na;, = 1 and
f(h) =1, n(h) =ng; =3.8. Unlike surfaces  with
nanocylinders, for which the refractive index change is abrupt,
for surfaces with nanocones, the change occurs smoothly. It is
well known that in this case, the antireflective behavior of the
surfaces and films is more effective [11, 13]. Moreover, with
an increase in f and h, the area of the light-receiving surface
increases and the refractive index changes more smoothly,
which together leads to a decrease in R(4) and WAR. This
explains the observed dependencies of the simulated surfaces.
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Fig. 5. Refractive index change of the simulated surfaces with
nanocylinders (a) and nanocones (b)

Thus, the simulation results show that, from a practical point
of view, it is expedient to use BS as a frontal antireflective

surface of solar cells. This material has other advantages
compared to PS, in particular, it is formed without the use of
wet etchants, and the process is well-regulated and controlled.
It is also important that the formation of BS does not depend
on the crystallographic orientation of the initial silicon wafers.

IV. CONCLUSION

Porous and black silicon were presented as nanostructured
surfaces with nanocylinders and nanocones to simulate the
optical properties. Using the FDTD method, their reflectance,
absorptance and transmittance spectra were determined. It is
shown that the antireflective behavior of the simulated
surfaces is mainly due to the refractive index gradient change.
Surfaces with nanocylinders are noticeably inferior in
antireflective properties to surfaces with nanocones, which
indicates the promising use of black silicon in solar cells.
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