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Optical properties of electrochemically etched
N-type silicon wafers for solar cell applications

Martin Králik1 , Matej Goraus2 , Emil Pinč́ık3

The presented experiments and studies are intended for photovoltaic applications of crystalline silicon. This work deals
with chemical treatment of the surface of n-type silicon wafers with different resistivity to reduce their reflectivity. Chemical
surface treatment of silicon is an alternative method to using the antireflection layer. Optical losses caused by the reflection
of light from the surface of the solar cells significantly reduce their efficiency. The investigated samples were prepared by the
electrochemical etching method in the solution based on hydrofluoric acid and ethanol. The analysis of the prepared samples
is divided into two parts, namely experimental measurements, and theoretical modeling. Experimental measurements are
performed using UV-VIS spectroscopy, spectroscopic ellipsometry and SEM microscopy. Theoretical modeling is based on
the construction and optimization of theoretical model of optical response (reflectivity and ellipsometric parameters) to
determine the effective refractive index and thickness of formed structure. Effective refractive index of studied samples in
theoretical model of optical response is based on Looyenga effective medium approximation and Tauc-Lorentz dispersion
model.

K e y w o r d s: electrochemical etching, effective medium approximation, Looyenga EMA, modified Fresnel coefficients,
reflectivity, Tauc-Lorentz dispersion model

1 Introduction

The optical losses due to high surface reflectivity of so-
lar cells based on silicon are currently the important issue
that needs to be resolved in photovoltaic science. The use
of antireflection coating (ARC) is currently a most widely
used method for reducing reflectivity of solar cells. The re-
flectivity reduction of most commercial silicon solar cells
is based on single layer SiO2 , S3N4 and TiO2 ARC [1].
The results published by G. Hashmi et al compare the
influence of different ARC on the silicon reflectivity, from
the above studies, the most significant reduction in re-
flectivity is observed for Si3N4 ARC with a thickness of
∼ 74 nm. The silicon reflectivity using Si3N4 ARC before
surface passivation is below 10% in the wavelength range
from 475 (2.61 eV) to ∼ 875 nm (1.42 eV) [2].

However, the use of ARC also has disadvantages, such
as reduction of reflectivity in a relatively narrow spectrum
of wavelengths and their relatively complicated prepara-
tion. This work deals with the possibilities of effective
reduction of reflectivity in a wide range of wavelengths
using chemical surface treatment of crystalline silicon
wafers. By chemical surface treatment of silicon, it is pos-
sible to achieve a reflectivity of below 1.5%. The silicon
surface with such low reflectivity appears as black, from
this reason it is usually called black silicon. Due to their
low spectral reflectivity, no additional application of an-
tireflective layers is necessary. However, the low reflectiv-

ity does not necessarily mean high conversion efficiency.
Increased surface recombination due to the larger sur-

face area of the nanostructures has a significant negative
influence on conversion efficiency. The problem of sur-

face recombination was effectively resolved in the work of
H. Savin et al [3].

There are several technological processes of chemical
surface treatment of silicon, while the most commonly

used technological processes currently are electrochemical
etching, stain etching, metal-assisted chemical etching,

reactive ion etching, surface structure chemical transfer
(SSCT), anisotropic wet etching, etc [4–8]. The result

of these technological processes are different structures
(porous structure, pyramidal structure, nanocrystalline

structure) with different properties.

Our main aim is to effectively reduce the surface re-
flectivity of silicon structures using a low-cost, simple,

and effective chemical method. The above requirements
for the chemical method can be met by using the electro-
chemical etching method. In this work we present optical

properties of samples prepared by electrochemical etching
method. The result of the electrochemical etching method

is in most cases a porous structure, which currently be-
longs to the materials with a wide range of industrial

applications (sensors, as anodes in Lithium-ion battery,
photovoltaic applications, biosensors, drug delivery, op-

toelectronics, self-cleaning coatings, etc) [9–20].
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Fig. 1. Basic schematic of electrochemical etching method

It is important to note that homogeneous porous struc-
tures do not have a sufficiently low reflectivity and are
therefore not suitable for photovoltaic applications. How-
ever, the reflectivity of inhomogeneous porous structures
is low enough for these structures to be used in the
field of photovoltaic applications. Electrochemical etch-
ing method is a suitable method for producing inhomoge-
neous porous structures, as it is possible to control the for-
mation of inhomogeneities by changing the etching con-
ditions (current density, electrolyte composition, etching
time, etc) during the production process [4–7]. In addi-
tion to changing the etching conditions during the pro-
duction process, the type and concentration of dopants
in the substrate also have a significant effect on the ho-
mogeneity of the structure. The study of the influence of
substrate resistivity on the homogeneity of the resulting
structure and its optical properties is the main subject of
this work.

2 Experiment

Samples published in this work were prepared by elec-
trochemical etching of boron-doped silicon (Si) wafers
(ON SEMICONDUCTORS) with different dopant con-
centrations and thus different resistivity. The Si wafers
were etched in solution of 49% hydrofluoric acid (HF)
and absolute ethanol (1 : 1) for 30 minutes. The chemi-
cals used in this experiment were from CENTRALCHEM
company. The current density in the etching process was
28.3mAcm−2 . The basic schematic of electrochemical
etching method used to production our samples is shown
in Fig. 1. Silicon wafer with a resistivity of ∼ 0.06Ωcm
was used to produce sample S1 and silicon wafer with a re-
sistivity of ∼ 1–10Ωcm was used to produce sample S2.
After the etching process, the samples were passivated
in nitrogen atmosphere. The samples were analyzed by

experimental measurement of reflectivity at normal inci-
dence. Sample S2 was also analyzed by spectroscopic el-
lipsometry. An aluminum mirror was used as a reference
in the reflectivity measurement.

3 Results and discussions

The experimental part of analysis of optical proper-
ties of prepared samples consisted of measurements of op-
tical response using spectroscopic ellipsometry and UV-
VIS spectroscopy (measurements of reflectivity). The the-
oretical part of analysis of optical properties consisted of
construction and optimization of theoretical model of op-
tical response. As this is a fundamental research into the
production of low-reflectance silicon structures for solar
cell applications, more important than an ideal theoret-
ical model of the optical response is low reflectivity of
these structures. Theoretical modeling of the optical re-
sponse was performed mainly to determine the thickness
of the formed structure on the surface of substrate. To
improve the theoretical model of optical response, SEM
measurements were performed. It can be seen from the
SEM micrographs (Fig. 2 and Fig. 5) that all samples
show an inhomogeneous structure. For this reason, we
decided to use the Looyenga effective medium approxi-
mation (LEMA) to describe the effective dielectric func-
tion in the theoretical model of the optical response. The
LEMA formula does not consider a regular geometry of
the incrustations and is defined by equation [21]

ǫeff = (1− f)ǫ1/3m + fǫ1/3p , (1)

where ε m is dielectric function of matrix material, ǫp is
dielectric function of particle material and f is volume
fraction of particle material. The dielectric function of the
matrix material in LEMA was modeled using the Tauc-
Lorentz dispersion model and the dielectric function of
particle material was air. The complex dielectric function
expressed by the Tauc-Lorentz dispersion model is defined
by the relation [22]
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where index r and i represents real and imaginary part
of complex dielectric function, Eg is the optical band
gap energy, Ai , Ei , Ci are the fitting parameters and N

is the number of oscillators equation (3) is valid only for
energies greater than Eg and is equal to zero for other en-
ergy values. This equation represents the Kramers-Kronig
integral and its numerical solution is presented in the
work [22]. Tauc-Lorentz dispersion model was chosen due
to its consistency with Kramers-Kronig causality (3). The
effective thickness and volume fraction of effective com-
plex refractive index of sample S1 and S2 are listed in
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Fig. 2. Top view SEM micrograph of the sample S1 scale: (a) – 2 µm , and (b) – 500 nm

Fig. 3. Experimental data: R of sample S1 and optimized theoret-
ical model of sample S1

Fig. 4. Effective refractive index and extinction coefficient of sam-
ple S1

Table 1.

Sample fair Thickness R (nm)

S1 0.80 83

S2 0.75 136

Tab. 1. The effective thickness calculation was performed
5 times for each sample.

Electrochemical etching of Si wafer with resistivity
∼ 0.06Ωcm (sample S1) caused the formation of a low
reflective structure on its surface. The most pronounced
decrease in R is observed in the wavelength range from
400 nm to ∼ 650 nm (below ∼ 5.1%). It can be seen
from the SEM micrograph (Fig. 2) that this is a rela-
tively complicated inhomogeneous porous structure with

a pore diameter about 188 nm. To determine the effec-

tive thickness of the formed structure, we created and

optimized a theoretical model of R . Theoretical model

of R was based on Looyenga effective medium approx-

imation and Tauc-Lorentz dispersion model. The opti-

mized parameters of Tauc-Lorentz dispersion formula are

listed in Tab. 2. Figure 3 shows the experimental data

of R of sample S1 and their optimized theoretical model.

The effective refractive index and extinction coefficient of

sample S1 obtained from optimized theoretical model of

optical response are shown in Fig. 4. The optimization

of the experimental data obtained from the ellipsometric

measurements was not performed due to high noisy ex-

perimental data, probably due to the high roughness and

inhomogeneity of the sample surface.
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Fig. 5. Top view SEM image of the sample S2 scale (a) – 5µm and (b) – 10 µm

Fig. 6. Experimental data of R of sample S2 and their optimized
theoretical model

Fig. 7. Effective refractive index and extinction coefficient of sam-
ple S2

Table 2. Optimized parameters of Tauc-Lorentz dispersion model
of sample S1, enegries in eV

Eg ǫ∞ A1 A2 E1 E2 C1 C2

2.97 4.39 88.62 109.96 3.48 6 1 0.1

Electrochemical etching of n-type phosphor-doped Si
substrate with resistivity 1–10Ωcm (sample S2) caused
the formation of a microstructure in contrast to sample
S1, which has a porous structure. Formed microstruc-
ture exhibits diametrically different structural and optical
properties than sample S1. The first significant difference
compared to the sample S1 is the much greater homo-
geneity of the formed structure. The second difference
lies in the R value of which is significantly higher. To de-

termine the effective thickness of the formed structure,

theoretical models of R and ellipsometric parameters of

sample S2 were constructed and optimized. Theoretical

model of R of sample S2 was based on Looyenga effec-

tive medium approximation and Tauc-Lorentz dispersion

model as in the case of sample S1. The construction of

the theoretical model of R and its optimization was less

difficult than in the case of sample S1 due to the greater

homogeneity of the structure. Construction and optimiza-

tion of the theoretical model of the optical response of a

homogeneous structure is generally simpler than in the

case of inhomogeneous structures. The optimized param-

eters of Tauc-Lorentz dispersion model of sample S2 are

listed in Tab. 3. Figure 6 shows the experimental data

of R of sample S2 and their optimized theoretical model.
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Fig. 8. Experimental data of cos∆ of sample S2 and their opti-
mized theoretical model

Fig. 9. Experimental data of tanΨ of sample S2 and their opti-
mized theoretical model

Fig. 10. Comparison of the reflectivity of samples S1, S2 and c-si

The effective refractive index and extinction coefficient of
sample S2 obtained from optimized theoretical model of
optical response are shown in Fig. 7. In addition to the
optimization of the theoretical model of R , the optimiza-
tion of the ellipsometric parameters (tanΨ and cos∆)
was also performed. The experimental data of ellipsomet-
ric parameters of sample S2 and their optimized theoret-
ical model are shown in Fig. 8 and Fig. 9. The correction
in the theoretical model of ellipsometric parameters was
realized by including the roughness (11 nm) at the struc-
ture / substrate interface using modified Fresnel coeffi-
cients [23-24]

t
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where r and t with index o are standard Fresnel coef-
ficients, σi is interface roughness (nm), ni is refractive
index of i -th layer and λ is wavelength.

Table 3. Optimized parameters of Tauc-Lorentz dispersion model
of sample S2

Eg ǫ∞ A1 A2 E1 E2 C1 C2

2.97 4.39 88.62 109.96 3.48 6 1 0.1

The higher value of the reflectivity of the sample S2
compared to the sample S1 is with a high probability due
to higher homogeneity of formed structure. Fig. 10 shows
a comparison of the reflectivity of samples S1, S2 and
crystalline silicon c-Si.

To compare the suppression of the reflectivity of pre-
pared samples, the curves of experimental data of reflec-
tivity were integrated. Value of area under the curve of
reflectivity of crystalline silicon shown in Fig. 11(a) is
23415, this value for the curve of reflectivity of sample S1
and S2 shown in Fig. 11(b,c) is 12242 and 2977. The de-
crease in reflectivity of sample S2 and S1 in the spectrum
range from 300 to 900nm compared to c-Si is ∼ 48% and
∼ 87%.

4 Conclusions

This work dealt with the chemical surface treatment
of silicon in order to reduce its surface reflectivity, as re-
flectivity has a significant influence on solar cell efficiency.
Significant reduction of reflectivity was achieved for sam-
ple with high inhomogeneity of the formed porous struc-
ture (sample S1). The n-type phosphorus doped silicon
wafers with different resistivity were used in the experi-
ment. The surface treatment of this wafers was performed
using the electrochemical etching method in HF-based so-
lution. The silicon wafers were not excited by an external
light source during the electrochemical etching process,
except for the light source installed in the laboratory. Ex-
citation by an external light source is necessary for the
formation of homogenous porous structure in the case
of use a n-type Si wafer. However, homogeneous porous
structures do not achieve a sufficiently low reflectivity.
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Fig. 11. Area under the curve of reflectivity of: (a) – crystalline
silicon, (b) – sample S1, and (c) – sample S2

The formation of inhomogeneous porous structure with
significantly suppressed reflectivity was observed when
etching n-type silicon wafer with resistivity ∼ 0.06Ωcm
(sample S1). The decrease in reflectivity of sample S1 in
the spectrum range from 300 to 900 nm compared to c-Si
is ∼ 87%. The effective pore diameter of sampl S1 is
∼ 188 nm. The electrochemical etching of n-type silicon
wafer with resistivity 1–10Ωcm (sample S2) led to the
formation of a more homogeneous microstructure with
significantly higher value of reflectivity than sample S1.
These experiments lead to the conclusion that the degree
of homogeneity is significantly influenced by the type and
concentration of dopants in the semiconductor.
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