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Porous silicon (PS), an excellent light diffuser, can be used as an antireflective layer that does not need to be coated with other
antireflection coating (ARC) materials. PS layers were obtained by electrochemical etching (ECE) anodization of silicon
wafers in hydrofluoric acid/ethanol/deionized (DI) water solution (HF/EtOH/H2O). This technique selectively removes Si
atoms from the sample surface, forming a PS layer with adjustable optical, electrical, and mechanical properties. A PS layer
with optimal antireflection characteristics was obtained for a charge density (Q) of 5.2 C/cm2. The weighted reflectance
was reduced from 24 to 4% in the wavelength range from 400 to 1000 nm. The weighted reflectance with optimized PS layers
is much less than that with a commercial SiNX ARC on a potassium hydroxide (KOH) pretextured multicrystalline silicon
(mc-Si) surface. Therefore, it can be successfully used as an alternative way for the preparation of a PS antireflective layer for
a silicon solar cell. [DOI: 10.1143/JJAP.45.2875]
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1. Introduction

Light trapping is an important method of increasing the
efficiency of crystalline silicon solar cells. Several other
techniques, such as the surface antireflection coating (ARC)1)

and texturization,2) have been widely used for the same
purpose. Commercial multicrystalline silicon (mc-Si) solar
cells have, in general, silicon nitride (SiNX) films that not
only act as an ARC with a suitable refractive index, but also
improve the performance of photovoltaic devices by defect,
surface and bulk passivation. However, the formation of the
SiNX films by plasma enhanced chemical vapor deposition
(PECVD)3) is a costly process. On the other hand, recently,
simple and cost-down techniques that use chemical solutions
have been developed to solve the cost problem. For example,
alkaline enchants composing sodium hydroxide (NaOH) or
KOH with isopropyl alcohol (IPA) as an organic agent are
widely used to texture monocrystalline silicon (mono-Si).4)

However, this method is not efficient for mc-Si because only
a certain fraction of the grains have a (100) crystallographic
orientation. Acidic etching using HF and nitric acid (HNO3),
which act as strong oxidizing agents, has been used to texture
the surface of mc-Si.5) However, with this technique, it is
also difficult to control the uniformity of the Si wafer surface
and layer thickness, and other new approaches have also
been studied.6,7) In this paper, we first present a summary of
our experimental results regarding the formation of single
porous silicon (PS) antireflective layers. PS developed on a
crystalline Si wafer surface drastically reduces optical losses
by acting as an ARC layer.8,9) We studied the PS etching of
mc-Si for photovoltaic applications. This process has several
advantages, such as the production of reflectance lower than
that of the deposited single ARC layer, no vacuum processes
or toxic gasses, PS formation in <35 s with a good
repeatability, simplicity and a low cost. An antireflective
layer can be optimized by tailoring the porosity (or refractive
index) of the PS layer for a given cell structure. Through this
optimization, the surface geometry can be optimized. Since
PS texturing does not depend on the crystallographic
orientation, mc-Si can be uniformly textured on the entire
wafer when the mc-Si surface is supplied with a high current

density. Furthermore, when phosphosilicate glass (PSG)
remaining after dopant diffusion is simultaneously removed,
a substrate cleaning process can be eliminated. The PS
etching behavior studied in this work can be used to
determine the thickness and porosity profiles of electro-
chemically etched PS layers on the basis of technological
parameters10) and can be used to set the etching conditions
providing the lowest surface reflectance. We present several
promising results: our technique provides a weighted
reflectance that is 4% lower than those of other techniques.
Moreover, we performed a PS solar cell process with PS
formation after selective emitter formation.11)

2. Materials

Uhlir discovered PS in 1956 while using an HF-containing
electrolyte to carry out electropolishing experiments on a Si
wafer. He found that the Si wafer dissolved partially as the
current was increased over a certain threshold.12) PS was
formed by the electrochemical dissolution of the Si wafer in
aqueous or ethanoic HF solutions. The main requirements
for PS formation are as follows: The Si wafer must be
anodically biased, that is, forward biasing for p-type doped
Si, reverse biasing for n-type doped Si, and light requirement
for n-type doped and semi-insulating p-type doped Si.13)

In the case of current flow through the Si wafer, the
reaction was accomplished by making the silicon wafer the
anode, and thus, a positive charge can be delivered to the
wafer surface. This is often referred to as anodization.
Depending on the current density, either electropolishing or
porous etching was achieved. Using a low current density
caused a limited hole (hþ) injection at the surface of the Si
anode, and therefore, only localized pits were formed,
resulting in a PS surface. When a sufficiently high current
density was achieved, the surface was saturated with holes
(hþ) and polishing occurred.14)

Ethanoic solution infiltrates the pore, but purely aqueous
HF solution does not, which is very important for the lateral
homogeneity and uniformity of the PS layer in depth. In
addition, during the reaction, hydrogen (H2) is released.
Bubbles form and stick on the Si surface in pure aqueous
solutions, but they can be removed using EtOH (or other
surfactants). The porosity and pore size are increased using
reduced HF and elevated EtOH. The thickness increases�Corresponding author. E-mail address: bkju@korea.ac.kr
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with HF concentration but decreases with EtOH concen-
tration. A long etching ECE time leads to the formation of a
thick layer; however, this layer becomes anisotropic with
depth due to the chemical reaction of the electrolytes HF and
EtOH with solution compositions.

Figure 1 shows the schematic representation of the
chemistry of pore formation based on the mechanism
proposed by Allongue et al.15) For PS formation, it is
essential that the Si surface saturated by H2 is virtually inert
against further attack of fluoride ions (F�) as long as no
electronic holes (hþ) are available at the Si electrode,
because the electronegativity of H is about the same as
that of Si and as long as the induced polarization is low. If a
hole (hþ) reaches the surface, nucleophilic attack on Si–H
bonds by fluoride ions can occur and a Si–F bond can
be established (Step 1 in Fig. 1.). Due to the polarizing
influence of the bonded F, another F� ion can attack and
bond during the generation of a H2 molecule and the

injection of one electron into another electron and then into
the electrode (Step 2). Due to the polarization induced by
the Si–F groups, the electron density of the Si–Si backbonds
decreases, and these weakened bonds are attacked by HF or
H2O (Steps 4 and 5) in a way that the Si surface atoms
remain bonded to H2 (Step 5). If a Si atom is removed from
an atomically flat surface by this reaction, an atomic size dip
remains. This change in surface geometry changes the
electric field distribution in such a way that holes (hþ)
transfer from this location preferentially. Therefore, surface
inhomogeneities are amplified.

3. Experimental

The starting material was a boron-doped p-type mc-Si
wafer (Eurosolar) with a resistivity range from 0.5 to 2� cm
and a sample area of 2� 2 cm2. First, for the mc-Si surface,
the etching of sawing damage was performed in a KOH
solution. Next, the wafer was cleaned by RCAs I and II in
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Fig. 1. Schematic representation of pore formation chemistry based on mechanism proposed by Allongue et al.15)
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Fig. 2. Schematic drawing of anodic ECE bath used for PS preparation.
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the boiled solutions (H2O : H2O2 : NH3OH ¼ 7 : 1 : 1) and
(H2O : H2O2 : HCl ¼ 7 : 1 : 1), respectively, and dipped
into (5%) HF for several seconds to remove any native
surface oxide and any residual contamination from the
solutions. Electrochemical anodization was performed using
a mixed solution (i.e., 3 : 1 volume ratio mixture of 49% HF
solution and absolute EtOH). PS formation was achieved by
ECE with a mutichannel potentiostat/galvanostat (WonA-
Tech, WonATech WMPG 1000). Anodization current
density (125–270mA/cm2) and duration (10–35 s) were
controlled by computer-driven potential-stabilized electro-
lyte bath. The bath contained polytetrafuorethylene (PTFE),
and a platinum (Pt) electrode was used as a cathode. A
counterelectrode was used as a Si wafer/Pt. The principle of
the equipment is schematically shown in Fig. 2. The bath
was agitated using a magnetic stirring bar to prevent H2

bubbling over the etching surface, and thus, a more uniform
PS structure was fabricated. After PS formation, samples
were rinsed with DI water and dried immediately after
anodic ECE to prevent the PS film from flaking and
deterioration (i.e., the samples are dried in N2 gas and
stored). The weighted reflectance measurements were
carried out using reflectance (Newport, Oriel 70111) in the
300–1000 nm wavelength range. We compared the reflec-
tance characteristics of the optimized SiNX layer deposited
by plasma-enhanced chemical vapor deposition (PECVD;
Centrotherm Photovoltaics, E-2000) with those of the PS
layer. The surface morphology of the electrochemically
etched PS layer was observed using a field emission
scanning electron microscope (FE-SEM; Hitachi, Hitachi
S-4300 Unit). The anodic ECE of Si, from which we
obtained the thickness and porosity of the PS layer,
was performed using a spectroscopic ellipsometer (SE;
Jobin Yvon, UNISEL spectroscopic phase modulated ellips-
ometer).

4. Results and Discussion

We have formed PS layers of different thicknesses and
porosities on several samples by varying the current density
and anodic ECE time, and confirmed that the average current
density is much higher in the galvanostatic mode (i.e., the
current density or potential difference remains constant) than
in the potentiostatic mode (i.e., a constant current density).
Therefore, a higher porosity is expected in the galvanostatic
mode, which involves a higher charge, for obtaining a
comparable PS layer thickness in the galvanostatic mode of
formation.

The high current density (270mA/cm2) and short anodic
ECE time (<35 s) resulted in a high-porosity structure, such
as mezo-porous structure. The PS surface images in Fig. 3
show that the formation of PS is isotropic and slightly
depends on the Si surface crystallographic orientation.
Figure 3(c) shows the top view of the PS layer. The surface
geometry is a new surface structure composed of a standard
texture formed by KOH etching and a mezo-porous
substructure with a pore diameter smaller than 50 nm in
Fig. 3(c). The alkaline-textured mc-Si gives a weighted
reflectance of about 24.1% before PS formation. After PS
formation, the weighted reflectance decreases to about 19%
in Fig. 5. We consider that observed the interesting mezo-
porous spongelike structure is suitable as an ARC for light

trapping and light diffusion since the charge density
increases, the porosity increases and the index of refraction
decreases. In particular, we previously studied the correla-
tion between the reflectance and the surface roughness.16)

The reduction in reflectance could be explained by the
higher roughness of the surface after PS formation.

The optical reflectivity of this structure markedly decreas-
ed from 24% to about 4%, as presented in Figs. 4(e) and 5.
Analyzed by SE,17) the thickness and porosity of the PS layer
obtained by the anodic ECE of Si were 400–500 Å and 80–
90%, respectively. Visually, a top PS layer exhibited still
homogeneous blue color and could be sufficiently used as an
ARC for solar cells.

Figure 4 shows the weighted reflectance as a function of

(a) 

(b)

(c) 

Fig. 3. FE-SEM image taken from PS sample surface prepared using

Q ¼ 5:2C/cm2 in HF : EtOH electrolyte with volumetric ratio of 3 : 1.

(a) PS formation after alkaline-textured mc-Si (�1;000), (b) images of PS

sample surface (�50;000) and (c) mezo-porous structure (�100;000).
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wavelength for six samples with Q ¼ 1:3, 2.1, 3.2, 4.1, 5.2,
and 8.1 C/cm2. The reflectance decreased to less than 5% for
Q ¼ 5:2C/cm2, between 400 and 1000 nm. This value was
compared with that obtained with the KOH-textured mc-Si
surface covered with an optimized SiNX ARC layer, as
shown in Fig. 5. The reflectance spectra in Figs. 4(a)–4(f)
provide the optical properties of the PS film. The specific
form of the reflectance spectra of the grains covered with a
PS layer is due to interference effects in the layer, which

implies that the PS layer has different optical properties
compared with bulk silicon.18) Figures 4(a)–4(f) show the
relationship between increases in porosity and decreases in
reflective index for PS films. The number of modulations in
the spectra directly corresponded to the number of various
refractive indexes in the PS layer. A further increase in Q did
not significantly change the reflectance. When using high
charge densities (>8:1C/cm2), the modulations may not be
observed at all, because the PS layer obtained by anodic
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 (b) 2.1 C/cm2 [7.5 %]
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 (c) 3.2 C/cm2 [6.0 %]
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 (e) 5.2 C/cm2 [4.7 %]
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Fig. 4. Plots of measured integral reflectance of PS films grown at 1.3, 2.1, 3.2, 4.1, 5.2, and 8.1 C/cm2 in wavelength range of 300 to

1000 nm. These films show weighted reflectances of 8.0 (a), 7.5 (b), 6.0 (c), 5.3 (d), 4.7 (e), and 5.6% (f).
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ECE is peeled off. We observed a flaked and deteriorated PS
film generated at 9.5 C/cm2.

The integral reflectance of PS shown in Fig. 4(e) has a
much lower weighted reflectance of 4.44% than that of
5.58% shown in Fig. 4(f) in the wavelength range of 650 to
700 nm. The wavelength range is important for photovoltaic
applications due to the energy content of the solar spectrum
peaks in that range. The decrease in reflectance in the
sensitivity range of the solar cell increases the short-circuit
current density (Isc). The minimum reflectance occurs at a
charge density of 5.2 C/cm2. In addition, the PS structure is
generally assumed to give rise to quantum confinement and
an increased band gap. The wide band gap of PS might be
useful for establishing a minority carrier mirror, which could
contribute to surface passivation.

Figure 5 shows that the additional PS antireflective layer
after the alkaline-textured mc-Si wafer results in a decrease
in reflectance. It is clearly observed that the reflectance of
the PS antireflective layer used in the further experiments
has a minimum of 3.1% at 570 nm, while the SiNX ARC
reflectance has a minimum of 2.0% at 730 nm. As a result,
the integral reflectance of the PS used as an ARC is about
4% in the wavelength range of 400 to 1000 nm and 8% less
than that of a commercial SiNX ARC. Moreover, we
compared the reflectance characteristics of the optimized
SiNX layer coated (thickness of 700–800 Å) by PECVD
with a PS layer.

A comparison of the optimal PS antireflective layer
formed on the alkaline-textured mc-Si surface and the
conventional SiNX ARC formed on the alkaline-textured
mc-Si surface shows some advantages. First, the PS
antireflective layer is uniformly formed on the entire area
of the mc-Si wafer, which is almost independent of grain
orientation, while conventional alkaline texturing only
works well in the case of mono-Si. Secondly, the PS
antireflective layer demonstrates an optical performance
superior to most vacuum-deposited ARC layers. It is
expected that the perfect light diffuser for a broad wave-
length could be used as an antireflective layer without other
ARC materials. Moreover, PS has some passivating capa-

bilities that allow fabricating solar cells without an addi-
tional passivation coating.

The method of anodic ECE considerably exceeds the
conventional methods of chemical anisotropic and mechan-
ical texturing in the efficiency of optical loss reduction by
decreasing the weighted reflectance in the range of the 400
to 1000 nm from 24 to 4%. In addition, the ECE method
allows a forming texture on the surface of previously created
solar cells both before the deposition of the frontal contact
comb and after its formation without an additional photo-
lithography process. Because of this, the technological
process of solar cell structure creation is simplified.

5. Conclusions

This study demonstrates that, by PS antireflective layer
optimization, it is possible to create a new Si surface
structure morphology. This layer acts as a perfect light
diffuser and provides an appropriate reflectance that is
comparable with the reflectance of an alkaline-textured Si
surface covered with a conventional SiNX ARC layer. The
simplicity and low cost of the anodic ECE technique, as well
as its adaptation to silicon solar cell manufacturing, provide
a very promising technology in an industrial process.
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