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Abstract

In the present study, porous silicon films were prepared on N- and P-type silicon wafer
(100) crystallographic orientations. We have investigated the influence of the different
anodization parameters and silicon wafers on the properties of the obtained porous sili-
con layer such as thickness and porosity. The reflectance measurement of the prepared
samples has presented reduction of reflection due to the porous layers and suggests the
antireflective character of the realized porous layer.

Keywords: porous silicon, antireflective coating, electrochemical anodization,
solar cell, HF

1. Introduction

The increasing need of energy induces a strong greenhouse gas emission since energy pro-
duction is mainly achieved by fossil fuel combustion. This gas excess has a harmful effect on
the life on earth. To satisfy the increasing demand in energy, without altering our environ-
ment, it is indispensable to recourse to clean and renewable energies. Solar energy is one of
the most promising renewable energy sources. Photovoltaic electricity is obtained by direct
transformation of sunlight to electricity by means of solar cell. During the last few decades,
photovoltaic market has an increasable progress. This leads to a growing research activity
based on new materials and devices for obtaining more efficient solar cells with low cost.
The reduction of optical energy losses is one of the most important factors in manufacturing
high-efficiency silicon solar cells [1]. After its discovery in 1956 by Uhlir [2], porous silicon
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has attracted more intentions due to their interesting properties like antireflective coating,
improving photovoltaic conversion efficiency [3-7]. Furthermore, its important specific sur-
face has attracted earlier a technological interest in photoluminescence at room temperature
and electroluminescence [8].

Electrochemical etching is considered as the most appropriate method to produce homog-
enous porous silicon [9, 10]. The aim of this study is the comparison between two types
of porous silicon (P and N) generated with the above electrochemical method in order to
see the effect of several experimental parameters (current density, anodization time, and
hydrofluoric acid “HF” concentration) on the porosity, thickness, and antireflective activ-
ity, respectively.

The present work deals with the production of porous silicon by electrochemical way, to use
it as antireflective coating for solar cell. We have studied the influence of the experimental
parameters such as anodization time, current, and substrate type N or P on the final porous
layer thickness, porosity, and antireflective activity.

2. Experimental details

PS layer was fabricated on P-type and N-type single crystal silicon wafers with a (100)
crystallographic orientation and a resistivity of 3-5 Qcm. After a standard cleaning pro-
cess, a good ohmic aluminum contact has been evaporated onto the back of samples.
Anodization was then performed in a [2, 3] volume ratio of a solution composed of 40%
HF and 98% ethanol.

The electrochemical anodization of silicon is achieved by a homemade system; the experi-
mental setup is presented in Figure 1.

Figure 1. Photograph of used experimental device for Si substrate anodization.
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3. Experimental protocol

3.1. Design of the anodizing platform

In order to produce porous silicon layers with a diameter of 10 mm, we proceeded the design
of an anodizing nacelle with a circular opening.

Figure 2 shows the schematic diagram of the anodizing device consisting of the anodizing
nacelle, along with a stabilized power supply that provides a constant current. This anodizing
cell uses a metal electrical contact on the back side of the silicon wafer, isolated from the HF/
ethanol solution by an HF inert O-ring. Thus, only the front face is exposed to the electrolyte
attack. Obviously, the diameter of the O-ring controls the diameter of the obtained porous
silicon stain, which remains valid when the edge effects are neglected.

3.2. Preparation of the substrate

The porous silicon samples were made by using the electrochemical anodizing method. This
method is widely used, providing homogeneous porous layers, the porosity and the thickness
of the elaborate layer are so controllable.

The silicon (Si) substrates used are monocrystalline, oriented (100), and (111) P and N type.
Before anodization process, and in order to ensure a good electrical contact, an aluminum
plate is placed on the back face of the substrate.

B | Cathode
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platinum
orgold

Solution HF+
Ethanol

Teflon
pod

Power
source

O-ring Aluminum
Sample plate

Figure 2. Diagram of the porous silicon manufacturing system.
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3.3. Cleaning protocol

Before preparation, the samples must be well cleaned accordingly to the following protocol
presented (Figure 3) in the synoptic diagram of the cleaning protocol.

3.4. Anodizing
3.4.1. Mounting of elaboration

The porous silicon layers (PS) are obtained after electrochemical etching in solution of hydro-
fluoric acid (HF) and ethanol (C,H.OH). We note that the role of ethanol is to standardize
the porous layer and to minimize the formation of hydrogen bubbles at the surface, which
homogenizes the porous layer [11, 12].

Cut silicon wafers into 1cm
x lem samples

Put the samples in an acetone
bath for 15 minutes at 50 ° C

Put the samples in an ethanol [
bath for 15 minutes at 50
Figure ): Diagram of the

Put the samples in a
deionized water bath

Finally drying with
nitrogen (nitrogen).

Figure 3. Synoptic diagram of the cleaning protocol.
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The electrochemical dissolution is carried out in an impermeable material known as Teflon
cell, by using the electrolyte of hydrofluoric acid solution having a high corrosive property.
The cathode used in our electrochemical reactions was a circular gold or platinum grid. The Si
substrate playing the role of anode is placed vertically against a circular orifice having a sur-
face of 0.64 cm? in contact with the electrolyte. The shape of the cathode makes it possible to
ensure a uniform distribution of the electric field lines, and subsequently the electrochemical
etching of the substrate becomes homogeneous (see Figure 2). To ensure the reproducibility
of the morphology of the layers and to control the porosity and the thickness, the constant-
current dissolution which circulates between the two electrodes has been performed.

3.4.2. Anodizing parameters

Electrolyte concentration, current density, type and doping rate of silicon, electrolyte tem-
perature, and illumination [12-16] are essential parameters for production of porous silicon.

i. Type and doping rate: A nano- and macroporous PS distribution was carried out on P-
and N-type Si substrates. The spongy structure obtained is composed of nanocrystallites
with sizes varied between 1 and 5 nm, separated by nanopores of the same type dimen-
sions, for P-type substrates [11, 17-19], and macropores for N-type substrates [20, 21].

ii. Composition of the electrolyte: The electrolyte is composed of 40% HF and ethanol.
Vial and Derrien [22] showed that porosity decreases with increasing concentration at
a constant current density. In our case, we used several volume ratios for the different

elaborations.
Silicon quality Samples Anodizing current Anodizing time (s) Solution volume ratio
density (mA/cm?) (HF:C,H,OH)
Solar A1(P100) 15 60 1:1
A2(P100) 15 120 1:1
A3(P100) 15 180 1:1
A4(P100) 15 240 1:1
Solar B1(P100) 5 180 1:1
B2(P100) 10 180 1:1
B3(P100) 15 180 1:1
B4(P100) 20 180 1:1
Electronic C1(P100) 30 120 3:2
C2(P100) 10, 15, 18, 20, 30, 35, 54, 70 60, 120, 180, 240, 300, 2:3
C3(N100) 10, 18, 30, 35, 54, 70, 214 360 2:3,1:3
C4(N111) 10, 20, 35, 106, 140 ggb 120, 180, 240, 300, 2:3
60, 120, 180, 240
300, 360

Table 1. The conditions of anodization of the used substrates.
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iii. Anodizing current: Note that the anodizing current and the concentration of the electro-
lyte have opposite effects in the formation of pores [23]. For a given concentration of the
electrolyte, the porosity increases as a function of the current density. In our case, the
anodizing conditions are detailed in Table 1.

Table 1 shows detailed data of the training conditions relating to the various samples of
porous silicon produced.

4. Properties of substrates

In our work, we have used substrates of monocrystalline silicon types N and P, whose char-
acteristics are presented in Table 2 below.

Substrates Dopant Resistivity Qcm Orientation
N Phosphore (5-7) 100
N Phosphore (3-5) 111
P Bore (3-5) 100
P Bore (0.01-2) 100

Table 2. Characteristic of the used substrates.

5. The I (V) characteristic

The (I-V) characteristic of the electrolyte semiconductor junction depends on the nature of the
semiconductor substrate as well as the ionic and molecular species present in the electrolyte.
The application of an electrical potential to the silicon bathed in a solution of HF (see Figure 1)
induces a measurable current circulating through the system.

At the silicon/electrolyte interface, the electronic charge carriers in the silicon of ionic form
pass into the solution. This conversion is carried out by means of a redox reaction.

The value of the applied potential and the reaction taking place at the interface influences on
the formation of porous silicon.

For the study of the I (V) characteristic the electrolytic solution which we used is formed of the
following volume ratio fractions: 2 HF:3 ethanol.

In our experimental work, we used absolute ethanol and a hydrofluoric acid concentration
of 40%. The previous proportions, i.e., 2 HF:3 ethanol, reduce the concentration [HF] in the
resulting electrolyte to 16%.

Figure 4 shows the I (V) characteristic of the electrochemical anodization of a sample of mono-
crystalline silicon types (a) N (100), (b) N (111), and (c) P (100).
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Figure 4. Mounting used for sample preparation.

There are three areas that characterize the anodizing process, the I (V) curves, showing the
existence of an [, current delineating the formation and electropolishing zones.

5.1. Porosification zone (I < I,,)

In our work and using N-type substrates, the obtained I (V) characteristics show a possibility
to prepare porous silicon with high currents. The porosification zone remains the same with
somewhat high values of current. This is due to the high value of the resistivity on the one
hand and also the nature of the substrates on the other hand (N type), in addition to the fact
that the experiment takes place in the dark and at room temperature. Under these conditions,
the intrinsic concentration of holes is too low to form pores, so it is necessary to generate holes
by applying a high potential [24]. The layers are obtained using the following conditions.

In the case of the P-type substrate, the concentration of the holes on the surface is greater than
that of the fluorine ions, so anodization leads to the formation of pores.

The Jps depends mostly on the composition of the HF solution in ethanol and little on the
substrate.

5.2. Electropolishing zone (I > I

vs)

According to the literature, this zone appears when the anode potentials are high [25]. For
N-type substrates, when I> [, the limiting factor becomes the diffusion of the ionic species in
the electrolyte, the holes then in excess at the bottom of the pores penetrate the porous struc-
ture which gradually generates the total dissolution of the latter [26].

In the case of P-type substrate, the density of holes on the silicon surface is important. Etching
is limited by the diffusion of F-fluorine ions.
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Figure 5. I (V) characteristic of silicon substrate electrochemical anodization types (a) N (100), (b) N (111), and (c) P (100).
The latter are attracted by the electric field located on the surface defects; the engraving in
these places will be predominant tending to smooth the surface.

According to Ozanam and Chazalviel, electropolishing exists with an oxide layer that forms
on the silicon surface for I > I, currents [25].

5.3. Transition zone

If the anode potentials are at an intermediate level, there is a so-called transition zone. Since
the morphology of the resulting surface is porous in nature, pore size increases rapidly with
increasing potentials, leading to electropolishing of the surface.

This zone is characterized by a peak current corresponding to the formation of an oxide layer
necessary for the surface electropolishing reaction [27].

6. Measurement of the thickness

6.1. Influence of anodizing time on thickness

In regard to the thickness measurement by profilometry, we studied the influence of the vari-
ous anodizing parameters.
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The samples studied are obtained using an electrolytic solution of a concentration

[HF] = 16%, in which the current density j is 35 mA/cm?, for the silicon P (100). For silicon N
(100), we used a current density of 54 mA/cm?

From Figure 6 the thickness of the porous layer increases linearly with the anodizing time,
for a current density and a given RF concentration. The number of dissolved silicon atoms
is therefore directly proportional to the amount of charge exchanged (Q =j x the dissolution
time) showing that the dissolution valence is invariant in time.

In the limit of the porous silicon formation regime, similar behaviors are observed, whatever
the anodization current and the HF concentration [25-28].

6.2. Influence of the current density on the thickness

To know the influence of the current density on the thickness of the porous layer and on the
etch rate, we set the attack time at 2 min for the three types of silicon that are available to us.
For silicon types N (111) and P (100), we used an electrolytic solution concentrated at 16%
HEF. For the substrate type N (100), we have the same solution concentrated at 17.1%. The
results obtained are presented by the graphs of Figure 7.

Figure 7 shows the variation of the thickness of the porous layer and the etch rate versus
anodization current density for silicon substrates: (a) type N (111), (b) type P (100), and (c)
type N (100). We note that the thicknesses of the obtained layers and the etch rates are increas-
ing in a function of the current density [28].

For the N-type substrate (111), the thickness (the etch rate) of the porous layers increases lin-
early from 1.4 um (0.7 um/min) for j varying from 18 mA/cm? up to 106 mA/cm? For N- (100)
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Figure 6. Variation of PS layer thickness as a function of anodization time in N-type Si (100) and P-type Si (100) substrates.
The used conditions are [HF] = 16% and current density of 35 mA/cm?
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Figure 7. PS layers thickness variation and etch rate variation versus current density in (a) N-type Si (100) and (b) P-type
Si (100) wafers.

and P- (100) type substrates, we note that the variation in thickness (etch rate) versus current

density is linear.

For type N (100), the variation increases from 1.4 um (0.7 pm/min) for j = 54 mA/cm? to
3.19 um (1.68 um/min) for j = 106 mA/cm?®. In the case of the substrate type P (100), the
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variation increases from 1.7 um (0.12 um/min) for j = 18 mA/cm? up to 2.9 pm (1 pm/min)
forj=70 mA/cm?.

7. Determination of porosity

One of the important features of porous silicon is the degree of porosity, i.e., the percentage of
void in the porous silicon volume [29]. In our work, the determination of the porosity of the
studied samples was carried out by the gravimetric method.

In our study, the porous silicon layers are prepared at room temperature and without illumi-
nation. The electrolytic solution used is prepared from 40% concentrated hydrofluoric acid
diluted in absolute ethanol. To know the variation of the porosity as a function of the current
density, we fixed the anodization time at 2 min.

7.1. Influence of current density on porosity

Our study is made on silicon P (100) and N (100).

The variations in porosity as a function of the current density of the samples prepared are
shown in Figure 8.

Figure 8 shows that porosity increases as a function of current density [28]. It increases from
33% for a current density equal to 18 mA/cm? in the case of silicon type P (100), up to 63% for
j=70 mA/cm?.

70
—=—N (100)
—e—P (100)
60 |
250 . .
7
o
o
o
40 |
30 1 " 1 " 1 " 1 " 1
20 40 60 80 100

current Density (mAIcmz)

Figure 8. PS layers’ porosity variation as a function of current density in (a) N-type Si (100) and (b) P-type Si (100) wafers.
The used conditions are [HF] = 16% and current density of 35 mA/cm?
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Figure 9. Porosity variation as a function anodization time measured in both Si substrates. The used conditions are
[HF] =16% and current density of 35 mA/cm?

For the N-type substrate (100), we obtained a variable porosity between 40 and 65% for a cur-
rent density between 50 and 106 mA/cm?

7.2. Influence of anodization time on porosity

To know the influence of the anodization time on the porosity, we fixed the current density at
j=35mA/cm? The concentration of [HF] = 16% in the electrolyte, and we varied the anodizing
time. We obtained the curves of Figure 9.

In 6.1, we concluded that the thickness of the porous layer varies linearly with anodization
time; from Figure 9, we note that the porosity also varies almost linearly over time in a func-
tion of the anodizing time. It ranges from 38 to 64% for a sample type N silicon (100), for
anodizing time from 60 to 360 s, respectively. This porosity increases from 45% up to 71% for
an anodizing time from 60 to 360 s for the P-type silicon sample (100).

8. Reflectivity measurement

We measured the reflection factor of two samples obtained after electrochemical anodization
of N (100) and P (100) silicon substrates. The formation conditions as well as the thicknesses
and porosities for the two samples are summarized in Table 3.

The obtained spectra are represented by Figure 10.

PS layers are generally used as antireflective layer in front of solar cells to reduce the light
losses. The total reflectance was measured within the 400-1100 nm wavelength range
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Sample [HF] % j (mA/cm?) t (s) d (nm) P %
N (100) 16 54 360 3700 68.75
P (100) 16 70 120 2660 55

Table 3. Anodization conditions and physical parameters of Si samples used for reflectance measurement.
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Figure 10. Variation of reflection coefficient as a function of the incident light wavelength measured in naked Si sample
used as reference and N-type and P-type Si with PS layer.

with an integrating sphere, as described in Figure 10, where we have reported the reflec-
tion coefficient of the three studied samples: the reference Si naked (N-type) that does not
undergo any chemical etching and N-type and P-type Si with porous layer. The condi-
tions used here, such as thickness and relative porosities to the two Si samples, are sum-
marized in Table 1. From Figures 1-10, one can deduce that the formation of PS layer
reduces drastically the sample reflection coefficient due to the light entrapment in the
formed pores. The reduction of losses by reflection caused by porous silicon layers indi-
cates the antireflective character of this film type. This result agrees with what is returned
in the literature [6, 8].

The antireflective activity is more significant in the N-type Si > as example for the 600 nm
wavelength, the measured reflection coefficients are, respectively, 13, 20, and 37% for N-type,
P-type, and naked Si substrates.

This is due to the fact that in the N type, pores have a smaller size and are uniformly distrib-
uted on the sample surface in contrary to P-type Si, where the pores are larger and spatially
localized in tranches.
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9. Conclusion

In the present work, we have investigated the influence of anodization time and current den-
sity upon the PS layer formation on N-type and P-type Si substrate. The formed pores in
N-type Si are uniformly distributed over the sample surface with a small size, indicating an
isotropic and homogenous attack of HF. However, in the case of P type, the HF etching is
anisotropic; it causes the formation of large tranches composed with pores at the bottom. We
have noticed that the PS layer thickness and its porosity vary linearly with the anodization
time and current density. Finally, due to the pore size and distribution, we found that PS layer
formed on N-type Si exhibits better antireflective activity than P-type Si, making the obtained
layers important tools in the solar cell.
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