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|. Introduction

Global consumption of energy is constantly
increasing. Most of it comes from fossil fuels (oil,
natural gas, coal, etc.) whose massive use can lead
to the depletion of these reserves and actually
threatens the environment. This threat is
manifested mainly through pollution and the global
warming of the earth by the greenhouse effect.

The solar energy available on the Earth's surface is
36 Pet watts (LIPW = 1015 Watts), while the wind
energy resources are 72 TW (1TW = 1012 Watt),
geothermal energy 9.7 TW, Use of human energy is
15TW [1-2].

The materials used initially by these photovoltaic
cells were essentially inorganic. Today, the most
commonly used material is still silicon, despite the
increasingly  stiff competition of cadmium
tellurides, halides and other gallium arsenides [3 -
4].

The homogeneous and/or the heterogeneous
structure of the silicon of the photovoltaic cells
(PV) was studied in marine electrolytic medium
with 3.5% NaCl and in a second electrolytic
medium of the same chemical composition as the
first but acidified to pH 3.

The existence of possible corrosion implies:

o Either the presence of a chemical
heterogeneity in the form of segregation at
grain boundaries or micro-precipitates in the
grains.

e The presence of structural heterogeneity
induced by cooling Kkinetics, especially
during solidification (liquid-solid), will
result in the presence of dislocations and
twins [5].

Thus, the electrochemical experimental results
allow us to pronounce if in practice the PV cells
homogeneity was verified or no by these
techniques.

I1. Materials and methods

11.1. Sample Collection

The silicon samples, after preparation, were heated
to 1200°C in an arc furnace. The inert atmosphere
was controlled by a flow of argon. The samples
were held for two hours at 1200°C.

The cooling was realized under the flow of argon
gas that allows obtaining a temperature of 650°C
after 4 hours. For the electrochemical study, we
were interested in a half-ingot named Bb (figure 1).
Samples Bbl, Bb2 and Bb3 cut under lubrication,
of size (10 X 10 X 5) mm. The cylinder
(liquid/solid) was cooled by the BRIDJMAN
method. The working surface is 1 cm? [6].
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Figure 1. Schematic representation of a half-ingot
and the position of the samples taken on the ingot
Bb obtained with electromagnetic stirring at 250 A.

11.2. Electrolytes:

Two electrolytes were used: 3.5% NaCl
representing the reconstitution of the sea water
(about 35 g/l ); and a 3.5% NaCl solution acidified
with HCl at pH = 3.

11.3. Electrochemical techniques

The electrochemical tests are carried out using a
three-electrode assembly, an electrochemical cell
with double walls with a capacity of 500 ml. The
potentials are given with respect to a saturated
calomel SCE electrode. A graphite electrode was
used as a counter electrode.

A volume of 200 ml of the electrolytic solution is
filled into the electrochemical cell. The working
electrode is placed in parallel with the counter
electrode and the reference electrode is added so
that the contact surface is very close to the working
electrode.

The Tafel consists of applying to the working
electrode potential from -300mV to + 300 mV
arroud the corrosion potential and scanned at the
rate 0f 0.016 mV.slvs

11.4. Working electrodes

Before hand the sample has a surface area of 1 cm?
which is glued to a metal plate using a conductive
paste, initially polished with abrasive paper. The
latter is welded to a conducting wire.

The assembly is coated with an insulating
resin.Workings electrodes are Bbl, Bb2 and Bb3
taken from the ingot Bb and have been polished by
an abrasive paper with different particle sizes (600,
1000 and 1200 grit) followed by polishing with a
paste of alumina 6 to 1 pm.

I11. Results and discussion

I11.1. Open circuit potential

The open circuit potential is a parameter which
indicates the thermodynamically tendency of a
silicon to electrochemical oxidation in the
electrolytic medium. After a period of immersion it
stabilizes around a stationary value. This potential
may vary with time because changes in the nature
of the surface of the electrode that occur (oxidation,
formation of the passive layer or immunity).

The open circuit potential is used as a criterion for
the activity behaviour. Figure 2 shows the open
circuit potential curves for the three samples Bb1-
Bb3 immersed in 3,5% NaCl solution and in the
acidified medium at pH 3.

The heat treatment and its cooling rate bring a
change in the electrochemical process. On the other
hand, for the Bbl electrode the nobility of the
electrode was reduced since its potential went from
-210 mV in NaCl medium to -710 mV in the same
acidified medium.

Also, the free corrosion potential of each electrode
is different. It shows that the silicon structure is
heterogeneous and that the chosen cooling has not
permit to obtain the homogeneous mixture of the
solid solution during its cooling.

Figure 2a shows the evolution of the corrosion
potential as a function of the immersion time of the
three electrodes in a 3.5% NaCl solution. For the
electrodes Bb2 and Bb3, the corrosion potential is
shifted towards the more negative values compared
to that of the electrode Bbl where its potential
becomes more noble. From these results, it appears
clearly that the three electrodes, from the
thermodynamic  point  of  view,  possess
heterogeneous structures.

Figure 2b shows the evolution of the corrosion
potential as a function of the immersion time in a
solution formed of 3.5% NaCl acidified with HCI.
The pH was adjusted to 3. The potential of these
electrodes was modified, compared to the result
obtained for the non-acidified NaCl solution, the
order of the potential in this case follow the order
from the positif value to the negative value (Bb3.0
Bb2 .0 Bbl). For the electrodes Bb3 and Bbl, the
measured  potential is  characterized by
instantaneous fluctuations. The characteristic values
of the corrosion potential after 50 s of immersion
are given in table 1.
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Figure 2a. Evolution of the free corrosion
potentialas virsus time of immersion of the silicon
working electrodes (Bbl, Bb2 and Bb3) in NaCl
medium.

Table 1. Free open potential of 3 electrodes
immersed in 3.5% NaCl and 3.5% NaCl acidified

atpH = 3.

Electrolytique Electrodes
solution Bbl Bb2 Bb3
3,5%NaCl -207 -670 -630
3,5%NaCl, pH=3  -710 -540 -482

The corrosion potential (Ecorr,) Of the Bb1 electrode
is equal to -207 mV/ECS. This potential is the most
noble than the electrodes Bb2 and Bb3. Thus, it is
noted that the elaboration of the silicon gave a
heterogeneous structure.

In the 3.5% NaCl medium acidified with HCI, we
find that the displacement of the potential values is
towards the less noble values. However, the change
of the potential in both media is explained by the
evolution of the pH towards the more positive
values which is linked to the presence of the H *
protons.
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Figure 2b. Evolution of the free corrosion
potential as a function of the time of immersion of
the silicon working electrodes (Bbl, Bb2 and Bb3)
in acidified NaCl medium.

A

Tafel curves of silicon electrodes Bb1 — Bb3 in the
two medium are shown in figures 3a and 3b. The
electrochemical parameters from these curves are
given in tables 1 and 2. It is noted that the dynamic
corrosion potential of the electrodes Bbl and Bb2
tends towards the more negative values compared
to that of the electrode Bb3. The values in table 2
are respectively -748 V/ECS, -737 VI/ECS, and -
408 V/ECS for the electrodes Bbl and Bb2 and
Bb3. This table shows the evolution of the
polarization resistance of the electrodes Bbl, Bb2
and Bb3 in the 3.5% NaCl medium.

111.2. Tafel Measurements

The values of the polarization resistance of the
electrodes Bb1, Bb2 and Bb3 are respectively 5.18,
1.48 and 61.23 K.Qcm? This shows that the
electrode Bb3 is the most resistant with respect to
the other two electrodes. The polarization resistance
of the three electrodes medium in the 3.5% NacCl is
oriented in the direction Bb1— Bb2— Bb3.

The diffusion of the electro-active species at the
(electrode/solution) interface is small for the Bbl
electrode; this is due to the slowing down of the
species which oxidize at the (electrode/solution)
interface. For the electrodes Bb1 and Bb2, the value
of oft he Rp is low, therefore the diffusion is
stronger, which is due to the increase of the
oxidizable electro-active species in the interface
(electrode/solution).

It is noted that the corrosion rate of the electrode
Bb3 is small compared with the electrodes Bb1 and
Bb2. This is justified by the high electronegativity
of the Bb3 electrode, compared to the other two
electrodes. The electrode Bb3 is nobler than the
electrodes Bb1 and Bb2, so it corrodes slowly.

Regarding the corrosion current of the electrodes
Bb1, Bb2 and Bb3, (figure 3a), it is noted that it is
higher with the electrode Bbl. It becomes smaller
for the Bb3 electrode (Icorr gb1) = 33, 9UAA/CM? and
lcorr B3y = 0,66 HA/cm? ) It is evident that the rate
of corrosion is proportional to the corrosion current.

The characteristic values recorded from the
potentiodynamic  polarization curves of the
electrodes Bb1, Bb2 and Bb3 are recorded in table
1and 2.
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Figure 3. Tafel curves for the three electrodes Bb1, Bb2 and Bb3.

Table 1. Characteristic valuesof the polarization curves of electrodes Bb1, Bb2 and Bb3 in 3.5% NacCl.

Silicon Ei=0 Rp (K-Qcmz) Ba Bb Veorr
electrodes (mV/ECS) (UA/cm?) (mV) (mV) (MA/an)
Bb1 -787 4,56 257,2 324,9 104,6
Bb2 -655 5,96 383,9 352,8 114,0
Bb3 -492 115,63 213,1 167,3 3,53

Table 2. Characteristic values of the polarization curves of electrodes Bb1, Bb2 and Bb3
in 3.5% NaCl medium acidified with HCI at pH = 3.

Silicon Ei=0 Rp K.Qcm? lcorr, Ba Be Veorr
electrodes mV/ECS (LA/cm?) (mV) (mV) (LA/an)
Bb1 -737 1,48 33,9 415 565 397
Bb2 -748 5,18 9,16 294 272 107
Bb3 -408 61,23 0,66 206 270 7,80

It is noted that the dynamic corrosion potential of
the three electrodes oriented respectively in the
direction Bbl— Bb2 — Bb3. The potential of the
electrodes Bbl and Bb2 tends towards the more
negative values comparing to the electrode Bb3.
From these potential values, it is found that the
electrode Bb3 is nobler than electrodes Bbl and
Bb2. The classification of the electro negativity of
the three electrodes is as follow:

Bbl.— Bb2 .— Bb3 for electrodes in NaCl medium
and

Bb2 .— Bbl .— Bb3 in the acidified NaCl medium

From Table 2, polarization resistances are 4.56,
5.96 and 115.63 K.Ohms*cm? for electrodes Bb1,
Bb2, Bb3 respectively. From these results, it can be
seen that the Bb3 electrode is the most resistant
comparing to Bb1 and Bb2 electrodes.

It can be seen from the results given in Tables 1 and
2 that the bias resistance of the electrodes Bb1, Bb2
and Bb3 is different for the two media.

From these values, the anodic constant (Ba), of the
electrode Bb1, Bb2 and Bb3 are respectively 257.2;
383.9 and 213.1 mV. It can be seen that for the Bb2

electrode, the diffusion of the electro-active species
at the interface (electrode/solution) was smaller;
this is due to the increase of the electro-active
species near these interface.

111.3. Chronopotentiometry:
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Figure 4a. Chronopotentiometric curves of the
three silicon electrodes in the 3.5% NaCl medium
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Figure 4b. Chronopotentiometric curves of the
three silicon electrodesin the 3.5% NaCl medium in
acidic medium pH 3.

A

The three electrodes were galvanically activated in
two steps. The imposed current values are
illustrated in table 3.

Table 3. Imposed current and corresponding poentials

Electrodes 3.5% NaCl medium 3.5% NaCl medium pH 3

Bb1l Bb2 Bbl Bb2 Bb3
Imposed current 0,08et0,1 0,66 et 0,9 0,001 et 0,037 et 0,033 et 0,05 0,002 et
(mA) 0,009 0,05 0,01
Corresponding -587,3 et - -717,1 et -365,5et-  -6654 et - -507,7 et -244.9 et
potential (mV) 533,75 - 509,25 20,88 160,38 - 400,43 -570,13

The activation of the electrodes to the oxidation
currents indicated in table 3 shows through the
curves illustrated in figureda that the electrode Bb3
is the most reactive, since the current jump passing
from 0.001 to 0.009 mA after 300 secondes. This
increase shows the appearance of a new resistance
caused by the modification of the active surface of
the electrode. During a test period of 300 seconds,
the overvoltage of the Bb3 electrode decreased
from -365.5 to -20.88 mV/ECS. For the Bbl
electrode, the potential has increased from -587.3 to
-533.75 and that of the Bb2 electrode has changed
from -717.1 to -509.25 mV/ECS. The potential of
these last two electrodes (Bb1l and Bb2) remained
relatively stable.

The imposed current values for the three silicon
electrodes in 3.5% NaCl medium acidified with
HCI at pH = 3 are summarized in Table 3. The
activation of the electrodes in the acidified medium
to the oxidation currents indicated in Table 3 shows
through the curves illustrated in figure 3b that the
electrode Bb3 is the most reactive because the
current jumpsfrom 0.002 to 0, 01lmA after 300
seconds. The increase of current shows the
appearance of a new activity caused by the

modification of the active surface of the electrode.
During a test period of 300 seconds, the
overvoltage of the Bb3 electrode shift from 244.9 to
570.13 mV/ECS. For the Bbl electrode, the
potential has moved from -665.4 to -160.38
mV/ECS and the current of the Bb2 electrode was
evolved from -507.7 to -400.43 mV/ECS. The
potential of these last two electrodes (Bb1 and Bb2)
remained relatively stable with respect to Bb3.

111.4. Electrochemical Impedance Spectrometry
(SIE) measurements

In order to confirm the obtained results by
potentiodynamic polarization measurements and
gather some information about the segregation
mechanism of silicon under heating and cooling,
the electrochemical impedance spectroscopy was
also used. The advantage of this method is that both
the polarization resistance values and the double
layer capacitance values can be obtained in the
same measurement. Figures 5 and 7 show the
Nyquist plots of silicon in aerated 3,5% NaCl, and
3,5% NaCI-HCI (pH = 3) respectively. The
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impedance diagrams do not present a perfect
semicircle, generally attributed to the frequency
dispersion [16] due to the surface heterogeneity.
This heterogeneity results from the roughness,
impurities, dislocations, the adsorption chemical
species and the formation of porous layers on the
surface of active electrode [18, 19].

In the 3,5% NaCl medium, the impedance Nyquist
diagrams present one capacitive loop at higher
frequency and another flattened semicircle at low
frequency(Figure 5). In the neutral electrolyte
(3,5% NaCl), the complex plane plots reveal the
presence of two capacitive loops. The first at high
frequencies with low capacitive values was
attributed to the adsorbed water molecules on the
silicon surface. The second at low frequencies
correspond to the polarization resistance that it was
attributed to the charge transfer.

Tables 4 and 5 gives the values of the charge
transfer resistance Rt, double-layer capacitance Cd
obtained from the EIS plots. It can be seen that the
heat treatment of silicon and its cooling give a
heterogeneous structures. EIS results confirm those
obtained by potentiodynamic polarization curves.
The obtained impedance data has been interpreted
using the equivalent electrical circuit of Figure 6,
where Cf and Rf present the adsorbed water
parameters, the Cd is the double layer capacitance,
and Rt is the charge transfer resistance.

Figure 7 illustrates the set of impedance diagrams
of Bbl, Bb2 and Bb3 electrodes in NaCl medium
acidified in HCI (pH = 3)

-1500

—O— Bbl
—O— Bb2
—v— Bb3

| — FitResult

-1000

0 500 1000 1500

Figure 5. Nyquist plots of silicon electrodes in
3,5% NaCl at room temperature.

The electrochemical parameters extracted from
Nyquist spectrums are given in Tables 4 and 5.

Re

Figure 6. Electric equivalent circuit, NaCl medium

Table 4. Electrochemical Impedance spectroscopy
parameters for silicon in 3,5% NaCl.

Elements Working Electrodes
Bbl Bb2 Bb3
Re, Q*cm? 2201 6,37 8,82
Cs, Flcm 503107 6,75107 2,04 107
Rt, Q*cm? 33,08 8,36 0,4
CPE-T,F/lcm 53410° 14,1010° 11,7010°%
CPE-P 0,62 0,60 0,0021
Rt 1832 770,10 14,94
-800
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[ —O— Bb2
—4— Bb3
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Figure 7. Nyquist plots of silicon electrodes in
3,5% NaCl- HCI at room temperature.

Table 5. Electrochemical Impedance spectroscopy
parameters for silicon in 3,5% NacCl acidified at pH
3.

Components Bbl Bb2 Bb3
/Samples
Rs 10,22 35,77 19,29
CPE-T 6,51*10° 3,77*10° 8,54*10°
CPE-P 0,585 0,501 0,550

We used the Zview software to estimate the
components of the interface. Using this software,
the resistances and capacities of the circuit were
calculated. The electrical circuit of the fitting
interface  (electrode/solution) consists of the
elements Re, Cr, R, CPE and R:.

The impedance diagram in the representation of
Nyquist of the electrode Bbl is formed by a
capacitive arc of a circle. The resistance of the
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solution is located at the intersection of the
semicircle of the impedance at high frequencies
with the real axis of impedance. At low frequencies,
the semicircle intersects the axis of the real axis
and the element of the circuit represents the
resistance of adsorbed water molecules Rf andthe
resistance of the solution Re, bysince the capacitive
semi-circle is flattened and the capacitance of the
circuit has been replaced by a CPE which takes into
consideration a degree of flattening. The results are
shown in Table 4.

1V. Conclusion

The electrochemical characterization in two media
allows us to know the effect of the heat treatments
and its cooling on the structural state of silicon.

For this purpose, the electrochemical study was
carried out on the 3 samples Bbl, Bb2 and Bb3
taken from the ingot Bb.

The obtained results confirm that the two electrodes
cut from the two ends "top and bottom of the ingot
Bb" and from the middle of the ingot «Bb2» have
more negative potential values compared to that of
the sample taken from the middle «Bb3» which has
more noble values of potential. From these results,
it has been found that the three silicon electrodes
have heterogeneous structures.

According to the potentiodynamic polarization
curves (Tafel), it was found that the
electronegativity of the 3 electrodes is different and
it is classed in the following direction Bb1—Bb2 —
Bb3.

The electro-active species at the electrode/solution
interface differ from one electrode to another by
diffusion kinetics that vary from one electrode to
another.

The chronopotentiometric curves show the
difference in the reactivity of the surface of the
three silicon electrodes.

According to the electrochemical impedance
spectrometry it reveals that the electrical parameters
of the circuits obtained are not identical. During the
solidification carried out, chemical or structural
segregation or both was observed.

In general, the heat treatment and cooling of the
silicon gives a heterogeneous structure. The present
study has shown the validity of electrochemical
techniques in the characterization of the
homogeneity and / or heterogeneity of the structure
of silicon.
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