Available online www.jsaer.com

Journal of Scientific and Engineering Research, 2016, 3(6):289-297

\ 5 Research Article CODEN(USA): JSERBR

s p : _
/v i “*{ﬂ}‘ ISSN: 2394-2630

Study of the Series Resistance of a Solar Cell Silicon under Magnetic Field from of
Junction Surface recombination Velocity of Minority Charge Carriers at the junction
limiting the open circuit (Sfoc)

Marcel Sitor DIOUF!, Ibrahima LY?, Mamadou WADE?, Ibrahima DIATTA!, Youssou
TRAORE!, Mor NDIAYE!, Grégoire SISSOKO*

Laboratoire des Semi-conducteurs et d’Energie Solaire, Facult¢ des Sciences et Techniques,
Université Cheikh Anta Diop, Dakar, Sénégal

%Ecole Polytechnique de Thiés, Thiés, Sénégal

Abstract The open circuit is a operation point the solar cell corresponding to a maximum photovoltage and a
almost nul photocurrent. The phenomenological parameter that sets this operating point of the solar cell is the
junction recombination velocity of minority charge carriers at the junction. The open circuit is set when the
recombination rate is low. In this article, we consider an operation point near the open circuit of solar cell, that is
to say the one that limits the operation of the solar cell open circuit and its study versus to an external magnetic
field is proposed. This study allowed the determination of the series resistance of the solar cell according to the
external magnetic field. Thus, expression of the minority charge carrier density is determined from the
continuity equation and studied for different values of the magnetic field. From this study, the open circuit
voltage (Voc) and the junction surface recombination velocity limiting the open circuit (Sfoc) are determined
and studied for different values of magnetic field. The determination of the series resistance is proposed from
the curve of series resistance versus of the solar cell operation point by considering Sfoc.

Keywords Silicon Solar Cell, Magnetic Field, Series Resistance, Open circuit voltage, Junction Recombination
velocity.

Introduction
Improvement of the performance of solar cells through the quality control during the various stages of

manufacture. The quality of a solar cell is closely linked to its electronic parameters [1] and power [2], many
studies have been conducted in order to control during manufacture of the solar cell. It is therefore necessary,
under certain operating conditions, to devise methods of measurement and of characterization of electrical
parameters [2] and electronic [3] of the solar cell under static conditions [4] and in dynamic mode [5]. The open
circuit condition is an operating state of the solar cell where the charge minority carriers are stored in the base.
This situation corresponds to low values of the junction recombination velocity [6-7]. Sfco represents the value
of the junction recombination velocity from which the solar cell is not in open circuit position. This work will be
focused on the study of an external magnetic field on Sfco.

2. Theory
In this study we consider a type of solar cell n + -p-p + [3] under polychromatic illumination and subjected to an
external magnetic field. The structure of this solar cell is shown in Figure 1:
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Figure 1: Silicon Solar Cell structure to the n"pp™ P type under magnetic field and polychromatic illumination

2.1. Excess minority carrier’s density

In the remainder of this work, the solar cell is subjected to a constant magnetic field applied perpendicular to the
base of the solar cell [8-11]. The study will be done at the base and a dimension. The continuity equation for the
minority charge carrier density photo generated in the base under the influence of a magnetic field is given by:

o’°5(x) S(x) G

o°x L D" (1)

where D* and L* are respectively the diffusion coefficient and diffusion length of the minority charge carriers
photogénéreés in the base in presence of a magnetic field given by [12,13]:
. D

"1+ (uB) )

L"=+VD'r 3)

tis the lifetime of the minority charge carriers and p = 103 cm®.V's™ mobility of minority charge carriers in the
base at 298K. [14] & (x) is the minority charge carrier density in the base and G (x) the generation rate of
minority charge carriers. Its expression is given by: [15]

3
G(x)=> a.e™™" 4)
i=1

The coefficient ai and bi are obtained from tabulated values of the radiation in A.M1,5 [16]. These coefficients
are given by:

2,=6,13.10% cm™®/s; a,=0,54.10%%m™/s ; a;=0,0991.10%°cm®/s ; b;=6630cm™; b,=1000cm™*; by;=130cm™

The excess of minority carrier’s density is obtained from equation (1) resolution and is given

by:

X X) oy abix
S5(X) = A.ch( = j+C.Sh[ = j—Zki e

i1 (5)
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with: K, =~ = et D".b.L"—1))=0

A and B are obtained with the boundary condition at the emitter — base junction and at the
back surface of the cell [16,17]:
-at the junction (x=0) :
0O (X Sf”
2N 3 50)
oX |, D

-at the back surface (x=H):

(6)
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The parameters Sf* and Sb” are respectively excess minority carrier’s recombination velocities at the junction
and at the back surface [17, 18]. Sf" characterizes the solar cell operation point. It also corresponds to the
gradient of the minority carrier’s at the junction. It is equal to the sum of the junction recombination velocity of
minority charge carriers Sfj = j.10' cm s due to the external load and speed of intrinsic recombination Sfo*
which is a effective recombination velocity of minority carriers at the interface emitter-base that is a function of
the external magnetic field (Sf'=Sfo™+Sfj). Sb™ determines the losses by recombination at the rear face (back
surface field BSF). It is a function of the magnetic field [19-20]. The expressions of Sfo* and Sb* are given
from of the solving of equations [21-22]:

0J oJ
__ph _pand __Ph -0
oSb osf
Sbh—0 Sf -
Jph represents the photocurrent density given by:
. 00(X
p OX x=0

Thus we have:

D" -[bi L —exp(-b, -H)-[sh(::i)+bi L ~ch([1)ﬂ

Sfo* =>"
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We plot in figure 2a and b, the recombination velocity Sf” and Sh” versus magnetic field.
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Figure 1a : Junction recombination velocity Sfo” Figure 1b : Recombination velocity at the rear face
versus magnetic field Sb” versus magnetic field

(D=26cm%s, p=10°cm®.V's™, 7=10"°s, H=0,03cm) (D=26cm?/s, p=10%cm?.V's™, z=10"s, H=0,03cm)
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Figures 1la and 1b show a decrease in recombination velocity of the minority carriers of intrinsic charge at the
junction and at the rear side with increasing magnetic field. Indeed, the minority charge carriers are deflected by
the magnetic force to the side faces of the solar cell. Therefore there is less recombination of minority charge
carriers at the junction and to the rear face of the solar cell with application of the magnetic field which causes a
blocking of minority charge carriers in the base of the solar cell.

2.2. Photovoltage
The photovoltage is a parameter that can determined an excited solar cell. His expression is given by the
Boltzmann law:

Vph =VT.In(N—E.5(O) +1J
n.

(8)

Vr is the thermal voltage, ng; R the intrinsic carrier density at thermal equilibrium and Nb R the base doping
density.

We plot in figure 2, the photovoltage versus magnetic field for different values of the junction recombination
velocity near the open circuit.
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Figure 2: Photovoltage versus magnetic field for different values of the junction recombination velocity near the
open circuit
(D=26cm%s, p=10°cm®.V's™, 7=10"°s, H=0,03cm)

For a fixed value of the upper operating point to 1,5.10"° cm / s in the vicinity of the open circuit, the augment
photovoltage to a maximum value corresponding to an optimum magnetic field Bopt (j) and then decreases as a
function of magnetic field . Indeed, when the field is less than Bopt (j), the diffusion coefficient decreases with
the intensity of the magnetic field. The Mobility and the diffusion of the minority carriers decreases depending
on the magnetic field [11, 24]. The minority carriers are blocked by the magnetic force and cause the increase in
the photovoltage. When the magnetic field is greater than Bopt (j) the photovoltage decreases with the intensity
of the magnetic field. Thus, we assist of a decrease in electrical parameters including the photocurrent and
photovoltage [25-27]. Hence the interest of determining bopt (j). When the operating point is lower
1,5.10"°cm/s, the photovoltage increases with the magnetic field. We can also observe that the optimum
magnetic field increases with the operating point the vicinity of the open circuit. In the course of this work, the
choice of magnetic field values is given by the optimal values of the magnetic field depending on the operating
point. Thus, the effect of magnetic field on the photovoltage as a function of the speed of recombination of
minority charge carriers at the junction is repésenté in Figure 3.
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Figure 3: Photovoltage versus junction recombination velocity for different values of the magnetic field.
(D=26cm%s, p=10°cm®.V's™, 7=10"°s, H=0,03cm)

Figure 4 shows that at low values of the junction recombination velocity of minority charge carriers (vicinity the
open circuit), the photovoltage is maximum and constant: this is the open circuit voltage (Voc). The minority
carriers are blocked at the junction. When the junction recombination velocity increases, the photovoltage
decreased and it become low in the vicinity of the short circuit (for large values of Sf): the minority charge
carriers passed through the junction to participate in the production of photocurrent. We also observe an increase
of the photovoltage with the magnetic field. This increase is more sensitive in the vicinity of the open circuit
because the minority carriers are blocked at the junction (increased Voc). This remark is more pronounced than
the magnetic field is intense. For large values of the junction recombination velocity of the minority charge
carriers, the magnetic field has no effect on the photovoltage because the minority charge carriers crossed the
junction for the production of the photocurrent. The magnetic field tends therefore maintain the solar cell near
the open circuit.

2.3. Determination of the junction recombination velocity limiting the open circuit (Sfoc)
the junction recombination velocity limiting the open circuit is determined by solving the equations [6,7]:

Vph(Sf) - Voc =0 ©)
Voc = limVph
Sf —Sfoc (10)
The expression of this junction recombination velocity is given by:
, D™ b .|1.[1— D*..L*.Sbl.ch[Eﬂ —D"b, .mr{%}
Sfoc=>"
= 2 . H . H
= Sh.L*2.1,.D" b, .sh[—*)+ D.".L".1,.D.b, .ch[—*j+ LM,.J, — 1,
L L (11)
with :
E, = L".Sb.sh ﬂ +D".L'.ch H (11-1)
L L
¥, £ -0 £ H £ H
F= LZ.(Sb— Db )e b-H J{L .Sb.ch(Fj+ D .sh(FD (11-2)
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G, - D*.sh(ﬂ*) ; L*.Sb.ch(ﬂ*)
L L

(11-3)

We respectively represent in Figure 4 the profile of the junction surface recombination velocity of minority
charge carriers limiting the open circuit versus of magnetic field.
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Figure 4: The junction surface recombination velocity of minority charge carriers limiting the open circuit
versus of magnetic field
D=26cm%/s, p=10°cm®.V's™, 7=10"°s, H=0,03cm)

Figure 4 shows a decrease in the recombination velocity at the junction of minority charge carriers limiting the
open circuit with increasing magnetic field. This observation show that the magnetic field helps maintains the
solar cell of the vicinity the open circuit.

2.4. Study of the series resistance

The series resistance (Rs) materializes all imperfections due to contact of the front face and the rear face,
contacts between metal and semiconductor and the resistivity of the semiconductor material [28-29]. For the
determination of the séries resistance expression, we consider the neighborhood of the open circuit of the solar
cell and in these operating conditions an equivalent circuit of the solar cell is presented [4, 30-31]. Using this
circuit equivalent, the series resistance can be expressed:
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Figure 5: Series resistance versus junction recombination velocity for different values of the magnetic field.
D=26cm?/s, p=10°cm?V’s™, 7=70"°s, H=0,03cm)
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The curve of series resistance versus junction recombination velocity is plotted in figure 6 for different values of
the magnetic field.
Figure 5 shows an increase of series resistance with the recombination velocity of the minority carriers at the
junction in the vicinity of the open circuit. There was also an increase in the series resistance with the magnetic
field. So the magnetic field also helps to strengthen the silicon material resistivity. From the junction
recombination velocity of minority charge carriers limiting the open circuit, the series resistance of the solar cell
is determined for each value of the magnetic field. The technique is illustrated in Figure 7:
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Figure 6: Determination of the series resistance
Figure 6 shows a method of determining the series resistance from the recombination velocity at the junction of
minority carriers limiting the open circuit (Sfoc). The application of this technique has yielded some series
resistance values using the magnetic field values previously defined. The results are shown in Table 1.

Tablel: series resistance values obtained for different values of the magnetic field
Magnetic Field (T) Voc (V) Sfoc (cm/s) Rs (Q.cm?)

0 0,618 7,134.10°  0,0032
2.10° 0,675 4,077.10>  0,0057
4.10° 0,703 1,227.10°  0,0235
5.10° 0,712 81,47 0,0601
6.10° 0,720 58,27 0,1457

Table 1 shows that the open circuit voltage and the series resistance increases with the intensity of the magnetic
field. By cons, the recombination velocity of minority charge carriers at the junction limiting the open circuit
decreases with increasing magnetic field.

3. Conclusion
We have presented a study of the recombination velocity of minority charge carriers at the junction limiting the
open circuit (Sfoc) and of the series resistance (Rs) of the solar cell in the presence of an external magnetic field.
The determination of the minority charge carrier density in the base has enabled the study of the photovoltage as
a function of magnetic field the vicinity of the open circuit. Thus, for a value of the solar cell operating point
upper to 1,5.10%°cm / s in the vicinity of the open circuit, the photovoltage increases with the intensity of the
magnetic field until a maximum value called optimal magnetic field then decreases with the increase in the
=
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magnetic field. This relation obtained between the maximum value of the photovoltage and the optimal
magnetic field allows to justify the choice of magnetic field values to study Sfoc (B) and Rs (B). The study of
the photovoltage shows an increase of the open circuit voltage (Voc) to the intensity of magnetic field. From
Voc and photovoltage, the expression of the recombination velocity of minority charge carriers at the junction
limiting the open circuit (Sfoc) is determined and studied for different values of the magnetic field. This study
showed a decrease Sfoc with the magnetic field. The magnetic field thus helps maintain the solar cell at the
vicinity the open circuit. Knowing Sfoc, the series resistor (Rs) is determined and then studied for different
values of magnetic field. The study showed that the magnetic field increases the series resistance and the
resistivity of the silicon material.

References

[1]. B. Mazhari and H. Morkog, Surface recombination in GaAs PN junction diode, J. App. Phys. 73(11),
1993, pp. 7509-7514.

[2]. H. El Ghitani and S. Martinuzzi, Influence of dislocations on electrical properties of large grained
polycrystalline silicon cells, J. App. Phys. 66(4), 1989), pp 1717-1726.

[3]. N. Le Quang, M. Rodot, J. Nijs, M. Ghannam and J. Coppye, Réponse spectrale de photopiles de haut
rendement au silicium multicristallin. J. Phys. 11l France 2, 1992, pp 1305-1316.

[4]. S. Erel, The effect of electric and magnetic fields on the operation of a photovoltaic cell, Solar Energy
Materials & Solar Cells 71 (2002), pp. 273-280.

[5]. S. Mbodji, A. S. Maiga, M. Dieng, A. Wereme and G. Sissoko. Renoval charge technical applied to a
bifacial solar cell under constant magnetic field, Global Journal of Pure and Applied Sciences, 16,(4)
2010, pp. 469- 477

[6]. M. S. Diouf, I. Gaye, A. Thiam, M. F. M. Fall, I. Ly, G. Sissoko. Junction recombination velocity
induced open circuit voltage for a silicon solar cell under external electric field. Current Trends in
Technology & Sciences, 3, (5), 2014, pp. 372-375.

[7]. M. S. Diouf, G. Sahin, A. Thiam, K. Faye, M. I. Ngom, D. Gaye, G. Sissoko. Determination of the
junction surface recombination velocity limiting the open circuit (sfoc) for a bifacial silicon solar cell
under external electric field. Internal Journal of Innovative Science Engineering and Technology, 2,
(9), 2015, pp. 931- 938.

[8]. S. Mbodji, A.S. Maiga, M. Dieng, A. Wereme and G. Sissoko, Renoval Charge technical applied to a
bifacial solar cell under constant magnetic field. Global J. Pure Appl. Sci., 15(1), 2009, pp. 125-132

[9]. B.Zouma, A.S. Maiga, M. Dieng, F. Zougmore and G. Sissoko,. 3" approach of spectral response for a
bifacial silicon solar cell under a constant magnetic field. Global J. Pure Appl. Sci., 15(1), 2009, pp.
117-124.

[10]. A. Dieng, N. Thiam, A. Thiam, A.S. Maiga and G.Sissoko,. Magnetic field effect on the electrical
parameters of a polycrys-talline silicon solar cell. Res.J. Appl. Sci. Eng. Techn., 3(7), 2011, pp. 602-
611

[11]. N. Thiam, A. Diao, M. Ndiaye, A. Dieng, A. Thiam, M. Sarr, A.S. Maiga and G. Sissoko, Electric
equivalent models of intrinsic recombination velocities of a bifacial silicon solar cell under frequency
modulation and magnetic field effect. Res. J. Appl. Sci. Engineering Technol. Maxwell Scientific
Organization, 3, (7), 2012, pp. 602- 611.

[12]. A. Dieng, M.L. Sow, S. Mbodji, M.L. Samb, M. Ndiaye, M. Thiame, F.I. Barro and G. Sissoko, 3D
study of a polycrystalline silicon solar cell: Influence of applied magnetic field on the electrical
parameters. Proceedings of the 24" European Photovoltaic Solar Energy Conference and Exhibition,
Hamburg, Germany, (September 2009), 473-476.

[13]. Th. Flohr and R. Helbig. Determination of minority-carrier lifetime and surface recombination velocity
by optical beam induced current measurements at different light wavelengths, J. Appl. Phys., 66(7)
(1989), pp. 3060-3065.

[14]. M. Kunst and A. Sanders. Transport of excess carriers in silicon wafer. Semicond. Sci. Technol. 7,
1992, pp: 51-59

{ﬁ?ﬁ; ‘\\
”@“ Journal of Scientific and Engineering Research

296



DIOUF MS et al Journal of Scientific and Engineering Research, 2016, 3(6):289-297

[15].
[16].
[17].

[18].
[19].

[20].

[21].

[22].
[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

e

=
ATER

3

J. Furlan, and S. Amon. Approximation of the carrier generation rate in illuminated silicon. Solid State
Electron, 28 (1985), pp. 1241-43.

S. N. Mohammad, An alternative method for the performance analysis of silicon solar cells. J. Appl.
Phys. 61(2) 1987, pp. 767-777

G. Sissoko, C. Museruka, A. Corréa, I. Gaye and A. L. Ndiaye,. Light spectral effect on recombination
parameters of silicon solar cell. Renewable Energy. 3(1996), pp. 1487-1490.

D. L. Pulfrey, Understanding Modern Transistors and Diodes. Cambridge University Press, 2010

G. Sissoko, S. Sivoththanam, M. Rodot, P. Mialhe Constant illumination-induced open circuit voltage
decay (CIOCVD) method, as applied to high efficiency Silicon Solar cells for bulk and back surface
characterization. 11" European Photovoltaic Solar Energy Conference and Exhibition, poster 1B, 12-
16, October, 1992, Montreux, Switzerland, pp.352-54.

M. L. Samb, M. Dieng, S. Mbodji, B. Mbow, N. Thiam, F.l. Barro and G. Sissoko. Recombination
parameters measurement of silicon solar cell under constant white bias light. Proceedings of the 24"
European Photovoltaic Solar Energy Conference (2009), pp.469-472.

Diallo, H. L., A. Wereme, A. S. Maiga and G. Sissoko. New approach of both junction and back
surface recombination velocities in a 3D modelling study of a polycrystalline silicon solar cell. Eur.
Phys. J. Appl. Phys., 42, (2008), pp. 203-211.

I. Sari-Ali, B. Benyoucef, B. Chikh-Bled. Etude de la jonction d’un semi-conducteur & 1’équilibre
thermodynamique. J. Elect. Dev. 5, 2007, pp. 122-126

S. Madougou, M. Kaka, G. Sissoko. Silicon Solar Cells: Recombination and Electrical Parameters »,
Solar Energy, (2010), pp. 69-79.

M. I. Ngom, M. S. Diouf, A. Thiam, A. O. E. Moujtaba, G. Sissoko. Influence of magnetic field on the
capacitance of a vertical junction parallel solar Cell in static regime, under multispectral illumination.
Int. J. Pure Appl. Sci. Technol., 31(2) (2015), pp. 65-75

F. Toure, M. Zoungrana, R. Sam, M.T.D. Diop, I.F. Barro, G. Sissoko. Effet du champ magnétique sur
le rendement de la capacité d’une photopile monofaciale au silicium par le modele de I’extension de la
zone de charge d’espace. J. Sci. Vol 10, N° 4. (2010)16-22.

F. Toure, M. Zoungrana, B. Zouma, S. Mbodiji, S. Gueye, A. Diao, G. Sissoko. Influence of Magnetic
Field on Electrical Model and Electrical Parameters of a Solar Cell Under Intense Multispectral
Illumination. », Global Journal of Science Frontier Research(A), 12, (6), Version I, pp. 51-59,.

S. Mbodiji, I. Ly, H. L. Diallo, M.M. Dione, O. Diasse and G. Sissoko. Modeling Study of N+/P Solar
Cell Resistances from Single |-V Characteristic Curve Con-sidering the Junction Recombination
Velocity (Sf). Research Journal of Applied Sciences Engineering and Technology 4(1), (2012), pp. 1-7
M.M. Dione, H. Ly Diallo, M. Wade, I. Ly, M. Thiame, F. Toure, A. Gueye Camara, N. Dieme, Z.
Nouhou Bako, S. Mbodji5, F. | Barro, G. Sissoko. Determination of the shunt and series resistances of
a ver-tical multijunction solar cell under constant multispec-tral light, 26" European Photovoltaic Solar
Energy Conference and Exhibition (Hamburg, 2011), pp. 250-254

F. I. Barro, S. Gaye, M. Deme, H. L. Diallo, M. L. Samb, A. M. Samoura, S. Mbodji And G. Sissoko.
In-fluence of grain size and grain boundary recombination velocity on the series and shunt resistances
of a poly-crystalline silicon solar cell », Proceedings of the 23" European Photovoltaic Solar Energy
Conference (2008), pp. 612-615.

A. Dieng, A. Diao, A.S. Maiga, A. Dioum, 1. Ly, G. Sissoko. A Bifacial Silicon Solar Cell Parameters
Determination by Impedance Spectroscopy. Proceedings of the 22™ European Photovoltaic Solar
Energy Conference and Exhibition (2007), pp.436-440.

O. Sow, I. Zerbo, S. Mbodji, M. I. Ngom, M. S. Diouf, and G. Sissoko. Silicon solar cell under
electromagnetic waves in steady state: Electrical parameters determination using the 1-V and P-V
characteristics, International Journal of Science, Environment and Technology, Vol. 1, N°4, (2012), pp.
230-246.

N
”‘I}? Journal of Scientific and Engineering Research

297



