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Abstract We propose a study about a silicon solar cell under polychromatic illumination in frequency
modulation by the emitter face. From the minority carrier density in excess, the photovoltage and the
capacitance are determined, according to, the resonant frequency, the magnetic field and the temperature.
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1. Introduction

The manufacture of silicon solar cell leads to the development of a junction (n / p) between the semiconductor
silicon type (n) and type (p). This junction is established by the migration of electrical charge between two
semiconductors, which are established as fixed charges with opposed sign [1-2]. Thus, the electrical analogy of
this junction to a planar capacitor is established and called transition capacitance, depending on the doping rate
of two semiconductors as donor and acceptor impurities [3]. Dimensions of semiconductors are located in the
emitter and the base of solar cell. Several researches were investigated about this capacitance, which is the solar
cell capacitance under darkness [4]. When the solar cell is under illumination, there is light absorption,
generation of electron-hole pairs, diffusion and recombination in volume and in surface. This minority carrier
contributes to create a new capacitance by their move and this capacitance is called capacitance of diffusion [5-
8] depending on:

a) The recombination velocity at the junction (Sf), which sets the operating point of the solar cell (open
circuit to short circuit),

b) The light wavelength [9], frequency [10-11], sun concentration, incident flux and angle [12] and diffusion
parameters as, doping rate [13], junction and back rear surfaces recombination velocity [14], or at grain
boundaries in a 3D model [15-16] and experimental conditions like, Temperature [17-18], applied
magnetic field [19], electric excitation [20].

Thus, solar cell can be studied in, static [21], transient [22]or frequency modulation [23-25] regime, to access to,
the transition or diffusion capacitance [26].

The contribution to this work is, to determine, under modulated illumination, the effect of the temperature and
the applied magnetic field, on the base of the silicon solar cell capacitance, for an operating point closed to the
open circuit. This study will allow to establish, more elaborated equivalent electrical models associating,
resistances, self-inductance, from the phenomenological parameters [27]. The emitter contribution has been
already taken into account [28].
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2. Theory

In this one-dimensional space study, we consider in figure (1), the illuminated silicon solar cellbase (thickness
H) of n*-p-p", by the n+ surface, with white light, in frequency modulation (®), under magnetic field (B) and at
the temperature (T).
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Figure 1: n*-p-p* solar cell structure under polychromatic illumination, magnetic field and temperature T
The excess minority carrier density dn(x, t) generated in the base of the solar cell, obeys to the continuity
equation, when the solar cell is under modulated frequency illumination [29-30]:

o%n(xBT.H) 1  anBTY nxBT.H _ Gt M
ox2 D(w,BT) ot D(@,BT)t, D(@BT)

The expression of the excess minority carrier density in the base depth x of a silicon solar cell at T temperature,
under magnetic field B, time t dependent, is given by:

(% B,T,t) = an(x, B, T)el @

2.1. Excess minority carrier diffusion coefficient in the base
The complex diffusion coefficient of excess minority carrier in the base of the solar cell, under modulation

frequency (w) [31-33], is giving by the following expression:
1+ (wr)? —1—(wr)? }

D(w) =D, 2_2\2 ; T 2_2\2 2
l-0°77)° +(2wr) Ql-0°t°)" +(2wr)

@)

D0 (T) is the excess minority carrier diffusion coefficient in the solar cell in steady state, at T temperature,

without magnetic field. And t is the excess minority carrier lifetime in the base.
The well-known Einstein-Smoluchowski equation yields:

Dy(T) = Ty x 2T

And u(T) characterizes the mobility of electrons and is a function of temperature [18], its expression is given
by:
u(T) =1.43x10° xT**cm2y s ()

The complex diffusion coefficient of the minority carrier in the base of the solar cell in frequency regime (),
temperature (T), and magnetic field (B) is derived as:

(4)
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2 2 2 2
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D (B,T) is the diffusion coefficient as a function of temperature, and of the magnetic field :

2
With D(B,T)=m (7
T
D,(T)
D(B,T)=
PO D ) <y v

L(B,T) represents the diffusion length, temperature and magnetic field dependent.

2.3. Minority carrier generation rate induced by a polychromatic illumination
The minority carrier generation rate in the base of a solar cell under polychromatic illumination is given by the
expression:

G(xt) = g(X)exp(j ) )
3 —b.x

With g(X) = _Zlai.e ! (10)
1=

The coefficient ai and bi are obtained from the tabulated values of the radiation under A.M=1.5 [33].

2.4. Boundary conditions
Equation (1) is resolved using boundary conditions:
At the junction (x=0)

D(w, B, T).WLC:O =Sf.8,(x =0,B,T) (11)

At the back surface(x= H)

D(w,B,T).L2EDl = _gp s, (x=H,B,T (12)
ox x=H

Sf and Sb are respectively the excess minority carrier’s surface recombination velocity at the junction and the
rear. Sf indicates also the solar cell operating point, while Sb the back surface field at the p/p+ interface [34, 27].

2.5. Photovoltage
It is obtained using the Boltzmann expression:

Nb
Vph(a), B,T)=VT xln[niz(T)xé(O,a),B,D+lj (13)
With
VT :ﬁxT (14)
q

VT represents the thermal voltage; q is electron charge, K, is Boltzmann constant
Nb the base doping density and ni the intrinsic carrier’s density, given by [35]:

Eg
n*(T) = AxT exp(-
C(T) = AxT exp( K, xT

) (15)

Eg =112.1,6.107°J , is the gap energy. This energy is the difference between the energy of the conduction

-3
band E, and that of the valence band E,. A is a constant, A =3,87.10*cm>.K %

2.6. Capacitance of the solar cell
5 N
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The expression of the diffusion capacitance of the solar cell is obtained according to the following relation:

C(Sf,B,w,T) = % (16)
Q(SF, B, o, T) =q6(x=0,5f,B,,T) (17)

Considering the excess minority carrier density in the base and the photovoltage at the junction of the solar cell,

the capacitance expression is obtained:
dé (x=0,5f,B,w,T)

CSf.B,w,T) =q*— s (18)
ds (x=0,Sf,B,w,T) 1

C(Sf,B,w,T) = q* - asf * WS B0 (19)

dsf

(T))2 =

C(Sf, B, w, T) — q-(nz(T)) + q.6(x=0,Sf,B,w,T) (20)

Np.Vr Vr
C(Sf,B,w,T) = C,(T) + C;(Sf,B,w,T) (21)
(n(T))?

Co(T) = 542" (22)

CO(T ) is the capacitance of the solar cellan short-circuit.

Ca(Sf,B, @, T) = 2E=20200 (23)

Vr
C,(T)andC, (Sf, B, @, T) are respectively the solar cell capacitance in the dark (or transitional) and the

diffusion capacitance under illumination.

3. Results and Discussions

We present in this section the capacitance amplitude spectrum for the solar cell under a short-circuit conditions,
as well as the Niquyst diagram for different magnetic field and temperature. There profiles are shown in figures
(2-a, b, ¢)
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Figure 2.a: Capacitance amplitude versus logarithmic of frequency for different Temperature and magnetic

field (Sf=2.10%cm/s).
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Figure 2.b: Capacitance phase versus logarithmic of frequency for different temperature and magnetic field.
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Figure 2-c: Imaginary capacitance component versus real of component, for different temperature and
magnetic field. (Sf=2.10%cm/s).
Figure 2.a shows the modulus of solar cell capacitance for tabulated values of magnetic field and temperature
[19] as a function of frequency. This figure shows a decrease in amplitude of the pear radius, in the Niquyst
diagram (Fig. 2.c) and a displacement of the resonance frequency with the tabulated values of the couple
(Magnetic field, Temperature), that is also marked in the phase diagram of the capacitance (Fig. 2.b). Resonance
frequency is confirmed between 107 and 10° rad/s. Constant phase is observed, for e less than 10° and greater
than 10° rad/s.
Table 1: resonance frequency for different magnetic field and temperature values

(Top: Bop) Resonance frequency(rad/s)

(162K ;10*Tesla) 10"% 10%%
(180K ;1,4/10™Tesla) 10> 10"* 10%7
(197K :1,5.10™Tesla) 1081 10" 1087
(211K :1,9.10™Tesla) 10834 107%2 1089

In this study, we summarize that, there is an open-circuit capacitance which decreases with increasing
temperature atthe corresponding magnetic field. The excess minority carriers are blocked and stored in the
vicinity of the junction.

Capacitance in complex form(real and imaginary components) is presented by analogy of the effect ofMaxwell-
Wagner-Sillars (MWS) model [36, 37, 38] is written as:

C(w,B,T) = C'(w,B,T)+].C"(w,B,T) (24)
So by analogy with the tangent of the dielectric loss angle, we have the following equation:

_ C"wBT)
tan(y) = @B D (25)

withy = ﬂ.%ory = (x.%

The coefficient pand o [39, 40, 41] are parameters depending on the shape of the relaxation peak. The
graphical determination (figure 2. c) of these coefficients gives us the following values: =1/2 and a=1.

The lower part of the half pear corresponds to an angle of % with the horizontal axis (C ')

Half regular circle induced a single time constant (Rp.C), consisting of a resistance Rp in parallel with a
capacitance(C). Half circle that flattens at high frequencies, indicates an association of series resistance (r) with
a capacitor and resistance in parallel (Rp.C). Deflection towards flattening, indicates existence of a series

resistance- Half unperfected circles, cause a deformation of circles that induced a time constant (RC) frequency
dependent.

The transition capacitance is not a function of frequency, so it is the diffusion capacitance due to the reflected
excess minority carrier at the solar cell rear side (Back surface field).
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These excess carrier, that induced change in the time constant value, are function of the parameters of
absorption, generation and recombination, and the depth H.

Conclusion

Theoretical study has carried out electric parameters, using capacitance spectroscopy at different magnetic field
and temperature in a silicon solar cell under white modulated illumination. Phenomelogical parameters were
used, through excess minority continuity equation in the base of the solar cell to build this new approach, taking
into account Umklapp and Lorentz processes.

References

[1]. SZE S.M. and KWOK K.N. (2007). Physics of Semiconductors Devices. 3" Edition, John Wiley and
Sons, Hoboken.

[2. J. C. TRANCHART, (1970). Préparation de monocristaux d’arséniure d’indium. ACTA
ELECTRONICA, Vol. 13, N°1, pp: 13-21

[3]. Richard H. BUBE, (1960). Photoconductivity of Solids John Wiley & Sons; 1st edition (1960); 1%
edition

[4]. K.SEEGER, (1973). Semiconductor physics, Springer-Verlag, New York Wien, p. 513.

[5]. G. SISSOKO, B. DIENG, A. CORREA, M.ADJ, D. AZILINON, (1998). Silicon Solar cell space
charge region width determination by a study in modelling. Renewable Energy, vol-3, pp. 1852-55-
Elsevier Science Ltd, 0960-1481

[6]. Fredrik A. LINDHOLM, Juin J. LIOU, Arnost NEUGROSCHEL and Taewon W. JUNG, (1987).
Determination of Lifetime and Surface Recombination Velocity of p-n Junction Solar Cells and Diodes
by Observing Transients. IEEE Transactions on Electron Devices, Vol.34, N°2, pp277-283

[7]. Albert ZONDERVAN, Leendert A. VERHOEF, and Fredrik A. LINDHOLM, (1988). Measurement
Circuits for Silicon-Diode and Solar Cells Lifetime and Surface Recombination Velocity by Electrical
Short-Circuit Current Delay. IEEE Transactions on Electron Devices, Vol. 35, N°1, pp 85-88

[8]. PARKER W.J., JENKINS R.J., BUTTLER G.P. and ABBOTT G.L, (1961). Flash method of
determining thermal diffusivity heat capacitance and thermal conductivity. Journal of Applied Physics,
Vol. 32, Issue 9, p. 1679-1684)

[91. SAHIN G., DIENG M., MOUJTABA M.A.O.E.; NGOM M.Il., THIAM A., and SISSOKO G, (2015).
Capacitance of Vertical Parallel Junction Silicon Solar Cell under Monochromatic Modulated
[llumination. Journal of Applied Mathematics and Physics, 3, 1536-1543.

[10]. NDIAYE E.H., SAHIN G., DIENG M., THIAM A., DIALLOH L., NDIAYE M. and SISSOKOG,
(2015). Study of the Intrinsic Recombination Velocity at the Junction of Silicon Solar under Frequency
Modulation and Irradiation. Journal of Applied Mathematics and Physics, 3, 1522-1535.

[11]. B.D. Bonham, M.E. Orazem (1988). A mathematical Model for the AC Impedance of Semiconducting
Electrodes. AIChE Journal, Vol34, n. 3, pp.465-73

[12]. Bakary Dit DemboSYLLA, lIbrahima LY , Ousmane SOW, Babou DIONE, Youssou TRAORE,
Grégoire SISSOKO, (2018). Junction Surface Recombination Concept as Applied to Silicon Solar Cell
Maximum Power Point Determination Using Matlab/Simulink: Effect of Temperature. Journal of
Modern Physics, 9, 172-188  http://www.scirp.org/journal/jmp

[13]. FAYE K., GAYEI., GUEYES, TAMBA S. and SISSOKOG., (2014). Effect of Doping Level of a
Silicon Solar Cell under Back Side illumination. Current Trends in Technology & Sciences (CTTS), 3,
365-371.

[14]. G. SISSOKO, E. NANEMA, A. CORREA, M. ADJ, A.L. NDIAYE, M.N. DIARRA, (1998).
Recombination parameters measurement in double sided surface field solar cell. Proceedings of World
Renewable Energy Conference, Florence—Italy, pp. 1856-1859.

[15]. J. DUCAS, (1994) 3D Modelling of a Reverse Cell Made with Improved Multicrystalline Silicon
Wafer. Solar Energy Materials & Solar Cells, 32, pp. 71 -88.

=

(5_; RNy
/‘@? Journal of Scientific and Engineering Research

322



Selma MS et al Journal of Scientific and Engineering Research, 2018, 5(7):317-324

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

=

J. OUALID, M. BONFILS, J P CREST G. MATHIAN H AMZIL, J. DUGAS, M. ZEHAF and S.
MARTINUZZI., (1982). Photocurrent and Diffusion Lengths at the Vicinity of Grain Boundaries
(9.b.) in N and P-type Polysilicon. Evaluation of the g.b. Recombination Velocity. Revue Phys.
Appl. 17, pp. 119-124.

DIATTA I, DIAGNE 1., SARR C., FAYE K., NDIAYE M. and SISSOKO. G. (2015). Silicon Solar
Cell Capacitance: Influence of Both Temperature and Wavelength. International Journal of Computer
Science, 3, 1-8.

M. KUNST and A. SANDERS, (1992). Transport of excess carrier in silicon wafers. Semicond. Sci.
Technol. 7, 51-59 in the UK.

R. MANE, I. LY, M. WADE, |. DATTA, M. S. DOUF, Y. TRAORE, M. NDIAYE, S. TAMBA, G.
SISSOKO, (2017). Minority Carrier Diffusion Coefficient D*(B, T): Study in Temperature on a Silicon
Solar Cell under Magnetic Field, Energy and Power Engineering, Vol.9, 1-10

M. ZOUNGRANA, B. DIENG, O.H. LEMRABOTT, F. TOURE, M.A. OULD EL MOUJTABA, M.L.
SOW and G. SISSOKO, (2012). External Electric Field Influence on Charge Carrier and Electrical
Parameters of Polycrystalline Silicon Solar Cell. Research Journal of Applied Sciences, Engineering
and Technology 4(17); 2967-2972.

STOKES E.D. and CHU T.L. (1977). Diffusion Length in Solar Cells from Short-Circuit Current
Measurement. Applied Physics Letters, 30, 425-426. https://doi.org/10.1063/1.89433

S. R. DHARIWAL and N. K. VASU., (1981). A generalized approach to lifetime measurement in p/n
junction solar cells. Solid-State Electronics, Vol. 24, N°10, pp: 915-927.

KONSTANTINOS MISIAKOS and DIMITRIS TSAMAKIS, (1994). Electron and Hole Mobilities in
Lightly Doped Silicon. Appl. Phys. Lett. 64(15), pp. 2007-20009.

ChihHsin WANG, (1991). Minority carrier lifetime and surface recombination velocity measurement
by frequency domain photoluminescence. IEEE TRANSACTIONS ON ELECTRON DEVICES, vol.
38, No. 9, pp.2169-80

NORIAKI HONMA and CHUSUKE MUNAKATA, (1987). Sample Thickness Dependence of
Minority Carrier Lifetimes Measured Using an ac Photovoltaic Method. Japanese Journal of Applied
Physics, Vol. 26, N°12, pp. 2033-2036.

B. R. CHAWLA and H. K. GUMMEL, (mar. 1970). Transition region capacitance of diffused p-n
junctions. IEEE TRANSACTIONS ON ELECTRON DEVICES, vol. ED-17, pp. 178-195.

DIALLOH. L., MAIGA AS., WEREME A., and G. SISSOKO, (2008). 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, 193- 211.

Massamba DIENG, Boureima SEIBOU, Ibrahima LY, Marcel Sitor DIOUF, Mamadou WADE,
Grégoire SISSOKO, (2017). Silicon Solar Cell Emitter Extended Space Charge Region Determination
under Modulated Monochromatic Ilumination by using Gauss’s Law. International Journal of
Innovative Technology and Exploring Engineering Vol. 6, issue 2, pp: 17-20.

Luc BOUSSE, Shahriar MOSTARSHED and DAFEMAN. Investigation of Carrier Transport through
Silicon Wafers by Photocurrent Measurements. J. Appl. Phys. 75 (8), (1994), pp. 4000-4008.
MANDELIS A. (1989). Coupled ac Photocurrent and Photothermal Reflectance Response Theory of
Semiconducting  p-n  Junctions. Journal of Applied Physics, 66, pp. 5572-5583.
http://dx.doi.org/10.1063/1.343662.

A. DIENG, M.L. SOW, S. MBODJI, M.L. SAMB, M. NDIAYE, M. THIAME, F.I. BARRO and G.
SISSOKO, (2011). 3D study of polycrystalline silicon solar cell: influence of applied magnetic field on
the electrical parameters. Semiconductor Science and technology, 26(9), 473-476.

DIAO, A., THIAM, N., ZOUNGRANA, M., SAHIN, G., NDIAYE, M. and SISSOKO, G. (2014).
Diffusion Coefficient in Silicon Solar Cell with Applied Magnetic Field and under Frequency: Electric
Equivalent Circuits. World Journal of Condensed Matter Physics, 4, 84-92.

FURLAN, J. and S. AMON, (1985). Approximation of the carrier generation rate in illumination
silicon. Solid State Electron. 28: pp.1241- 1243. http://dx.doi.org/10.1016/0038-1101(85)90048-6

(5_; RNy
/‘@? Journal of Scientific and Engineering Research

323



Selma MS et al Journal of Scientific and Engineering Research, 2018, 5(7):317-324

[34].

[35].
[36].

[37].
[38].

[39].
[40].

[41].

PN

=
SRR

‘3_;-‘\\
/‘@? Journal of Scientific and Engineering Research

G. SISSOKO, S. SIVOTHTHANAM, M. RODOT, P. MIALHE, (1992). Constant illumination-
induced open circuit voltage decay (CIOCVD) method, as applied to high efficiency Si Solar cells for
bulk and back surface characterization. 11th European Photovoltaic Solar Energy Conference and
Exhibition, 12-16, Montreux, Switzerland, pp. 352-54.

C. D. Thurmond, (Aug 1975). The standard thermodynamic functions for the formation of electron and
hole in Ge, Si, GaAs and GaP. J. Electrochem. Soc, vol. 122, pp 133-41,

A. STAMBOULIS, C. A. BAILLIE, T. PEIJS, (2001). Effects of environmental conditions on
mechanical and physical properties of flax fibers composite, Comp. Part A. 32, 1105-1115.

J. C. MAXWELL (1982). Electricity and magnetism, Calerdon, Oxford, 1.

B. LESTRIEZ, A. MAAZQOUZ, (1998).1s the Maxwell-Sillars-Wagner model reliable for describing
the dielectric properties of a core Shell particle- epoxy system, Polymer 39, 6733-6742.

C. J. F. BOTTCHER, P. BORDEWWIK, (1979). Theory of electric polarization, Adv. Mol. Relax.
Inter. Proces. 14, 161-162.

S. HAVRILIAK, S. NEGAMI, (1967). A complex plane representation of dielectric and mechanical
relaxation processes in some polymers, Polymer 8, 161-210.

Richard L. Petritz (1956). Theory of photoconductivity in semiconductor films. Physical Review Vol.
104 n. 6, pp. 1508-1516.

324



