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Irradiation Effect on Silicon Solar Cell Capacitance
In Frequency Modulation
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Abstract: This paper shows the irradiation effect on a solar cell
capacitance under monochromatic illumination in dynamic
frequency mode. From the continuity equation, we determine the
expression of excess minority carrier density from which the
capacitance and the capacitance efficiency are deduced
thereafter studied according to the modulation frequency and the
irradiation energy. This paper shows that the capacitance
efficiencyand the thickness of the space charge region (SCR)in
short-circuit decrease accordingto the irradiation energy
increasing.
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l. INTRODUCTION

Photovoltaic conversion is provided by a solar cell

whose conversion efficiency depends on the nature of the
semiconductor structure and its manufacturing technics.
Considering the low efficiency of these solar cells,
researchers have been involved in various research works by
offering several characterization technics as the static mode
[1], [2], the transient state [3], [4] and the dynamic
frequency mode [5], [6]. When the solar cell is illuminated,
we have opposite storage charges on both sides of the
emitter-base junction. What involves the establishment of a
plane condenser whose capacitance varies according to the
junction recombination velocity, the frequency and the
irradiation energy. Diffusion capacitance was the object of
several studies under static regime in order to determine the
doping rate [7, 8]. Space charge region extension is obtained
in transient regime [9], [10]. In dynamic frequency regime,
recombination parameters in the bulk and surfaces are
sought [11, 12]. Indeed, when there's a high absorption of
radiation, the concentration of electrons and holes are
modified, and the solar cell parameters are heavily modified
[13]. The aim of this study is to show the influence of the
irradiation and the pulsation on a solar cell capacitance
under monochromatic illumination.
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1. THEORY

We consider in the figurel a crystalline silicon solar cell (n
+-p- p +) [14], [15] illuminated by the front side:

ﬂer (n+)

SCR Back side (p+)
z[ANAA \
2 \
=[N
g Base (p)

TIANAA
]
SINAA
x=0 =H
Metal grid

Figure 1: An n+-p-p+ structure of a silicon solar cell.

The emitter contribution and the crystalline field that exists
in the base are neglected. When the solar cell is illuminated,
different phenomena occur within it, such as the generation,
the recombination and the diffusion. The distribution of the
excess minority charge carrier density which is the
electrons, photo-generated in the base is governed by the
following continuity equation (1) [16]:

50 S0t) _ 85 (x,t) O
T

=-G(X,t) + —=
Ox2 ot
5(x, 1) andgx.ny[17]are respectively the excess minority

carrierdensity and the generation rate.
They are expressed by following forms :

o(x,t)=0(X)-exp(j w-t) )
G(x,t) =g(x)-exp(j-@-1)(3)

where:

gX)=a,-¢,-(1-R,)-exp(-a,-X) 4)

¢/1 isthe monochromatic incident flux,

@7 iis the monochromatic absorption coefficient of material
to the wavelength 2,

Ry is the monochromatic reflexion coefficient of material to
the wavelength A.

D is the electron diffusion coefficient in the base[18], given
by the relation
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L(T) is the electron diffusion length in the base

temperature-dependent:

L(T)=./D(T)-7 -

T is the carriers lifetime depending on the irradiation energy
(pp) and damages coefficient (kl) according to equation
[19], [20] :

1 1
—=—+kl-¢

p
T T,

(8)

And well known Einstein relation gives

)
2(T) =1.43-10° - T >“2cmz2/ V-5 (10)

is the electron mobility coefficient temperature
dependent[21]. Kyis the Boltzmann constant, g is the
elementary electron charge and T is the absolute
temperature.

In dynamic mode frequency equation (1) becomes:

*5(9 509 __9(x)

(11)
x L D

1 1+jor

[
with: e (12)

The general solution of equation (11) is given by:
_ ) H i i_az'géz'(l_R;.)'Li

s(x)=| A cosh(Lm)+B smh(Lm) —D~(af~L§, =y } 13

Wherethe coefficients A and B are determined by boundary
conditions respectively at the junction and on the
backsurface of the solar cell [22, 23].

At the junction X =0:as(x) S 50 (14)
X |, D
At the back surface x=H 09| __sb . (15)
o |, oW

Sf and Sb are respectively recombination velocity at the
junction base-emitter and at the back surface [22], [23].

The solar cell photovoltage is determined from the
expression of the excess minority charge carrier density
according to the Boltzmann relation:

V(@ 2K, 6, SF,T)=V, »In(l+%»5(x, 0.44.4,507)] ) (16)
Where Nb is the base doping level and n(T) is the
temperature dependent intrinsic minority carrier density
[24]expressed as:

3 Eg (17)
T)=AT2.exp(————
n(T) P )
E,is the gap energy (Eg =1.12-1.6-107°J ).
3
Adisaconstant: A=3.87-10°cm™>-K 2
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D(kl,¢,,T) S S
1
T-( 5 +k -¢pj
L(T) (6)
And V7 the thermal voltage defined by the equation:
vy =T (18)

The solar cell diffusion capacitance is obtained according to
the following relation [25], [26]:

C(w,Sf,kI,¢p,/1,T)=ddTQ (19)

ph

WlthQ = q~6(0, a),/l,kl,¢p,Sf ,T) (20)

Taking into account the photo voltage expression and the
minority carrier density, we get
the following relation:

CloSF KL /1T)_q-n(l’)z+q-§(0,w,8f,kl,¢p,i,T) (21)
TR ND-Y, v,
. 2
c,(m =100 (22)
Nb-V,
and: q.5(0,a),Sf,k|,¢p,i,T) (23)

Cy(,5f K, 4,,4,T) = S
]

C(@,Sf K, 4, 4, T) =Cy(T)+Cy (e, SF K, 4, 2,T) (24)
Comandcl(w,sf,k|,¢,M)are respectively the solar cell

capacitance under dark(or transitional) and the diffusion
capacitance due to illumination.

I1l.  RESULTS AND DISCUSSIONS

Figure 2 shows the excess minority charge carrier density
under open circuit versus the base depth x for different
irradiation energy values.
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Figure 2: Minority charge carrier density versus base
depth x in open circuit.
»=10%rad/s, H=0.03cm,1=0.98um,Sfj=2.10%cm/s, kl=25cm"
2/MeV, T=330K.
1-Sho=2320cm/s; 2-She=1890cm/s; 3-Sho=1650cm/s; 4-
Sho=1490cm/s; 5-Sho=1375cm/s; 6-Sbe=1290cm/s.

Sh, = Sb(w, Sf, kl,¢p,/"t,T) is the intrinsic

recombination velocity at the back face.
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In open circuit, the curve presents two gradients:

The first gradient (gradient null) is located at the junction
and corresponds to the maximum density point. It is related
to an accumulation of minority charge carriers and defined a
storage barrier charge carriers in this point. Then the
junction surface recombination gives rise to the solar cell
operating point.

The second are negative gradient who prevents minority
charge carriers to cross the barrier. This is due to an
attenuation of the incident light flux in the base depth,
resulting in a reduction of the generation of minority charge
carriers that contribute to the photocurrent.

At the junction, we notice that irradiation effect causes an
increase of the excess minority charge carrier density
because the concentration of carriers is maximal close to the
junction. In the rear sides, we note a reversal of the excess
minority charge carrier density due to the blockade of
carriers at the junction and the increasing recombination rate
of the carriers.

Figure 3 shows the normalized excess minority charge
carrier density versus the base depth x when the solar cell
operates either in short circuit or in open circuit.
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Figure 3: Normalized excess minority charge carrier
density versus the base depth x
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©=10°rad/s,A=0.98um,Sf{=2.10%cm/s, Sfi=10.10*cm/s,
Sho=2320cm/s, kI=25cm?/MeV,T=330K.
On figure 3, we notice that the normalized excess minority
charge carrier densityincreases until reaching maxima which
is a storage barrier charge carriers (null gradient).The
corresponding abscissas are respectively Xoc and Xsc.

X (@, k|,¢p,/1,T)is the abscissa of the maximum’s

normalized excess minority charge carrier densityin open
circuit and X (o, kl,¢p,/1,T) is the abscissa of the

maximum’s normalized excess minority charge carrier
densityin short-circuit.

Beyond these values, we have a negative gradient. This
maximum displacement in the depth, when the junction
recombination velocity increases, causes a widening of the
space charge zone.

The X-coordinates Xoe (@, Kl, Py A, T)and
X (@, kl,¢p,l,T) enable us to determine the solar cell

capacitance efficiency 77(w®, kl,¢p,ﬂ,T) [9] according to
the relation:

Xoc(w' k|,¢p,/1,T) (25)

X (@Kl @,,2,T)

Xo (@Kl @, 2, T) and X (o, Kl, @, 2, T) are related
to the diffusion capacitance by:

Cyo(@,Kl, ¢, A,T) zx(%fﬂ) (26)

n(okl, ¢, 2,T)=1-

And
&y E -S
- 0 % @7)
Coc(@ .6, A.T) X, (@K, 4, A,T)
Coc(@,Kl, ¢, 2, T) andC, (e, Kl, §,, A, T) are

respectively the open circuit and short-circuit diffusion
capacitances of the solar cell.

go is the vacuum permittivity, &is the relative permittivity of
silicium and S is the area of the solar cell.

Some values of the solar cell capacitance efficiency are
given on table 1 and table 2 for various pulsation and
irradiation energy.

Table 1: Solar cell capacitance efficiency valuewhen irradiation energy and pulsation vary. A=0.68um, kl=25cm"
2/MeV,T=330K.
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. . Recombination
Pulsation Irradiation : Xoc (um) Xsc (pm)
o energy (MeV) Ve'oc'tys"’i‘é;he back | g5 10%cmis $£,=9.10%m/s n
0 Sho=2160cm/s 0.45 16.7 0.973
50 Shy=1820cm/s 0.55 16.0 0.966
100 Sho=1615cm/s 0.58 15.5 0.963
. 150 Sho=1475cm/s 0.67 15.1 0.956
©=10rad/s 200 Sho=1370cm/s 0.69 14.8 0.953
250 Sho=1287cm/s 0.71 14.6 0.951
0 Sho=5740cm/s 0.68 13.6 0.950
50 Shy=4860cm/s 0.74 13.0 0.943
100 Sho=4306cm/s 0.79 12.5 0.937
®=10%rad/s 150 Sbho=3915cm/s 0.86 12.1 0.929
200 Shp=3620cm/s 0.93 11.8  _—
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250 | Sho=3390cm/s

1.0 | 115 | 0.913 |

Table 2: Solar cell capacitance efficiency value when irradiation energy and pulsation vary.A=0.98um, kl=25cm"
2/MeV, T=330K.

Pulsation Irradiation 32?3&3'2?:}?: Xoc (um) Xsc (um) n
L — 2 . — 9
o (rad/s) energy (MeV) back side Sfi=2.10%cm/s Sfi=9.10%cm/s
0 Sho=2320cm/s 9.7 125.8 0.923
50 Sho=1890cm/s 11.2 117.0 0.904
100 Sho=1650cm/s 12.3 110.8 0.889
150 Sho=1490cm/s 13.2 105.7 0.875
=105
©=10"rad/s 200 Shy=1375cm/s 14.0 1016 0.862
250 Sho=1290cm/s 14.7 98.1 0.850
0 Sho=5725cm/s 12.1 82.5 0.853
50 Sho=4865cm/s 13.3 74.4 0.821
100 Sho=4310cm/s 14.4 70.6 0.796
150 Sho=3920cm/s 15.1 64.9 0.767
=106
©=10"rad/s 200 Sby=3620cm/s 15.7 6L7 0.745
250 Sho=3390cm/s 16.2 59.0 0.725
The thickness of the space charge region under open circuit 0,95 -
. . . —a— w=10"rad/s
increases with irradiation energy. However, under short- .=
circuit X, (o, K, Pp A, T) decreases with irradiation > 0] JalYe - | -u- w=10°rads
energy and pulsation. Thus, irradiation energy and high g B gy
frequency entail the slowing of electrons that move across 0 R
the junction and increase their probability of recombination % 0,854 On .
in the base. Figure 4 and figure 5 show solar cell ] Sl
capacitance efficiency versus irradiation energy for various - Al ..
pulsation values. = 080 e
0,98 a T
a ~
‘. -o— w=10°radls S P
0,97 4 . 0,75 I -""C'h.
E h"'--..,_.‘_ —- w=10%rad/s ""'uo
v 0,964 S !
§ . . 0,70 T T T T T T
E """-..___. 0 50 100 150 200 250
o BT - ' 1 Irradiation energy (MeV)
o ol
E 0,94 . kil —— Figure 5: Capacitance efficiency versus irradiation
'E ™ ~. energy. H=0.03cm,A=0.98um, kl=25cm?%/MeV,T=330K.
E 91 ‘“-._‘_ Analyzing the above graphs, we notice that the capacitance
0.2 | S efficiency decreases with irradiation energybecause
' R . irradiation accelerates the recombination rate of the minority
0,91 v charge carrier density. We also note that the performance of
0 50 100 150 200 250 the capacitance is less important with large pulsations (fig 4

Irradiation energy (MeV)

Figure 4: Capacitance efficiency versus irradiation
energy. H=0.03cm,A=0.68um, kl=25cm?%/MeV,T=330K.
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and fig 5).

Figure 6 represents the solar cell diffusion capacitance
versus junction recombination velocity for various
irradiation energy values.
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Figure 6: Capacitance versus junction recombination
velocity for various irradiation energy values.
®=10°rad/s, H=0.03cm, 2=0.98um,kl=25cm
2/MeV,Sb=2320cm/s, T=330K.

This figure6 shows three parts including two bearings:

The first corresponding to the open circuit situation where
the diffusion capacitance, with a maximum value is equal to
the open circuit capacitance (Coc). The minority carriers are
blocked and stored close to the junction;

The second bearing corresponding to the short-circuit
situation where the solar cell diffusion capacitance with a
minimal value is equal to the capacitance of short circuit
(Csc). Between the two levels, the diffusion capacitance
decreases quickly.

Moreover the solar cell diffusion capacitance under open
circuit increases with irradiation energy because the excess
minority charge carrier density stored in the vicinity of the
junction are important.

V. CONCLUSION

In this paper, we made the study of silicon solar cell under
monochromatic illumination from the front side in
modulation frequencies. Taking account of the normalized
excess minority carrier density, the thickness of the space
charge region under open circuit and short-circuit value was
done from which the capacitance efficiency is deducted.
This study shows that the capacitance efficiency decreases
with the increasing irradiation energy and pulsation,
meaning that best solar cells capacitance are characterized
by low irradiation energy andlow frequency values.

REFERENCES
1. Ly, OH. Lemrabott, B. Dieng, I. Gaye, S. Gueye, M.S. Diouf And G. Sissoko,
(2012)

Techniques de détermination des paramétres de recombinaison et le
domaine de leur validit¢ d’une photopile bifaciale au silicium
polycristallin sous éclairement multi spectral constant en régime
statique. Revue des Energies Renouvelables Vol. 15 N°2 pp187 — 206
(http://iwww.cder.dz)

2. G. Sissoko, E. Nanéma, A. Corréa, P. M. Biteye, M.Adj, Silicon Solar
cell recombination parameters determination using the characteristic.
Renewable Energy, vol-3, pp.1848-1851 Elsevier Science Ltd, 0960-
1481/98/4.

3. A.Cuevas, (2005). The early history of bifacial solar cells, proc 20"
EPVEC, pp 801-805

Retrieval Number: C2346086316/16©BEIESP
Journal Website: www.ijitee.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Published By:

Blue Eyes Intelligence Engineering
and Sciences Publication (BEIESP)
© Copyright: All rights reserved.

ISSN: 2278-3075, Volume-6 Issue-3, August 2016

Glunz S.W, KnoblochJ,Biro D, Wetting.W, (1997), optimized high-
efficiency silicon solar cells. Proc 14™ EPVEC, pp 392-395

El Hadji Ndiaye, Gokhan Sahin, Moustapha Dieng, Amary Thiam,
Hawa Ly Diallo, Mor Ndiaye, Grégoire Sissoko, (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, pp 1522-1535Published Online
November 2015 in SciRes. http://www.scirp.org/journal/jamp-
http://dx.doi.org/10.4236/jamp.2015.311177

H. Ly Diallo, B. Dieng, I. Ly, M.M. Dione, M. Ndiaye, O.H.
Lemrabott, Z.N. Bako, A. Wereme And G. Sissoko,
(2012).Determinations of the Recombination and Electrical
Parameters of a VerticalMultijunction Silicon Solar Cell. Research
Journal of Applied Sciences, Engineering and Technology 4(16);
2626-2631,

A.Jakubowski, (1981). « Graphic method of substrate doping
determination from C-V characteristics of MIS capacitors », Solid-
State Electronics, Vol. 24, No. 10, pp 985-987,

G. Yaron and D. F.-Bentchkowsky, (1980). « Capacitance voltage
characterization of poly Si-SiO2-Si structures », Solid-State
Electronics, Vol. 23, pp 433-439.

S. Mbodji, B. Mbow, F. I. Barro and G. Sissoko, (2011). A 3D model
for thickness and diffusion capacitance of emitter-base junction
determination in a bifacial polycrystalline solar cell under real
operating condition, Turkish Journal of Physics, 35, pp.281-
291 http://www.ajol.info/index.php/jast/article/view/54834

E.Sow, S. Mbodji, B. Zouma, M. Zoungrana, I. Zerbo, A. Sere and G.
Sissoko, (2012), “Determination in 3D modeling study of the width
emitter extension region of the solar cell operating in open circuit
condition by the Gauss’s Law.” , International Journal of Science,
Environment and Technology (IJSET), Volume 1, N°4, pp. 331 — 340
H. Bayhan, A. S. Kavasoglu, (2003). « Admittance and impedance
spectroscopy on Cu(In,Ga)Se; solar cells », Turk. J. Phys., 27, 529-
535.

J. H. Scofield, (1995), « effects of series resistance and inductance on
solar cell admittance measurements », Solar Energy Materials and
Solar Cells, 37 (2) 217-233.

Gaye , R. Sam, A.D. Seré, I.F. Barro , M.A. Ould EIl Moujtaba , R.
Mané , G. Sissoko, (2014).Influence of Irradiation and Damage
Coefficient on the Minority Carrier Density in Transient Response for
a Bifacial Silicon Solar Cell, Current Trends in Technology and
Science, ISSN : 2279-0535. Volume: 3, Issue: 2, pp 98-104.
Chenvidhya D., Kirtikara K. and Jivacate C. (2005) PV Module
Dynamic Impedance and Its Voltage and Frequency Dependencies.
Solar Energy Materials and Solar Cells, 86, 243-251.
http://dx.doi.org/10.1016/j.solmat.2004.07.005

A.HiibnerA.G.Aberle, and R.Hezel, (Munich, 2001). 20% Efficient
Silicon Solar Cells Bifacial, 14th European PVSEC, pp 1796-1798.
G.Sissoko, C. Museruka, A. Correa, I. Gaye and A.L. Ndiaye., (1996,
15 - 21 June). ‘Light Spectral Effect on Recombinaison Parameters of
Silicon Solar Cell’, Proceedings of the World Renewable Energy
Congress, Denver, USA, Part 11, pp. 1487- 1490.

Mandelis, A.A. Ward and K.T. Lee.(1989). Combined AC
photocurrent and photothermal reflectance response theory of
semiconducting p-n junctions. J. Appl. Phys. Vol.66. No.11. pp 5572
—5583. http://dx.doi.org/10.1063/1.343662

Ibrahima Tall, Boureima Seibou, MAO El Moujtaba Amadou Diao,
Momadou Wade, Gregory Sissoko; (Jan 2015).Diffusion Coefficient
Modeling of a Silicon Solar Cell under Irradiation Effect in
Frequency: Electric Equivalent Circuit; International Journal of
Engineering and Technology Trends(lJETT)-Volume 19 Number 2 -
ISSN: 2231-5381, p.56-61, (http://www.ijettjournal.org)

M.A. Ould El Moujtaba, M. Ndiaye, A.Diao, M.Thiame, I.F. Barro
and G. Sissoko.(2012). Theoretical Study of the Influence of
Irradiation on a Silicon Solar Cell under Multispectral Illumination.
Res. J. Appl. Sci. Eng. Technol., Volume 4. Issue 23.pp 5068-
5073.http://lwww.maxwellsci.com/jp/abstract.php?jid=RJASET &no=
234&abs=21

MouhamadouMously Diallo, Boureima Seibou, Hamet Yoro Ba, Issa
Zerbo, Grégoire Sissoko. (2014). One-dimensional study of a Bifacial
Silicon Solar Cell Iluminated from the Front Surface by a
Monochromatic Light Under Frequency Modulation: Influence of
Irradiation and Damage Coefficient. Current Trends in Technology
and Sciences. ISSN: 2279-0535. Vol 3.lssue 6. pp 416-421.

Exploring Innovation


http://www.ijitee.org/
http://www.cder.dz/
http://www.scirp.org/journal/jamp
http://dx.doi.org/10.4236/jamp.2015.311177
http://www.ajol.info/index.php/jast/article/view/54834
http://dx.doi.org/10.1016/j.solmat.2004.07.005
http://dx.doi.org/10.1063/1.343662
http://www.ijettjournal.org/
http://www.maxwellsci.com/jp/abstract.php?jid=RJASET&no=234&abs=21
http://www.maxwellsci.com/jp/abstract.php?jid=RJASET&no=234&abs=21

21.

22.

23.

24,

25.

26.

Irradiation Effect on Silicon Solar Cell Capacitance in Frequency Modulation

http://www.ctts.in/assets/upload/5628ctts-36170%20vol-3%20iss-
6.pdf

M. Kunst and A. Sanders.(1992). Transport of Excess Carriers in
Silicon Wafers.Semiconductor Science and Technology.Volume
7.Numero 1. pp 51-59. http://dx.doi.org/10.1088/0268-1242/7/1/009
G. Sissoko, A. Correa, E. Nanema, M. N. Diarra, A. L. Ndiaye, A.
Adj.,(1998). “Recombination parameters measurement in silicon
double sided field solar cell”; World Renewable Energy Congress ,
pp.1856-1859.

Ly Diallo, H., Wade, M., Ly, I, Ndiaye, M., Dieng, B., O. H
Lemrabott, A.S. and Maiga Sissoko, G. (2012) 1D Modeling of a
Bifacial Solar Cell Silicon under Monochromatic Illumination
Frequency Modulation: Determination of the Equivalent Electrical
Circuit Related to the Recombination Area Velocity. Research Journal
of Applied Sciences, Engineering and Technology, 4, 1672-1676.

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.

Thiam, M. Zoungrana, H. Ly Diallo, A Diao, N. Thiam, S. Gueye,
M.M. Deme, M. Sarr and G. Sissoko, (2013). Influence of Incident
Illumination Angle on Capacitance of a Silicon Solar Cell under
Frequency Modulation, Res.J. App. Sci., Eng. and Technology, 5
1123-1128

Ali Hamidou, Amadou Diao, Séré Ahmed Douani, Ali Moissi,
Moustapha Thiame,
Fabé Idrissa Barro, Grégoire Sissoko, (February 2013). Capacitance
determination of a Vertical Parallel Junction Solar Cell under
Multispectral lllumination in steady state, International Journal of
Innovative Technology and Exploring Engineering (IJITEE) ISSN:
2278-3075, Volume-2, Issue-3, pp.1-4

Retrieval Number: C2346086316/16©BEIESP
Journal Website: www.ijitee.org

26

Published By:

Blue Eyes Intelligence Engineering
and Sciences Publication (BEIESP)
© Copyright: All rights reserved.

Exploring Innovation


http://www.ijitee.org/
http://www.ctts.in/assets/upload/5628ctts-36170%20vol-3%20iss-6.pdf
http://www.ctts.in/assets/upload/5628ctts-36170%20vol-3%20iss-6.pdf
http://dx.doi.org/10.1088/0268-1242/7/1/009

