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ABSTRACT

When solar cells are used for space applications, there are exposed to different types of
energetic particles such as protons and electrons. Those energetic particles create defects
in the base of the solar cell and lead to the degradation of the performances of the solar
cell. Three mainly phenomenon observed in silicon solar cells exposed to 1 MeV electron
irradiation are decrease in diffusion length, removal of majority charge careers and
enlargement of Space Charge Region (SCR). These three phenomenon lead to the type
conversion of the base of solar cell and an anomalous behavior of the short-circuit current
for a certain value of the fluences. In the present study, theoretical approach is used to
investigate the impact of decrease in diffusion length, removal of majority charge careers
and enlargement of SCR on the anomalous behavior of the short-circuit current and type
conversion of the base.The electric parameters are studied under AM 1.5 for different
fluences of 1 MeV electrons.It was found that, defects responsible for the anomalous
behavior of the short-circuit current could appear for different values of the fluences and
that, the type conversion of the base is caused by the removal of the majority charged
carriers and decrease in diffusion length while the anomaly observed in the evolution of
the short-circuit current is caused by the widening of the SCR.
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Introduction

Solar cells are widely used as the power supply in space
vehicles. In such applications the solar cells are continuously
exposed to a variety of radiation types such as

@ B.Y-rays, X-rays, neutrons etc., which may have an
adverse effect on the performance of the cells [1]. The defects
produced by irradiation at room temperature can be of
different nature depending on the material. In Si, they are
secondary defects resulting from the interaction of the
primary defects with impurities or with each other’s, because
the primary defects are mobile well below 300 K [2]. 1 MeV
electron irradiation induces structural defects in the Si lattice,
particularly in the Van Allen radiation belt, lattice defects are
induced in semiconductors due to high- energy electron and
proton irradiations, and these cause a decrease in the output
power of solar cells [3, 4]. These defects introduce energy
levels in the Si forbidden energy gap and which act as
recombination centers and/or traps of free carriers. The solar
cell performance suffers a sever deterioration as a result. [5,
6]. Further improvements in conversion efficiency and
radiation resistance of space cells are necessary for
widespread applications of space missions. Since radiation in
space is severe. Therefore solar cells for space use are
required to have radiation-resistant characteristics [3].
Ongoing research is focused on the effects of the defects
and impurities that influence the main parameters, such as the
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life time of charge carriers, better understanding of trans port
processes, the creation of electron-hole pairs [7].

In this work we have focused on those which play the
role of recombination centers and of compensating centers
[3]. Therefore, the impact of decrease in diffusion length,
removal of majority charged carriers and widening of the
SCR on the performances of a solar cell illuminated under
AM 15 and irradiated with different fluences of 1 MeV
electrons have been studied.

Theoretical Background
1. Theoretical assumptions

This sections defines the continuity equation, neutrality
equation and the expressions of some diffusion parameters
such as diffusion length, diffusion coefficient, and variation
of the SCR widening for the polysilicon solar cell exposed to
1 MeV electron irradiation and under multispectral
illumination. From these equation and these previously
mentioned parameters we then derives the expressions of the
electrical parameters such as open circuit voltage, short-
circuit current, and the efficiency (n) of the PV cell.

In the figure 1, we present a schematic representation of
interaction between light, 1 MeV beta particles and solar cell.
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Figure 1. llluminated polysilicon cell under 1 MeV
Electronsirradiation

This work is conducted in the base of a &n*pp*
polysilicon PV cell using these following assumptions:

e Light generate electron-hole pairs into the base

e 1 MeV electrons irradiation induce defects

responsible of decrease of the of the minority
charged carriers diffusion length (recombination

e 1 MeV electrons irradiation causes enlargement of

the SCR Removal of majority charged carriers is
taken into account through the influence of
irradiation on the diffusion coefficient

e The enlargement of the SCR leads to a reduction in

the thickness of the base, i.e; a displacement of the
position.
x = 0(ax, = x, (0))

Figure 2, present an illustration of the enlargement of the
SCR which correspond to the decrease in the thickness of the
base.
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Figure 2. lllustration of the enlargement of the SCR

The expression of the diffusion length of the minority
charged carriers under high energy particles is derive from
the following equation1[8]:

1 1 1)
ﬂ(L{Eﬂ) o o P

From this previous equation, we derive the diffusion
length of the minority charged carriers as:

L(p) = L.__Kl. 1] 2)
Vi
L{@) and L, are respectively the diffusion lengths after
and before irradiation
(@); is the flux of the incident particles
Kl: is the damage coefficient
Kl =8.10", [9]

For the determination of the expression of the diffusion
coefficient, we first of all determine the relationship between
acceptor atoms concentration and majority charged carriers
concentration by solving the following neutrality equation

Na + 505 @

Where N, and P(@) are respectively acceptor atoms
concentration and majority charged carriers concentration
after irradiation. From the equation (3), we derives the
expression of Ny :

(g +n?

Ny = —[F';',:'E;D' (4)

The expression of P(@) is given by the following
equation[8]:

B0

P':@:] :P':L':':]E""::') (5)
P(@) is the majority charged carriers concentration before
irradiation and K. is the removal rate of majority charged
carriers.

The relationship between diffusion coefficient and
majority charged carriers concentration is given by the

following equation [10]:
1350.V¢
D, = -

' 81N
4 Ny +3.2.10¢% (6)

From the equations (6) we obtain the expression of the
diffusion coefficient as a function of the flux of incident
particles given by:

1350.Vy
Dy (@) = -
o | (@) —r1-‘|
P(o)
14 —
ﬁj—L{P{?}BJﬂ' +3.2.10

(7)

For the determination of the enlargement of the SCR, we
use a variation method. The expression of the enlargement of
the SCR is given by the following equation:

o

R, [%] [ﬂlﬂ% ¥ {PD]: .9%\;

_ ~ a(@) + [a(@)?
Ax = x5 = 2Ny (B 1
lvpe._ 1
¥ [P @ 1 L]
A qNg
. 8)
(g1 —n?

Where o(g) = % ©

Mg is the donors atoms concentration in the emitter, &5 is the
silicon electric permittivity, and Vy.is the built-in voltage.
Figure 3, present the variations of the width of the SCR i.e.
decrease in the thickness of the base
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Figure 3. Variation of width of the SCR versus
fluences
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It appear that, for the value of the fluences equal to
10%"e.cm ™ | the width of the SCR increase of about15.53 nm
2. Continuity equation
Taking into account decrease in diffusion length and
removal of majority charged carriers

Considering the different expressions of the diffusion
length and diffusion coefficient, we establish a continuity
equation which describes the behavior of minority excess
charged carriers, in steady state and in 1-D is given by the Eq

(10).
d- 5?!::1’:' n a.ﬂl:ﬂ — 1 G':K:]
dx?  L3(B) Dy (10)

Where Glxlis the AM 1.5 generation rate of the solar
spectrlim, given by the following expression:

Glx) Z a; e~ 0¥
=0

2 and P are tabulated given by [11].

(11)

a, = 613.10% a, = 05410 a, = 0.0991.10%
b, = 6630 b, = 1000 by =130

The density of excess minority charged carriers is given by
Ea. (12)

1 _1[ 1 ]
. Acosh -1 I:Lu[gj-x]-l-BseCh L +

8(x,0) = Z =

i-1 D, (@) “ L ]: —hf]

Lo

E':—hiJ{:'

(12)
A and B are coefficients which can be determine by using
these following boundaries conditions

D,(@). 725 = -550.0) (13)

D, (@), aﬁ;izfl . =.—5;. 5(H, ¢) (14)
28lxa)

Da (). gx |x=xjiz) - _Sf'a[xj'{gl G'] (15)

Where St and Sy, are respectively junction dynamic velocity
and recombination velocity at the rear side of the base.

From the expressions of the charged carriers density, we
then determine the expressions of some electrical parameters
such as short-circuit photocurrent, open circuit photovoltage
and conversion efficiency respectively given by the
following equations
Joc (@) = Slllr_‘mﬂ.lrnr'{‘p:] (16)

Considering the change in the wide of the SCR,
f_ﬂh{ﬁ] is given by:

Uljn:xj

Jpn (@) = oDy dx lx=x;(@) (17)
k Bnlx; (2),2
V(5 0) = ) |kl 1]
q Mg (18)
Neglecting the change in the wide of the SCR,
f_ﬂh{ﬁ] is given by:
lj.E (]
ll:lh qiiy dx le_p (19)
Thus,
Vy = V(5 0)for 5 = Oem,s™* (20)
k 2 (o2
Where V(5; 8) = < In [=22 4] 1)
: 0
P, max'®
ne) = E]P—
inc (22)

Ppe = 1000W. m™2 23)

Results and Discussions

In this session, in order to understand the contribution of
the different assumptions lies to some phenomenon, we
present the results of our two different models, namely the
one tacking into account change in diffusion length and
removal of majority charged carriers and the second one
tacking into account change in diffusion length, removal of
majority charged carriers and change in the wide of the SCR.

® Model tacking into account change in diffusion
length and removal of majority charged carriers

(L and Rc changes).
The figure 4 present the curve of open circuit

photovoltage versus fluences of 1 MeV incident electrons
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Figure 4. Open circuit voltage versus fluences

We observe a decrease in open circuit photovoltage with
the increase of the fluences of the 1 MeV incident electrons.
This can be explained by the fact that, the incident particles
produces defect which lead to the decrease in the humber of
the minority charged carriers able to be store at the junction
and decrease in the number of the majority charged carriers.
It is important to notice that the decrease in the number of
majority charged carriers seems to be favorable to the
diffusion of the minority charged carriers because of the fact
that those majority charged carriers constitute a
recombination centers for the minority charged carriers. In
this case the phenomenon of change in diffusion length
prevails over that of removal of majority charged carriers.
Thus, there are more defaults susceptible to produce change
in the diffusion length induced than those susceptible to
remove majority charged carriers

The figure 5 present the curve of the normalized short
circuit current versus the fluences of the incident particles
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Figure 5. Normalized short circuit current versus fluences
We observe a decrease in the short circuit current with
the increase of the fluences of the incident particles. That can
be explained by the fact that the number of the minority



57227 Tchouadep Guy Serge et al./ Elixir Electrical Engineering 186 (2024) 57224-57229

charged carriers able to cross the junction decrease with the
increase of the fluences of the incident particles.

The figure 6 present the curve of the conversion
efficiency versus fluences of the incident particles.
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Figure 6.Conversion efficiency versus fluences

We observe that the curve of the conversion efficiency
globally decrease with the fluences, but present three (03)
characteristics zones with a change in the concavity of the
curve. The behavior of the conversion efficiency in each zone
can be explain as follow:

In the zone I, the concavity faces downwards. In this
zone, the conversion efficiency drops slightly. This slight
decrease can be explained by the fact that, the defects
generated by irradiation being electrically active, they not
only constitute recombination centers for minority carriers
which are electrons but also suppression centers for the
majority carriers which are holes. In fact, in this zone the
photogenerated electrons recombine with the defects
generated by irradiation and at the same time, these defects
remove part of the holes found in the valence band of the
base. The conjunction of these two phenomena leads to both a
reduction of the number of minority charged carriers which
arrive at the junction and the reduction of the concentration of
majority carriers in the base, what leads inevitably to the drop
in conversion efficiency as observed.

In the zone |II, the conversion efficiency drop
significantly abrupt. This sudden drop is due to the fact that,
with the increase in the fluences, there is an increase in the
concentration of the defects. So, these last two phenomena of
recombination and suppression increase the probability of
electron recombination and promote the breakdown of the
phenomenon of electron diffusion because the removal of the
majority carriers (holes) tends to break the balance of charges
in the base, thus leading to the type inversion of the base.
This naturally leads to a sharp drop in short-circuit current as
observed on the curve in figure 5. In this zone, the conversion
efficiency drop from 13 to 2.5%.

In the zone 111, the concavity faces upwards. In this zone,
the conversion efficiency takes very low values and tends to
cancel out. In this zone and beyond we are witnessing a
degradation of the PV cell due to a type conversion of the
material constituting the base of the solar cell. Because of the
increase of the fluences the concentration of the holes
decreases sharply and they are no longer the majority, but
become the minority. Thus leading to the cell failure. This
reflects a gradual decrease in p-type carrier concentration as
the material becomes more compensated due to the
introduction donor states, followed by an increase in carrier
concentration once the material is n-type [12].

e Model tacking into account change in diffusion length,
removal of majority charged carriers and change in the wide
of SCR (L, Rc and W changes)

The figure 7 present the curve of open circuit
photovoltage versus fluences of 1 MeV incident electrons.
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Figure 7. Open circuit voltage versus fluences

We observe that the curve in figure 7 is the same with the
one of figure 4. Thus, we can conclude that taking into
account change in the wide of the SCR doesn’t affect the
open circuit photovoltage.

Figure 8 present the curve of short-circuit current versus
fluences.
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Figure 8. Short-circuit current versus fluences

We observe that, short-circuit current present two peaks.
One at the value of fluences for about 10%° e/cm2 and other,
more significant at about 8.8.10'® e/cm2. These peaks
represents an anomalous behavior of the short-circuit current
as observed by some authors in theirs works [13, 14, 15, 5].
From this observation, we can conclude that change in the
wide of the SCR is responsible of that anomalous behavior of
the short-circuit current [9] and that, this anomalous behavior
can be occur for different values of the fluences include in the
range of the fluences in our study. It is important to specify
that, in the case of the short-circuit current, our model taking
into account change in W does not allow us to find exactly
the experimental curve obtained by the previous authors but
nevertheless allows us to determine the fluences which
produce the anomalous behavior of the short-circuit current.

We present on the figure 9, the curve of conversion
efficiency versus fluences.
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Figure 9. Conversion efficiency versus fluences

We observe that the curve in figure 9 is the same with the
one of figure 6. Thus, we can conclude that taking into
account change in the wide of the SCR doesn’t affect the
conversion efficiency and that it is removal of majority
charged carriers (Rc changes) which is responsible of the
type-conversion of the base. Of course, the previous studies
taking into account only change in diffusion length don’t
exhibit type conversion [16, 17, 18].

For a good understanding of the change of the type of the
base, we present on the figure 10, the sets of processes
leading to the change of the type of the base.

Conclusion

This work put in evidence first of all the effectiveness of
the widening of the SCR of the solar cell irradiated by high
energy particles and the responsibilities of the reducing in
diffusion length of the minority charged carriers, removal of
the majority charged carriers and widening of the SCR on the
anomalous behavior of the short- circuit current and the type

Inital state of the Base Zone |

Rl‘mﬂl’i] ﬂ' hﬂlf‘! h} dl‘ﬁfl‘
cansed by irradiation

@ Electron
() Hale

T ? ? 1 MeV electrons

conversion of the base of the solar cell. Thus, we used two
different models, to know the first one tacking into account
reducing in diffusion length of the minority charged carriers
and removal of the majority charged carriers, the second one
tacking into account in addition of reducing in diffusion
length of the minority charged carriers and removal of the
majority charged carriers, also the widening of the SCR. For
each model we studied the evolution of open circuit
photovoltage, short-circuit current and conversion efficiency
in function of the fluences of 1 MeV electrons.

It appears that, for the cases of open circuit photovoltage
and conversion efficiency, the two different models gives the
same curves. In order way, it appeared on the curves of
conversion efficiency a change of the concavity, thus
translating a change in type of the base (type conversion). For
the first model, short-circuit current decrease with the
fluences of the incident 1 MeV electrons and don’t present
any anomalous behavior. This leads us to conclude that, it is
removal of majority charged carriers which is responsible of
the type conversion.

For the second model, in the case of the short-circuit
current we noticed the presence of some peaks, thus translate
an anomalous behavior of the short-circuit current. Tis leads
us to conclude that it is the widening of the SCR which is
responsible of the anomalous behavior of the short-circuit
current as observed by some authors mentioned in this paper.

These results show the contribution of each type of
phenomenon (reducing in diffusion length, removal of the
majority charged carriers, widening of the SCR) occurs
during the interaction of 1 MeV electrons with a solar cell.
Thus it allow to determine the responsibility of these
phenomena on the anomalous behavior of the short-circuit
current and the type conversion of the base of the solar cell.

Zone |l

Chaging in the type of
the base and cell failare

Increase in the wide of the
SCR and abrupt decrease in
short-circait corrent

Figure 10. Sets of processes leading to the change of the type of the base



57229 Tchouadep Guy Serge et al./ Elixir Electrical Engineering 186 (2024) 57224-57229

Acknowledgment

The authors wish to thank International Science Program
(ISP) for funding our research group and allowing to conduct
these works.
References
[1] R. K. Chauhan and P. Chakrabarti (2002) ‘Influence of
ionizing radiation on the performance of MIS solar cells: a
theoretical model, International Journal of Electronics,
89:7,525 535, Doi: 10.1080/0020721000036835
[2]. J.C Bourgoin, de Angelis ‘Radiation-induced defects in
solar cell materials’ Solar Energy Materials and Solar Cells
66 (2001) 467477
[3] Masafumi Yamaguchi ‘Radiation-resistant solar cells for
space use’ Solar Energy Materials and Solar Cells 68 (2001)
3153
[4] R. Lj. Radosavljevic, and Aleksandra I. Vasic: Effects of
Radiation on Solar Cells as Photovoltaic, Nuclear Technology
and Radiation Protection: Year 2012, Vol. 27, No. 1, pp. 28-
32 DOI: 10.2298/NTRP1201028R
[5] A.Hamache, N. Sengouga and Af. Meftah ‘Numerical
simulation of the type inversion in n+-p-p+ Si solar cells,
used for space applications, under 1 MeV electron irradiation’
The International Conference on Technologies and Materials
for Renewable Energy, Environment and Sustainability,
TMREES14 Energy Procedia 50 (2014 ) 139 — 146.
[6] Silicon sensor developments for the CMS Tracker
upgrade ‘The 9 Th International Conference on Position
Sensitive Detectors, 12—16 September 2011” Published by Iop
Publishing For Sissa doi:10.1088/1748-0221/7/01/C01110
[7] Vujisi, Koviljka Stankovic, Edin Dolicanin, and Predrag
Osmokrovic, ‘Radiation Hard ness of COTS EPROMs and
EEPROMs’ Radiation Effects and Defects in Solids: In
corporating Plasma Science and Plasma Technology, 165
(2010), 5, pp. 362-369
[8] S. J. Taylor, M. Yamaguchi, M. Imaizumi, and T. Ito
‘Improved model of radiation damage to silicon solar cells’ J.
Appl. Phys. 82, 3627 (1997); doi: 10.1063/1.365685
[9] Masafumi Yamaguchi, Aurangzeb Khan, Stephen J.
Taylor, Koshi Ando, Tsutomu Yamaguchi, Sumio Matsuda,
and Takashi Aburay ‘Deep level analysis of radiation-induced
defects in Si crystals and solar cells’ Journal of Applied
Physics 86, 217 (1999); doi: 10.1063/1.370698

[10] JJ. Liou and W.W. Wong ‘‘Comparison and
optimization of the performance of Si and GaAs solar cells’’
Solar Energy Materials and Solar Cells 28 (1992) 9-28
[11]S.Noor Mohammad ‘An alternative Method for
Performance Analysis of Silicon Solar Cells’ Journal of
Applied Physics Vol.28, N°2,pp.767-772,1987.

[12]Stephen J. Taylor, Masafumi Yamaguchi, Ming-Ju Yang,
Mitsuru Imaizumi, Sumio Matsuda et al. ‘Type conversion in
irradiated silicon diodes ‘Appl. Phys. Lett. 70, 2165 (1997);
doi: 10.1063/1.118946

[13] Mitsuru Imaizumi, Stephen J. Taylor, Masafumi
Yamaguchi, and Tadashi Ito ‘Analysis of structure change of
Si solar cells irradiated with high fluence electrons’ Journal
of Applied Physics 85, 1916 (1999); doi: 10.1063/1.369184
[14] Abdelghani Hamache , Nouredine Sengouga , Afak
Meftah , Mohamed Henini ‘Modeling the effect of 1 MeV
electron irradiation on the performance of n+—p—p+ silicon
space solar cells’ Radiation Physics and Chemistry 123
(2016) 103-108

[15] Masafumi Yamaguchi, Stephen J. Taylor, Ming Ju Yang,
Sumio Matsuda, Osamu Kawasaki, and Tadashi Hisamatsu
‘High-energy and high-fluence proton irradiation effects in
silicon solar cells’ Journal of Applied Physics 80, 4916
(1996); doi: 10.1063/1.363534

[16] Tchouadep Guy Serge, Zouma Bernard , Korgo Bruno,
Soro Boubacar, Savadogo Mahamadi , Zoungrana Martial ,
and Zerbo Issa ‘Theoretical Study of Proton Radiation
Influence on the Performance of a Polycrystalline Silicon
Solar Cell’ Hindawi International Journal of Photoenergy
Volume 2019, Article ID 8306492, 7 pages
https://doi.org/10.1155/2019/830649

[17] M. Alurraldea,, M.J.L. Tamasib , C.J. Brunob , M.G.
Martinez Bogadob , J. P, J. Fernandez V azquez , J. Duran, J.
Schuffb , A.A. Burlon, P. Stoliar, A.J. Kreiner ‘Experimental
and theoretical radiation damage studies on crystalline silicon
solar cells’ Solar Energy Materials & Solar Cells 82 (2004)
531-542

[18] C.G. Bolzi, C.J. Bruno, J.C. Duran, E.M. Godfrin,
M.G.Martinez Bogado, L.M. Merino, J.C. Pla, M.J.L.
Tamasi, M. Barrera ‘First experiment of Argentine solar cells
in space: modules fabrication, characterisation, and telemetry
data analysis from SAC-A satellite” Solar Energy Materials &
Solar Cells 73 (2002) 269-280



