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Abstract

The efficiency of a silicon solar cell is directly linked to the quantity of carrier
photogenerated in its base. It increases with the increase of the quantity of
carrier in the base of the solar cell. The carrier density in the base of the solar
cell increases with the increase of the flux of photons that crosses the solar
cell. One of the methods used to increase the flux of photon on the illumi-
nated side of the solar cell is the intensification of the illumination light.
However, the intensification of the light come with the increase of the energy
released by thermalization, the collision between carriers, their braking due to
the carriers concentration gradient electric field which lead to increase the
temperature in the base of the solar cell. This work presents a 3-D study, of
the effect of the temperature on the electronic parameters of a polycrystalline
silicon solar under intense light illumination. The electronic parameters on
which we analyze the temperature effect are: the mobility of solar cell carriers
(electrons and holes), their diffusion coefficient, their diffusion length ana
their distribution in the bulk of the base. To study the effect of the tempera-
ture on electronic parameters, we take into account, the dependence of carri-
ers (electrons and holes) mobility with the temperature (u,(T) 1,(T)). Then,
the resolution of the continuity equation, which is a function of the carriers
gradient electric field and the carriers mobility, leads to the expressions of the
diffusion coefficient, the diffusion length, and the density of carriers which are
function of the temperature. Then, we studied the effects of the temperature
on the diffusion parameters in order to explain their effect on the behavior the
carriers distribution in intermediate, short circuit and open circuit operating
modes at several positions in the base depth. It appears through this study that
the diffusion coefficient and the diffusion length decrease with the increase of
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the temperature. We observe also that with the increase of the temperature,
the density of carriers in the base of the solar cell in short circuit and open
voltage operating modes increases. In intermediate operating mode, the den-
sity of carriers increases also with the temperature but it is function of the
base depth.
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Intense Light, Electric Field, Temperature, Diffusion Coefficient, Diffusion
Length, Density of Carriers

1. Introduction

The efficiency of a solar cell is directly linked to the density of carriers in the
base of the solar cell which is a function of the support material band gap of this
solar cell, the illumination mode, the carriers diffusion parameters and recom-
bination parameters. Several analytical and experimental studies have been done
in monochromatic [1] [2] and multispectral [3] [4] [5] [6] [7] illuminations.
Some studies have also been done on light illumination effects on monofacial [2]
[3] [5] [6], bifacial [1] [4] [6] [7] [8] and amorphous [8] solar cells. It appears
through these studies that the increase of illumination power comes with an in-
crease of the density of carriers in the base of the solar cell [9] [10]. Some studies
put also in evidence that external parameters such as magnetic field [10] [11]
electric field [11] [12], light concentration [10] [13] can influence the diffusion
coefficient of a silicon solar cell.

Even though the increase of the intensity of the light illumination leads to an
increase of the carrier photogenaration and then to an increase of the density of
carriers in the base [10], this situation generates an increase of the temperature
in the base of the solar cell [14] [15] [16]. In experimental studies [14] [17] [18],
it was proved that the short circuit current and the conversion efficiency in-
creases with the increase of the temperature when the open circuit voltage de-
creases. An experimental study proved, that the temperature influences the band
gaps of GaAs, GaP, Ge, Si and C solar cells [19]. It appears through this study
that the band gaps of all of these semiconductors decreases with the increase of
the temperature.

In previous works [10] [20], the effect of the light intensity on the perform-
ance of a silicon solar cell has been studied. It was proved in these studies that,
the increase of the intensity of the illumination light leads to the increase of the
density of carriers density in the base of the solar cell, an increase of the short
circuit current, an increase of the electric power and the conversion efficiency
[10]. The increase of the light intensity leads none the less to an increase of the
quantity of the energy released by thermalization in the base of the solar cell, but
also, to an increase of the collision of the carriers in the base of the solar cell.

Another phenomenon which appears with the intense photogeneration in the
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base due to the intensification of the illumination light is the apparition of the
carriers gradient electric field. Due to its orientation, the carriers gradient elec-
tric field is opposed to the carriers movement toward the junction of the solar
cell, and then that will has as effect to brake them. The energy released by ther-
malization, by collision and by braking in the base of the solar cell leads to heat
it, and then to increase the temperature in it. In the present work, we study none
the less the physical phenomena which leads to the increase of the temperature
in the base of the solar but also the effects of the temperature on the carriers
mobility, the diffusion coefficient, the diffusion length and carriers density of a

polycrystalline silicon solar cell.

2. Model and Assumptions

2.1. Analytical Formulation

In this work, we propose a three-dimensional (3D) study of a polycrystalline sil-
icon solar cell (n-p-p*) operating under an intense multispectral light. The poly-
crystalline silicon solar cell is made up of several grains with different sizes and
forms separated by grain boundaries [21] [22] [23] which are recombination
centers. In our study model, each grain has a square section (g = g) and a
thickness A as shown in Figure 1 [21] [22].

The recombination planes are assumed to be thin surfaces between two adja-

9,

cent grains and are located at X ==+ and y= J_rg—zy, respectively perpendi-

cular to the x and y axis of cartesian coordinates (O, x; y; z) [21] [22] [23]. The
grain boundaries are perpendicular to the junction and their recombination ve-
locity S, is constant.

The polycrystalline silicon solar cell is illuminated by an intense light concen-

tration (C> 50 suns), and then due to the intense photogeneration in the base of

Concentrated light ——p
A, ——\/9  — i ——

<+——Emitter (n+)
«4—— Junction (SCR)

<4+—— Base (p)

Rear side (p+)

z=H -

\ 4

Figure 1. Grain of a polycrystalline solar cell under an intense light illumination.
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the solar cell for this kind of illumination, we take into account the electric field
due to the carriers concentration gradient in the base [13] [21] given by Equa-
tion (1):

D,-D, 1 35(xy.2)

)= M) sy (1

In this expressions: D, and D, are respectively electrons and holes diffusion
coefficients, 1,(7) and u,(7) are electrons and holes mobility depending on the
temperature and J(x) is the density of excess minority carrier in the base of the
illuminated solar cell.

The contribution of the emitter is not taken into account and we work in the
theory of the quasi-neutral base (QNB) [4] [12] [13].

2.2. Determination and Resolution of the Continuity Equation

Under the intense light illumination, the total current J, resulting of the

movement of the carriers photo generated in the solar cell is the sum of two

kinds of currents:

- the diffusion current J, =eD,V§(X,y,2) resulting of carriers diffusion
along x,y,z axis

- the conduction current J, =eu, (T)5(x,y,z)E(z) related to the taking
into account of the electric field due to the carriers gradient concentration.

The expression of the total current is then given by Equation (2):

J,=3,+J.=eD,VS(x,y,z)+eu, (T)5(x y,2)E(2) )

In Equation (2) the expression of the electric field given by Equation (1) is
function of the electrons and holes mobility. The expressions of these mobilities
are in turn functions of the temperature of the solar cell and they are expressed

by Equation (3):

Hn (T) = Hon [TLJ et /lp (T) = 1u0p [TLJ (3)

with g, = 1500 cm>V~"s7", g, = 475 cm>V™"s™" and 7; = 300 K.

Taking into account the carriers photogeneration, their diffusion and recom-
bination in the base of the solar cell, the expression, in steady state, of the carri-
ers distribution in the base (p) of the solar cell is given by Equation (4) [2] [7]
[10] [12]:

%~V-Jn+G(z)—R(z)=0 (4)

3
G(Z):C~ZaiefbiZ and R(z):M are respectively the carriers
i=1 n

generation rate and their recombination rate at a position z

Introducing the expressions of the total current J, the carriers generation
rate G(Z) and their recombination rate R(Z) in Equation (4) and solving it
leads to the expression of the continuity equation given by Equation (5) [7] [10]
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[20]:
2 2 2
c. o°5(x, y,z,T)+C o°5(x, y,z,T)+a 5(x,y,z,T)+G(f)_5(x, ):,Z,T) 0
aXZ y ayz 822 D LZ
with:
_ Dy ('up (T)+u, (T))
" 2Dn:un (T)+ Dn:up (T)_:un (T) DP (6)

D, (5 (T)+ 24y (T)) (24 11 (T)')

2D, 44, (T )+ Dy, (T) =1, (T) D,

D (T) - 2D, 44, (T)+ Doz, (T)— 14, (T) D,
('up (T)+/”n (T))

D(T) and L'(T) are respectively the carriers diffusion coefficient and

and C, =

and L(T)*=D"(T)z (7)

diffusion length and they are functions of mobility of carriers which are in turn
functions of the temperature.

The general shape of the solution of the partial derivative differential Equation
(5) is given by Equation (8) [22] [23]:

5(x, y,z,T):ZZk:ij (z)-cos(C,;-x)-cos(Cy, - y) (8)

with

C, C
C;=—— and C, =—

o ©)

In Equation (8), the expression of Z,(2) can be found using the orthogonality
conditions of the functions COS(CXJ»X) and cos(Cyky) and the grain boundary
conditions given by Equation (10):

{‘95—("’ y’Z'T)} 4o 5(1& y,Z,Tj

oX et x D 2
08 T S (10)
Xl il Zl
and 95(xy.2T) =+ §(x,i&,z,T]
oy yosd D 2
2
The expression of Z,(2) in these conditions is:
z . z S b2
Z, (2)= A, cosh| — |+ By sinh| — |- K;e™ (11)
L L, ) =
with:
a; szk
Ki=C—/——5— (12)
Dje [(b, ij) _1}
1
1 1 ]2
—:[Cf+Cf+F} (13)
ik
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16sin (ij -ng-sin[cyk -gyj
N 2 : (14)
Dy, D [sin(CXj -9,)+Cy .gx][sin(cyk -9, )+Cy - gy]

The coefficients A, and B, are determined trough the boundary conditions at

the junction (z= 0) and at the rear side at the position (z= H) given by Equation
(15):

) v.2,T
5 {M} =8,5(x,y,0T)
z=0

0z
(15)
. 00(XY,z2,T
and D{—( Y )} =—8,-5(xy,H,T)
oz h
The expressions of the coefficients 4, et By are:
S
L S—E—bi e B | —+h
A, =3 K, P \D 16
jk‘é i 1 S, P (16)
— . +7*. N
L, " D7
S
(Sb] <+
3 D \D
Bjkngi N 3 a7
LTk'ajk"‘F'ﬁjk
with
. S
o, =ismh H +—2 cosh H
Ly Ly,) D Ly
(18)

and S, :icosh H + 8‘1 sinh H
ij ij D ij

The expressions of the coefficient A, and B, lead to the solution of Equation
(1) and the introduction of Equation (11) in Equation (8) leads to the solution of

the continuity equation.

3. Results and Discussions

3.1. Solar Cell Base Overheating and Effect of Temperature on the
Carriers Mobility

In this work, we study the temperature effect on a silicon solar under intense
light illumination. For a multispectral light illumination, an intensification of the
illuminated light means an increase of the quantity of photons which crosses the
illuminated side of the solar cell. The consequence of this situation will be an in-
crease of the carriers photogeneration in the base and then an increase of the
density of carriers. The increase of the density of carriers in the base of the solar
cell leads none the less to an increase of the collision between excess minority
carriers but also to an increase of the quantity of the energy released by therma-

lization [24] in the base of the solar cell.
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With the increase of the photogeneration due to the intensification of the il-
luminated light, another phenomenon which appears is the carriers concentra-
tion gradient electric field. His orientation is illustrated in Figure 1 and its ex-
pression is given by Equation (1). The expression of the electric field is inversely
proportional to the carriers mobilities. Since the carriers mobility decrease with
the increase of the temperature, consequently the electric field will increase with
the increase of the temperature in the base of the solar cell. According to its
orientation, it opposes to the movement of electrons toward the junction and to
the move of holes to the rear side, and then has as effect to brake them. These
braking releases also energy in the base of the solar cell and that contributes to
heat the base of the solar cell. These three phenomena (energy released by ther-
malization, carriers collisions and carriers braking) lead to an increase of the
heat in the base of the solar cell.

The expressions of carriers (electron and hole) mobility in function of the
temperature are given in Equations (3) above. We present on the curves of
Figure 2 and Figure 3, the effect of the increase of the temperature on the carri-
ers mobility in the base of the solar cell.

It appears trough these curves that the carriers mobility decrease when the
temperature in the base of solar cell increase. The decrease of carriers mobility is
the consequence of two phenomena:

- the increase of carriers density with the increase of light intensity, which comes

1%10° r T T T T
1x108 [~ -
2 ix10r I -
N
e
L : = _
> 1%x10
%
5 = —
g 1x10 .
(V)]
C
o
= 1x10¢ F -
[&]
Q@
w
1x10° |~ -
|| | 1 |
100
0 100 200 300 400 500
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Figure 2. Influence of temperature on electrons mobility: g, = 1500 cm?*/Vs; 7, = 300 K.
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Figure 3. Influence of temperature on Holes mobility: 4, = 475 cm*/Vs; T = 300 K.

with an intensification of carriers collision in the base and then carriers
slowing down.

- the increase of carriers density leads also to an increase of the carriers con-
centration gradient electric field which is opposed to the carriers movement
toward the junction and then brake them.

The carriers slowing down due to their collision and braking lead to the de-
crease of the carriers mobilities. But, since carriers collision and braking come
with the increase of the temperature in the base of the solar cell (energy released
by collision and braking) we have the impression that it is the increase of the

temperature which is responsible of the carriers mobility decrease.

3.2. Effect of the Temperature on the Diffusion Parameters of the
Silicon Solar Cell

The expressions of the diffusions coefficient of the silicon solar cell under an in-
tense light illumination are given by Equation (7) and these expressions are
functions of the electrons and holes mobility which are functions of the temper-
ature. These coefficients are then functions of the temperature. We present on
the curves of Figure 4 and Figure 5 below the effect of temperature on excess
minority carrier diffusion coefficient and diffusion length.

We observe on the curves of Figure 4 and Figure 5 that the diffusion coeffi-
cient and the diffusion length decrease with the increase of the temperature in the

base of the solar cell. Since the increase of the temperature is the consequence of
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Figure 4. Influence of temperature on diffusion coefficient: C= 50 suns, D, = 26 cm*s ™}
D, =4 cm?/s; pt,, = 1500 coi’/Vs; g, = 475 cm?*/V's; L, = 0.02 cm.
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Figure 5. Influence of temperature on diffusion length: C= 50 suns, D, = 26 cm*s™%; D, =
4 cm*s™Y p,, = 1500 c®/Vs; g, = 475 cm?*/V's; L, = 0.02 cm.
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the increase of the carriers collision and braking, the decrease of the diffusion
coefficients with the increase of the temperature mean also that the diffusion
coefficients decreases when the carriers collision and braking increases. Indeed,
the diffusion coefficient and the diffusion length are sensitive to any obstacle to
the carrier movement in the base of solar cell. Then, the increase of collisions
between carriers due to the increase of carriers density in the base and their
slowing down due to the increase of carrier concentration gradient electric field

lead to the decrease of the diffusion parameters.

3.3. Effect of the Carriers Density on the Temperature of the Solar
Cell Base

Figure 6 and Figure 7 illustrate the effect of carriers density near the junction
(z = 0.005 cm) on the behavior of the temperature of a silicon solar cell base for
two operating state: short circuit operating state and open circuit operating state.
For these two figures the light illumination intensity has been taken equal to 50
suns [13].

We observe on Figure 6 and Figure 7 that, near the junction (z = 0.005 cm),
the temperature in the base of the solar cell increase with the increase of the car-

riers density as well in short circuit operating mode than in open circuit operating

500 T I
short circuit
operating state
400 [~ =
< 300 -
g
5
©
g
g 200 -
(0
|_
100 = -
0 | |
1x10™ 2x10™ 3x10™

Carriers density (cm?3)

Figure 6. Effect of excess minority carriers density in short circuit operating state on the
temperature of the base of the solar cell: C= 50 suns, D, = 26 cm*s™; D, = 4 cm?/s; L, =
0.02 cmj; S, = 10% cm/s; S, = 10° cm/s; H'= 0.03 cm.
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Figure 7. Effect of excess minority carriers density in open circuit operating state on the
temperature the base of the solar cell: C= 50 suns, D, = 26 cm*s™'; D, = 4 cm?/s; L, = 0.02
cm; S = 10% cm/s; 8, = 10° cm/s; H=0.03 cm.

mode. The increase of carriers density in the region near the junction means an
increase of the quantity of carriers present in this region. The increase of the
density of the carriers comes with the increase of collisions between carriers and
the increase of the quantity of energy releases by thermalization in this region.
The increase of carrier density leads also to increase of the carriers concentration
gradient electric field and then the increase of the energy released by braking.
The increase of the temperature in the base of the solar cell is then the conse-
quence of the energy which have been released by collisions, thermalization and
braking with the increase of carriers density. It appears also on these curves that
for the same base heating temperature, the density of carriers which contribute
in open circuit operating mode is higher than ones of short circuit operating
mode. This observation is the consequence of the operating mode. In short cir-
cuit and open voltage operating modes, the energy release by collisions, therma-
lization and braking exist. But contrarily to the open circuit operating mode
where the carriers are blocked, in short circuit operating mode, the maximum of
carriers crosses the junction and then that reduces the presence of carriers near
the junction.

The curves of Figure 8 illustrate the effect of carriers density near the junction

on the behavior of the temperature of a silicon solar cell in intermediate operating
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Figure 8. Effect of excess minority carriers density in intermediate operating state on the
temperature of the base at tree levels of the base depth C= 50 suns, D, = 26 cm*s™; D, =
4 cm?/s; L, = 0.02 cm; Sy = 10? cm/s; S, = 10°> cm/s; H = 0.03 cm.

state (junction recombination velocity S, = 10* cm/s). On the curves of Figure 8,
we illustrate for the illumination level (C =50 Suns), the effect of carriers density
on the behavior of the temperature at tree levels of the base depth.

It appears on the curves of Figure 8, that for a given value of carriers density,
the temperature increases when we approach the junction. As shown in Figure 1,
for a given illumination light, the carriers density and then the carriers concen-
tration gradient electric field decreases from the junction toward the rear zone of
the solar cell. Since the temperature increase effects are linked to the carriers
concentration and braking, the increase of carriers concentration and carriers
concentration gradient electric field near the junction lead to a higher increase of
the temperature there. The small values of carries density near the junction are
explained by the fact that the carriers photogenerated near the junction cross it

to participate to the production of photocurrent.

4. Conclusions

In this work, we proposed a 3-D modeling study of the effects of the physical phe-
nomena which contribute to heat the base of a solar cell and the effect of the tem-
perature on the electronic parameters of a polycrystalline silicon solar cell under
an intense light illumination. The resolution of the continuity equation leads to
news expressions of carriers density, diffusion coefficient and diffusion length. It
was proved through this study that, if the temperature in the base of the solar
increases, the mobility of electrons and holes, the diffusion coefficient and the

diffusion length decrease. The increase of the temperature is the consequence of
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the energy releases by thermalization in the base of the solar cell, the collision
between carriers due to the high photogeneration and the carriers braking due to
the carriers concentration gradient electric field. The study of the temperature
effect on the electronic parameters of the solar cell, put in evidence that, with the
intensification of the illumination, it is the collisions between carriers and their
braking that are responsible of carriers mobility and diffusion parameters de-
crease. It appears also through this study that the temperature in the base of the
solar cell increases with the increase of carriers concentration at short circuit,
open circuit and intermediate operating points. This situation is also the conse-
quence of electrons collision and carriers concentration gradient electric field
increase with the increase of carriers density.

All these results characterize the fact that the effect of temperature on the
electronic parameters of a solar cell is in reality the effect of carriers thermaliza-
tion, the collision between carriers due to the high photogeneration and the car-

riers braking due to the carriers concentration gradient electric field.
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