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Abstract

The main purpose of this work is to study doping level effects on a silicon PV
cell under both moderate light concentration and normal illumination. This
study also aims to compare the doping level effects under the both illumina-
tion modes. The results show for both illumination modes that diffusion pa-
rameters decrease with increasing doping level. These results are in agree-
ment with the studies of the current and the voltage which showed for the
two illumination modes that doping level increase leads to a decrease in cur-
rent density and an increase in voltage. It also emerges for the two illumina-
tion modes and for the doping range 10" cm™ - 10 cm™, a decrease of
maximum power and conversion efficiency. The results also show that de-
crease of diffusion parameters is faster under moderate concentration in com-
parison with normal illumination. These results predict a greater variation
rate of the current, the voltage, the maximum power and the conversion effi-
ciency under moderate concentration compared to normal illumination. Con-
trary to diffusion parameters study, the results show higher variation rates of
parameters under normal illumination. This is explained by the fact that un-
der moderate concentration, carriers density is close to doping level: the cell
is then in high injection condition. Consequently, under moderate concentra-
tion, carriers density is less sensitive to doping level variations. The study con-
firms that carriers density variation with the doping level is weak under the
moderate concentration compared to normal illumination.
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1. Introduction

Photovoltaic solar energy is one of the most efficient solutions in the energy
transition process. This rapid progress is due to the diversification of photovol-
taic sectors, including that of high efficiency for light concentration [1]. The PV
cell is submitted to increasing light concentration and achieves its performance
improvement.

Schachtner et al [2] working on a four-junction solar cell obtained a conver-
sion efficiency of 44.5% for a light concentration of C'= 312 Suns. In the same
order, Dimroth et al. [3] found a conversion efficiency of 44.7% under concen-
tration C'= 297 Suns with a four-junction cell of GaInP/GaAs/GalnAsP/GalnAs
type. And with the same type of PV cell, works of Tibbits et al [4] led to a record
conversion efficiency of 46.5% under a concentration of C'= 324 Suns.

Under same illumination conditions, crystalline silicon solar cell presents a
significantly lower conversion efficiency compared to previous PV cells [1] [5]
[6]. Campbell et al. [7] showed that the upper bound on the efficiency of a con-
centrating silicon solar cell is 36% - 37% under AM 1.5 standard conditions.
However, silicon wide availability and multi-junction cell relatively higher cost,
make silicon a very promising technology for photovoltaics large-scale adoption
[1].

Otherwise, several authors have worked on the influence of the doping level
on the parameters of a crystalline silicon solar cell [8]-[16]. And these works
showed that the diffusion parameters, the current density, the series resistance
and the shunt resistance decrease with the doping level increasing. These works
also showed the voltage increase with the doping level increase. However, these
studies were carried out under normal illumination and non-concentrated.

Other authors such as Liou ef al [17] have carried out this study of doping
level influence under concentrated illumination. However, in their study, the so-
lar cell is under monochromatic illumination.

The main objective of this work is to study under moderate light concentra-
tion (C = 50 Suns) and under normal light illumination (C = 1 Sun), the cell’s
performances evolution with doping level. Due to silicon availability, this study
is carried out with a crystalline silicon PV cell. And taking into account the real
illumination conditions, the incident light is assumed to be multispectral. We
also compare the doping level effect under moderate light concentration (C= 50
Suns) with its effect under normal illumination (C = 1 Suns). The PV cell is
submitted respectively to a moderate concentration (C'= 50 Suns) and to a nor-

mal illumination (C= 1 Sun). We then study for each illumination mode, the in-
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fluence of doping level on photovoltaic parameters.

2. Methods and Theories

2.1. Excess Minority Carriers Density

The n*-p-p* structure of the PV cell is assumed. This study is carried out in the
quasi-neutral base (QNB) assumption [18] [19] which assumes that intrinsic
electric field in the cell’s base is neglected. First, the PV cell is submitted to a
moderate light concentration (C'= 50 Suns) as showed by Figure 1 and then to a
normal light illumination (C=1 Sun).
The continuity equation of minority charge carriers in steady state is given by:
°6" (x,N,) " (x,N,)  G”(x)

o (Lﬁ(Nb))2 - DN, W

In Equation (1), & (x, Ni) represents the excess minority carrier density which
is a function of the both position x in the base and doping level N;. D (V) and
I? (Nj) respectively represent the diffusion coefficient and the diffusion lenght.
G’ (x) is the carrier generation rate at the base deph x. The index £ is linked to
the illumination mode. So, under moderate light illumination C= 50 Suns and S
= con. And under normal illumination mode C'= 1 Sun and = nor.

e Under moderate concentration (C'= 50 Suns and B = con)

We take into account the electric field of electrons concentration gradient

given by Equation (2) below [5] [6] [18]:

_D-D, 1 357'(x)

E(X : 2
( ) o+ 1, Seon (X) ox )
The diffusion coefficient is given by Equation (3):
N,)| 2D, (N,)-D, [+x,D,(N
Dcon(Nb):'un( b)|: n( b) P:I 'up n( b) (3)

#,(Ny )+,

In Equation (3), D, (N;) And D, Respectively represent diffusion coefficients
of electrons and holes. u, (V) and g, respectively represent mobility coefficients

of electrons and holes.

Junction (SCR)
Emitter (n*
) Rear side (p*)
Grids Grid
Base (p) nds
— paRCe R @ (N —
Concentrated —» soee o o L b) % €
llght R ::o. : ° :
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— ceee o s ¢ T 5 Y
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Figure 1. PV cell under moderated illumination concentration.
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Equation (3) shows that under moderate concentration (C= 50 Suns), carriers
diffusion depends on diffusion and mobility coefficients of electrons and holes.

The carrier generation rate G* (x) at the base depth xis given by [5] [6] [18]
[20]:

G(x):C-i‘,aie‘”'X (4)

e Under normal illumination mode (C=1 Sun and B = nor)
The electric field of electrons concentration gradient is no longer taken into
account. The diffusion coefficient in the base is then reduces to that of the elec-

trons.

Dnor(Nb): Dn(Nb) (5)
The electron generation rate becomes:

G (x)= ae™ ©
i=1

As shown by Equations (7) to (9) below, electrons diffusion coefficient D,
(Ns), their mobility coefficient u, (N;) and their lifetime 7 (V) depend on dop-
ing level (V) [17].

1350-V.
Dn(Nb): 81’1' (7)
Iy——— b
N, +3,2.10
12 (Ny) =D, (N,) ®)
12
T(Ny) =———(1s) ©)
+57b16
x10

Then, whatever the illumination mode the diffusion coefficient in the base D¢
(Np) is a function of doping level (V,) as well as carriers the diffusion length 7#
(Vs) given by:

Lﬂ(Nb): Dﬁ(Nb)T(Nb) (10)

By solving the continuity Equation (1), excess minority carriers density is de-
termined by:
3
5" (x,Ny) = Aﬂch(aﬁ (Nb)x)+ Bﬁsh(aﬁ (Nb)x)+z K/ e (11)
i=1
Coefficients A” and B’ are determined by using following boundary conditions
(5] [6] [18] [20]:
e at the junction (x=0)

08” (x,Ny)

o (N,)- -

=Sf 57 (x=0,N,) (12)

x=0

Sfrepresents the junction dynamic velocity and is the sum of two contribu-
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tions:

Sf =Sf, + Sf, (13)

8% is the junction intrinsic recombination velocity and is related to carriers
losses at the junction. SZis the junction dynamic velocity and defines the carriers
flow imposed by an external load.

Thus, near the open circuit, the carriers flow through the junction is practi-
cally null and therefore S% = 0 and Sf= Sf. In the short-circuit situation, the car-
riers flow through the junction is very important and therefore Sf > +oo and Sf
> +oo.

e at the cell’s back (x= H)

D/ (N, ) ————4 =-S,-6”(x=H,N,) (14)
x=H
S, corresponds to the back surface recombination velocity and quantifies car-
riers losses at the PV cell rear side.
The ratio of doping level by carriers density is given by the following Equation
(15).
N,

TNy (2

Q7 (x,Ny)
This ratio allows to compare carriers density evolution versus the doping level.

2.2. Determination of Electric Parameters

e The current density
The current density given by Equation (16) Is Found By Applying The Fick
second law [5] [6] [18] [20] [21]:

85” (x,SF,N,)

I (SN, )=q-D”(N,)- (16)
X
x=0
The short-circuit current density is then defined by:
3= fim 3 7

e The photo-voltage
Using Boltzmann relation, we determine the expression of the voltage across
the junction, given by Equation (18) [5] [6] [18] [20] [21]:

57 (x=0,5f,N
V4 (S N,)=V; |n{ ( - b)+1} (18)
o
Then the cell’s open-circuit voltage is given by:
£ _ i g
Vg = SIfITOVph (19)

Vr represents the thermal voltage and is given by Vi = k7/q, m represents
electrons density in thermodynamic equilibrium and is given by m = (12)*/ N;. At

T = 300 K, the both electrons intrinsic concentration n; and the silicon energy
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gap Eg (7) are calculated by following Equations (20) and (21) [6]:

3 Eg(T)
n=A-T2.exp| ——2 20
i = A p[ 2ij (20)
7.021x107*T?
Eg(T)=1.1557 ———"—~ 21
9(T) T +1108 1)

A, represents the materiel specific constant. For the silicon A, = 3.87 x 10'¢
and k the Boltzmann constant.
The electric power
The electric power delivered by the PV cell is given by Equation (22) below [5]
(6] [20] [21]:
P7(Sf,N,)=V4 (Sf,N,)- 35 (SF.N,) (22)

¢ The conversion efficiency
The solar cell’s conversion efficiency is calculated by using the following Equ-
ation (23) [5] [6] [20]:
B
(P”) _(Sf.N,)

7’ (N, ) = —"—— (23)

Inc

(P)max is the maximum power at the illumination mode B and P, represents

the power of the incident light under Air Mass 1.5 standard conditions.
2.3. Determination of Parameters Variation Rate
The variation rate of a parameter Xis calculated as a percentage. It is defined by:

X =X,

x100 (24)

where X;and X;represent respectively the initial and final values of X.

3. Results and Discussion

3.1. Doping Level Effect on Diffusion Parameters

Figure 2 and Figure 3 below give respectively variations of diffusion coefficient
and diffusion length with doping level (V,) increase, under moderate light con-
centration (C'= 50 Suns) and normal light illumination mode (C= 1 Sun).

Figure 2 and Figure 3 show that for a given doping level (Nj), diffusion pa-
rameters are higher under moderate light concentration (C= 50 Suns) compared
to the normal illumination mode (C=1 Sun).

It also appears that whatever the illumination mode (C = 50 Suns or C =1
Sun), the diffusion parameters decrease with the doping level increase. This de-
crease of the diffusion parameters results in a decrease of carriers flux through
the junction. This allows predicting a decrease of the current density with the
base doping level increase. The decrease of the diffusion parameters also results
in carriers storage near the pn junction. This also allows us to predict an increase

of the photo voltage with the base doping level increase.
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Figure 2. Diffusion coefficient variation versus doping level.
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Figure 3. Diffusion length versus base doping level.

Table 1 gives respectively under moderate light concentration and normal
light illumination, doping level values and corresponding diffusion parameters
values as well as their variation rates.

Table 1 shows that under moderate light concentration (C= 50 Suns), doping
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Current density under moderate light

(A.cm 2)

con
ph

concentration J

level increase from 10" cm™ to 10'° cm™ leads to diffusion coefficient decrease
from 62.68 cm*s™! to 55.34 cm*s™!. This is equivalent to 11.71% decrease in the
diffusion coefficient. At the same time, under normal light illumination the dif-
fusion coefficient decreases from 34.93 cm?s™* to 31.21 cm*s™". That is equiva-
lent to 10.65% decrease in the diffusion coefficient.

It also appears from Table 1 that under moderate light concentration, the
diffusion length decreases by 97.00% while under normal light illumination it
decreases by 96.98%.

These results show that doping level impact on diffusion parameters is more
felt under the moderate light concentration mode compared to normal light il-

lumination.

3.2. Doping Level Effect on Photo-Current Density

The current density profile is plotted under a moderate light concentration (C=

Table 1. Illumination modes, diffusion parameters under different doping level and their
variation rates.

Moderate light concentration Normale light
N; (cm™) (C= 50 Suns) illumination (C= 1 Sun)
Dren (cmZ_S—l) Lcon (Cm) Dror (sz'S_l) Laor (Cm)
108 62.68 3.93x 1073 34.93 293 x 1072
10'¢ 55.34 1.18 x 10™* 31.21 8.86 x 107°
Variation rate (%) 11.71 97.00 10.65 96.98
—=—N,=10" cm”
k 13 -3
—=—N=5x10" cm —— e =
1.2 4 14 3 /f‘gi‘f
7™ N,=10 "cm / - -
3 / = - =

1.0 | —o—N,=5x10"* cm

Il——n,=10" cm” /
0.8 15 3/
——N,=5x10 cm’ /

0.6 {——N,=10"° cm

T T
1 2 3 4 5 6 7 8

Dynamic velocity S;= m.10™ (cm.s-l)

Figure 4. Current density profile versus dynamic velocity under moderate light concentration and

for different doping level.
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50 Suns) for different doping level as showed by the following Figure 4.

Figure 4 shows that for a given doping level, the current density is null near
the open circuit where the dynamic velocity Sf= 0. The current density then in-
creases with the dynamic velocity to reach its maximum in the short-circuit sit-
uation (Sf=> +oo).

Figure 4 also shows that doping level increasing leads to current density de-
crease. This result agrees with the study of doping level influence on diffusion
parameters carried out above. Indeed, this study had predicted a decrease in
current density with doping level increase. These results are also consistent with
those of Ould Cheikh et al [14] and Samoura et al [15] who worked under
normal illumination.

Table 2 gives for the two illumination modes and for different doping level,
the short-circuit current as well as its variation rate.

Table 2 shows that under moderate light concentration (C = 50 Suns), the
short-circuit current density decreases from 1262.82 mA-cm™ to 379.36 mA-cm ™2,
when the doping level increases from 10" cm™ to 10'® cm™. This is equivalent to
69.96% decrease in short-circuit current density.

At the same time, under normal ligh illumination, the current density de-
creases from 23.88 mA-cm™ to 6.32 mA-cm™ This is equivalent to 73.53% de-
crease in short-circuit current density.

These results show that doping concentration effect on short-circuit current
density is greater under normal illumination compared to moderate illumination
mode. These results are in contradiction with diffusion parameters study. In-
deed, this study had shown a greater effect of the doping level under moderate
concentration compared to the normal illumination mode. This contradictory
result is linked to the fact that under moderate light concentration carriers gen-
eration is strong. The carriers density is very high and close to doping level and

consequently less sensitive to the doping rate variations. The PV cell is then said

Table 2. Illumination modes, short-circuit current density for different doping levels and
its variation rates.

Short-circuit current density ~Short-circuit current density

d;zi?frii,)el (mA-cm~?) under moderate (mA-cm~2) under normal
concentration (C = 50 Suns) illumination (C = 1 Sun)

10" 1262.82 23.88

5x 101 1071.83 19.99

10 985.89 18.24

5x 10 778.86 14.04

10% 686.83 12.20

5x 10 470.49 7.99

106 379.36 6.32

Variation rate (%) 69.96 73.53
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Voltage under moderate light

™

con
ph

concentration V

to be in high injection condition [18] [22].

3.3. Doping Level Effect on the Photo Voltage

As show by following Figure 5, the PV cell’s voltage profile versus dynamic ve-
locity was also plotted for different doping level (V) and under moderate light
concentration.

For a given doping level, Figure 5 shows that near the open-circuit the voltage
is maximum and constant. It then decreases with the dynamic velocity and be-
comes null in short-circuit situation.

It also emerges from Figure 5 that the doping level increase leads to photo
voltage increase. This result also is also agrees with diffusion parameters study
which had predicted an increase in voltage with doping level increase. Working
under non-concentrated illumination Ould Cheikh et al [14] and Trukhanov et
al. [16] also found similar results.

The following Table 3 gives for the two illumination modes and for different
doping levels, the open-circuit voltage as well as its variation rate.

Table 3 shows that under moderate light concentration, the open-circuit vol-
tage increases from 995.74 mV to 1055.89 mV when the doping level increases
from 10" cm™ to 10" cm™. This is equivalent to 6.04% increase in open-circuit
voltage.

At the same time, under normal illumination mode the open-circuit voltage
increases from 900.63 mV to 957.32 mV. This is equivalent to 6.29% increase in

open-circuit voltage.

_ —=—N=10" cm.s™

1.0 - +Nb=5x1013 cm.s

-1

+Nb=1014 cm.s
08 —o—N=5x10"* cm 57!

—O—Nb=1015 cm.s!
0.6 4 15 -1
—O—Nb=5x10 cm.s

0.4 1

0.2 H

0.0 . . . .
5 10 15 20 25

Dynamic velocity S, = m.10™ (cm.s'l)

Figure 5. PV cell voltage profile versus dynamic velocity under moderate concentration and for

different doping level.
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Table 3. Illumination modes, open-circuit voltage for different doping level and its varia-

tion rate.
doping level Open-circuit voltage (mV) Open-circuit v‘oltag‘e (n{V)
Np (cm) ‘ 'und‘er moderate under normal illumination
illumination (C = 50 Suns) (C=1 Sun)

101 995.74 900.63

5x 108 1012.56 917.09

10 1019.40 923.72

5x 10 1034.22 937.86

108 1040.02 943.27

5x10% 1051.73 953.77

1016 1055.89 957.32

Variation rate (%) 6.04 6.29

This result shows that the doping level effect on the open-circuit voltage is al-
so greater for the normal illumination mode compared to the moderate light
concentration.

This is in contradiction with the diffusion parameters study carried out earlier
in this article. But is explained by importance of carriers density under moderate
light concentration. The carriers density is close to the doping level and less sen-
sitive to variations in this doping level. This implies open-circuit voltage low
variation under moderate light concentration compared to normal illumination

mode.

3.4. Doping Level Effect on the Electric Power

The electric power profile is plotted under moderate light concentration and for
different values of the doping level (/V,) as shows by following Figure 6.

For a given doping level, Figure 6 shows that the electric power increases with
the dynamic velocity to reach it maximum before decreases. The electric power
is null near open-circuit and in short-circuit situation. Figure 6 also shows that
the maximum power decreases when the doping level increases from 10 cm™ to
10" cm™.

Table 4 gives for the two illumination modes, the maximum power for dif-
ferent doping level and its variation rate.

Under moderate light concentration the maximum power decreases from
1108.50 mW-cm™ to 355.22 mW-cm™ when the doping level increases from 10*
cm™ to 10' cm™. This is equivalent to 67.95% decrease in the maximum power.
At the same time under normal illumination mode the maximum power de-
creases from 18.76 mW-cm™? to 5.31 mW-cm™ This corresponds to 71.70% de-
crease in the maximum power.

This result also shows that doping level effect on the maximum power is greater

for normal illumination mode compared to moderate light concentration.
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Electric power under moderate light

1.2 o —=—N= 10" cm™

- —=—N,=5x10" cm™
1.0 7 — = N= 10" em™
0.8_' —0—N,=5x10"% cm™

——N,=10"” cm”

0.4 +

5 10 15 20 25

Dynamic velocity S;= m.10™ (cm.s_l)

Figure 6. Electric power profile under moderate light concentration for different doping levels.

Table 4. Illumination modes, maximum power for different doping levels and its varia-

tion rate.
doping level Maximum power (mW-.cm™2) Maximum powe‘:r (mW-Cfn‘z)
Np (cm) undef moderate under normal illumination
concentration (C= 50 Suns) (C=1 Sun)

108 1108.50 18.76

5x 108 958.45 16.02

10 888.22 14.74

5x 10" 712.83 11.54

105 632.56 10.09

5x 10" 438.69 6.69

10'¢ 355.22 5.31
Variation rate (%) 67.95 71.70

3.5. Doping Level Effect on Conversion Efficiency

Figure 7 below gives, for the two illumination modes, the variations of the con-
version efficiency with the doping level.

Figure 7 shows that whatever the illumination mode, the conversion efficien-
cy decreases when the doping level increases.

The following Table 5 gives under moderate light concentration and under
normal illumination, the conversion efficiency for different doping level and its

variation rate.
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30

| —=— Conversion efficiency ncon(Nb) under C=50 Suns
25 || | —=— Conversion efficiency nnor(Nb) under normal light illumination
20 —

Conversion efficiency (%)

. I . I ! I ! ! . |
2.00E+015 4.00E+015 6.00E+015 8.00E+015 1.00E+016

. -3
Doping level N} (¢cm °)
Figure 7. Conversion efficiency versus doping level.

Table 5. Illumination modes, conversion efficiency for different doping level and its vari-

ation rate.
doping level Conversion efficiency (%) Conversion efflcien‘cy (?6)
Np (cm-) unde'r moderate under normal illumination
concentration (C= 50 Suns) (C=1 Sun)

108 30.79 18.76

5x 1013 26.62 16.02

101 24.67 14.74

5x 10 19.80 11.54

10 17.57 10.09

5x 10 12.18 6.69

10t¢ 9.87 5.31

Variation rate (%) 67.94 71.70

Table 5 shows that under moderate light concentration, the conversion effi-
ciency decreases from 30.79% to 9.87% with a variation rate of 67.94%. Under
normal illumination, the conversion efficiency decreases from 18.76% to 5.31%
with a variation rate of 71.70%. These results show a significant effect of doping
level under normal illumination mode compared to moderate light concentra-
tion mode.

As we have already explained, this fact is due to carriers density importance
under moderate light concentration compared to normal illumination. Thus,

under moderate light concentration, the carriers density is significant and close
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to the doping level and therefore not very sensitive to variations in the doping
level. However, under normal illumination, the carriers density is significantly

lower and then more sensitive to variations in the doping level.

3.6. Comparison of Carrier Densities with the Doping Level

We plotted for the two illumination modes, the variations of the ratio of the
doping level by the carriers density as show by Figure 8. The carriers density is
calculated near the open-circuit operating point and at the base depth x = 0.0001
cm, very close to the junction.

Figure 8 shows that the quotient of doping level by carriers density increases
very rapidly in normal illumination mode compared to moderate light concen-
tration mode. This reflects the fact that under moderate light concentration, the
carrier density is very close to the doping level.

Pelanchon et al [18] also showed that under light concentration carriers den-
sity is close to doping level. This is due to carriers strong generation related to
the illumination level. The cell then is in high injection condition [18] [23].

However, in normal illumination mode, the carrier density is very low com-
pared to the doping rate.

As shown by Figure 9, the variations of the ratio of the doping level by carri-
ers density were also plotted, in an intermediate operating point and for the two
illumination modes at the same depth x= 0.0001 cm.

It emerges from Figure 9 that the ratio of the doping level by carriers density

also increases rapidly in normal illumination mode in comparison with the

120000 ~ =— Under moderate light concentration C=50 Suns
{ |—®— Under normal illumination mode C= 1Sun
80000 —
60000 —
40000 —-
20000 —-
0 - : T ' T T T T T T 1

2.00E+015 4.00E+015 6.00E+015 8.00E+015 1.00E+016

Doping level N (cm'3)

Figure 8. Carriers density variation in the open-circuit operating point.
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Figure 9. Carriers density variation in an intermediate operating point.

moderate concentration illumination mode. This result proves that in an inter-
mediate operating point and under moderate light concentration, the doping
level is close to carriers density. However, under normal illumination mode, car-
riers density is significantly low compared to the doping level.

Under the two illumination modes, the variations of the ratio of the doping
level by carriers density were also plotted in the short-circuit situation as shown
by Figure 10 below.

The results also show that in the short-circuit situation and under moderate
light concentration, carrier density is close to doping level. However under nor-
mal illumination mode, carriers density is low compared to the doping level.
These facts result in a greater effect of doping rate on carriers density under

normal illumination mode compared to the moderate light concentration mode.

4. Conclusions

An analysis of the doping level effect was carried out under moderate light con-
centration (C = 50 Suns) and under normal light illumination (C = 1 Sun).

It appears for the both illumination modes a decrease of the diffusion para-
meters, of the current density, of the maximum power and the conversion effi-
ciency with the doping level increase while the photo-voltage increases.

The results also showed that diffusion parameters variation rate with the doping
level is greater under moderate light concentration compared to the normal il-
lumination mode.

However, results show that the short-circuit current, the open-circuit voltage,

the maximum power and the conversion efficiency all present higher variation
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Figure 10. Carriers density variation in short-circuit operating point.

rates under normal illumination. This result is in contradiction with diffusion
parameters study but can be explained by the fact that under moderate light
concentration carriers strong generation leads to high carriers density values.
The carriers density is very high and close to doping level and consequently less
sensitive to the doping level variations: the PV cell is then in high injection con-
dition. Carriers density study confirms that its variation with the doping level is
weak under moderate light concentration compared to the normal illumination

mode.
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