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Abstract In this paper we present results of two-dimensional analysis of a bifacial polycrystalline solar cell
under Gaussian illumination, in highlighting the Gaussian beam radius effects, on the solar cell electrical
parameters. The two-dimensional continuity equation with a Gaussian generation rate is solved using the finite
element method. The effects of Gaussian beam radius, on the recombination and electrical parameters of the
solar cell are studied namely: the carriers' density (δ), the photocurrent density (J), the short-circuit photocurrent
density (Jcc), the photovoltage (V), the series resistance (Rs) and the shunt resistance (Rsh).
Keywords Solar cell, finite elements, Gaussian beam, wavelength, photocurrent, photovoltage, recombination
velocity, diffusion length, shunt resistance, series résistance.
1. Introduction
To characterize solar cells, several methods are used [1-3]. Generally, these methods consist of interacting the
solar cell with an external excitation, and examining the response of solar cell, namely, the photocurrent or the
photovoltage produced by that one. The analysis of this response leads to determine the microscopic and
macroscopic parameters which govern the solar cell working.
The solar cell illumination by a monochromatic beam not depending to its width does not take account the
variability of the illumination on the solar cell surface. To take into account this variability of illumination, we
propose in this study to characterize a solar cell excited by a Gaussian radiation, permitting to have a better
modelling of the illumination of the solar cell surface [3]. The continuity equation which results from it will be
solved using finite element method. From the evaluation of the photocurrent and the photovoltage, we will
determine for various values of the Gaussian beam illumination radius, the diffusion length, the back surface
recombination velocity, as well as the series resistance and the shunt resistance, starting from the electrical
model of the solar cell [4, 5].
2. Theoretical analysis
Let us consider a rectangular crystal of a bifacial polycrystalline silicon solar cell having a base depth H 1, and a
width H2, as represented in figure 1.

Figure 1: Rectangular Crystal of a bifacial silicon solar cell
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This solar cell is illuminated by a luminous flow which we consider as a monochromatic radiation.
To carry out this study, we consider the following assumptions [5]:
- no external electric or magnetic field is applied to the semiconductor substrate;
- the influence of the semiconductor substrate thickness on the carriers' dynamics is neglected;
- the emitter contribution to the photocurrent is not taken into account.
The continuity equation which governs the solar cell’s operation in this case is given as follows [5]:
𝝏𝟐 𝜹 𝒙,𝒚
𝝏𝒙𝟐

+
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where 𝜹 𝒙, 𝒚 represents the photogenereted excess minority carrier’s density in the base, L, the electron
diffusion length, D, the diffusion coefficient. 𝒈 𝒙, 𝒚 is the generation rate. To take into account the variability
of luminous flow, we suppose that this generation rate has a Gaussian form.
In these conditions, this generation rate is given by the following equation [1]:
𝒆
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Where 𝐼0 is the illumination intensity, supposed constant. R and 𝛼 are respectively, the reflexion coefficient
andthe absorption coefficient on the front or the back of solar cell surface, and 𝑟𝑓 , the radius of the Gaussian
illumination.
One can note that in this relation, the classical monochromatic generation rate𝑔 𝑥 = 𝐼0 1 − 𝑅 𝛼𝑒 −𝛼𝑥 is
multiplied by the corrective term
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The continuity Equation (1) obeys to the following boundary conditions [1], namely, the current of diffusion and
the current of recombination are equal on the boundaries, i.e .[5] :
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Sj indicate sthe junction recombination velocity, Sb, the back surface recombination velocity and Sgb, the
boundary recombination velocity on the boundaries𝑦 = −

𝐻2
2

and𝑦 =

𝐻2
2

.

2.1. Resolution of the continuity equation by the finite element method
This continuity equation is an elliptic differential equation, which can be written to the following general form:
−∇ 𝑐∇𝑢 + 𝛽 ∙ 𝑢 = 𝑓
(7)
It obeys to the Neumann boundaries conditions [5, 7], namely:
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a, b, 𝑐1 and𝑐2 arethe constant such as :
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The variational form associated to the equation (7) can be written as follows:
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where 𝑛 is the normal unit vector on the borderᴦand𝑛 ∙ ∇𝑢 =

𝜕𝑢
𝜕𝑛

,the normal derivative.

To solve equation (7), one models the crystal of the solar cell by a rectangular domainΩ, delimited by x=0 and
x=H1 according to ox, and 𝑦 = −

𝐻2
2

and 𝑦 =

𝐻2
2

according to oy. This domain is subdivided into triangular

finite elements, with h1, the step of the mesh according to ox, and h2, the step according to oy [5, 8].
After minimization of the variational form (8), we obtain the equation [5]:
𝐴𝑈 = 𝐿(9)
or inversely:
𝑈 = 𝐴−1 𝐿(10)
Where 𝐴 and 𝐿 are the global matrix of all finite elements. The vector 𝑈 = [𝑢1, 𝑢2 , 𝑢3 , … . 𝑢𝑁+1 ]is the unknown
excess minority carrier’s density and 𝑁, the node number of the mesh.
The resolution of the equation (10) then makes it possible to determine the excess minority carriers' density
photogenerated [5, 9], from which the photocurrent density and the photovoltage are determined.
2.2. Generation rate

Figure 2a : Reflexion coefficient of the solar cell versus λ [1, 2].

Figure 2b: Absorption coefficient of the solar cell versus λ[10].
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To solve equation (9), it is necessary to know the second member i.e the generation rate 𝑔 𝑥, 𝑦 given by the
equation (2).
In the silicon semi-conductor, this generation rate depends on the reflexion coefficient R on the solar cell
surface, and the absorption coefficient ᾳ. Both these parameters depend on the wavelength λ of the illumination,
as represented in figures 2a and 2b [1, 2, 10].
The analysis of these curves shows that:
- the reflection is lower for the wavelengths values located between 700 and 980 nm. Thus for these values of
wavelength, the incidence luminous flow absorbed by the solar cell is more important [1, 2].
- The absorption is higher when λ<365nm. It decreases when the wavelength increases [10].
2.3. Photocurrentdensity and photovoltage
The photocurrent density and the photovoltage are determined from relations (9) and (10), respectively, as
follows [5]:
𝐽=

𝑞∙𝐷
𝐻2

𝐻2
𝜕𝛿 𝑥,𝑦
2
𝐻
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(9)

𝑞indicates the electron’s charge and
𝑉 = 𝑉𝑇 𝐿𝑜𝑔
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2
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𝛿 0, 𝑦 𝑑𝑦 + 1

(10)

VT represents the thermal voltage, Nb: the doping in the base and ni, the intrinsic carrier’s density.
2.4. Short-circuit photocurrent density
The photocurrent density J being constant for very large values of junction recombination velocity Sj, its
derivative is equal to zero [3] [4]. This condition permits to determine the back surface recombination velocity
Sb, given by [4]:
𝑆𝑏 = 𝐷 ∙

𝐻
1
𝐻
−𝑒𝑥𝑝 −𝛼∙𝐻 − 𝑠
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𝐿
𝐿
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(11)

Knowing all other parameters, one can determine the short-circuitphotocurrentdensityJcc, and the photovoltage,
according to the diffusion length L [4].
2.5. Macroscopic parameters of the solar cell
If we neglect the diode current, the equivalent electrical circuit of the solar cell can be illustrated as in figure 3
[4].

Figure 3 : Equivalent electrical circuit of the solar cell
where Iph represents the photocurent, Rs, the series resistance, Rsh, the shunt resistance, and RL, the load
resistance. These resistances are given respectively by [11]:
𝑅𝑠 =
𝑅𝑠 =

𝑉

𝐼𝑐𝑐 −𝐼
𝑉𝑐𝑜 −𝑉
𝐼

(12)
(13)

Where 𝐼𝑐𝑐 indicates the short-circuit photocurrent density and 𝑉𝑐𝑜, the open circuit photovoltage.
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3. Results and Discussions
To determine the microscopic and macroscopic parameters of the solar cell illuminated by a Gaussian luminous
flow, it is necessary to know the generation rate of the photogenereted carriers, namely the reflexion coefficient
R, and the absorption coefficient ᾳ. In this objective, while basing itself on the curves of the figures 2a and 2b
giving the variations of R and ᾳ according to λ, we have represented in figure 4, the variation of the generation
rate versus λ, for various values of the base depth x, with rf= 0,015 cm and y=0 corresponding to the maximum
Gaussian flow.

Figure 4 : Generation rate versus λfor various values of the base depth x.
These curves shows that the generation rate increases rapidly starting from 500 nm then reaches a maximum
before decreasing. This maximum is higher when the value of the base depth is low. We can note that the
maximum of the generation rate corresponds to x=10 μm and a wavelength value λ=800 nm. Knowing the value
of λ, it is easy to deduce starting from the curves represented in figures 2a and 2b, the values of the reflection
coefficient R, and the absorption coefficient α, corresponding to the maximum of the generation rate. We have
found respectively 𝑅 = 0.3448 and 𝛼 = 825.8 𝑐𝑚−1 .
After determining the values of R and α, the generation rate given by the equation (2), is represented in figure 5,
versus to the base depth x, and the grain width y, with a radius of Gaussian luminous flow, rf=300 µm.

Figure 5: Generation Rate of Gaussian flow versus to the base depth and the grain width
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Obviously, this generation rate is higher at the center of the solar cell grain and in the vicinity of the junction
(x=0). It decreases rapidly and tends towards zero, when the base depth increases.
To illustrate the effects of the radius of luminous flow on this generation rate, we represented it in figure 6 in the
vicinity of the junction, versus the grain width, for various values of the radius of Gaussian luminous flow.

Figure 6: Generation rate versus the grain width in the vicity of junction.
one can note that the generation rate increases when the radius of the Gaussian luminous flow decreases.
3.1. Minority carriers density photogenerated
Knowing the second member of the continuity equation (1),we have solved this equation using the finite
element method and determined the excess minority carriers' density which is represented in figure 7, with a
radius of luminous flow rf=0.01 cm.

‘
Figure 7: Minority carriers’ densityversus base depth: D=26 cm2/s; L=0.01 cm ;Sj=104 ; Sb=105 cm/s ;
Sbg=102 cm/s.
To highlight the effect of the radius of Gaussian flow rf on the minority carriers density, we represented in
figure 8, the photogenereted minority carriers' density versus the base depth for various values of rf.
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Figure 8: Minority carriers’ density for various values of rf.
As shown in these curves, the minority carriers' density photogenereted by a Gaussian luminous flow, increases
when the base depth increases. It reaches a maximum value and decreases in tending towards zero, when one
approaches the back surface.
One can note that the minority carriers' density photogenerated by the Gaussian luminous flow, just like the
generation rate, decreases when the radius of luminous flow increases. That can be due to the fact that the
illumination intensity is the same for all values of rf. In fact the decrease of radius of Gaussian luminous flow
involves the increase of the incidence power density, leading to the photogenerated carriers' density increase.
This result is in agreement with those obtained by previous studies [6].
3.2. Photocurrent density
After obtaining the photogenerated minority carriers' density, we have determined the photocurrent density,
which we represented in figure 9, versus the junction recombination velocity Sj, and the grain width of solar
cell, for rf=0.01cm.

Figure 9 : Photocurrent densityversus Junction recombination velocity Sj. D=26 cm2/s; L=0.01cm; Sb=102
cm/s; Sbg=102 cm/s.
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One can note that the photocurrent density is null for the small values of junction recombination velicity Sj
which corresponds to the open circuit solar cell opreration. It increases when Sj increases and saturates for the
great values of Sj, corresponding to the solar cell short-circuit operation.
To illustrate the effect of the Gaussian luminous flow radius on the photocurrent density, we represented it in
figure 10, for various values of rf, according to junction recombination velocity Sj.

Figure 10: Photocurrent density versus junction recombination velocity Sj, for various values of rf. D=26 cm2/s;
L=0.01 cm; Sb=102cm/s; Sbg=102 cm/s.
As we noted for the minority carriers' density, the photocurrent density, decreases when Gaussian flow radius
increases.
3.3. Phototovoltage
The photovoltage has been determined using our calculation code and represented according to the junction
recombination velocity Sj, and the grain width of the photovoltaic cell. This curve is represented in figure 11
with a value of rf=0.01cm.

Figure 11: Photovoltage versus Sj and the grain width: D=26 cm 2/s; L=0.01 cm; Sb=102 cm/s; Sbg=102 cm/s.
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We can note that for the low values of the junction recombination velocity, the photovoltage is constant. What
corresponds to the solar cell open circuit working. This photovoltage decreases and then tends towards zero for
the great values of Sj, i.e. values of Sj corresponding to the solar cell short-circuit working.
We represented in figure 12 the photovotage for various values of rf.

Figure 12: Photovoltage versus Sj for various values of rf. D=26 cm2/s; L=0.01 cm;Sb=102cm/s; Sbg=102
cm/s.
We can also note that the open circuit photovoltage decreases when the Gaussian flow radius increases.
3.4. Current-voltage characteristic
After determining the photocurrent density and the photovoltage, we have evaluated the current-voltage
characteristic and represented it versus Sj, for various values of rf. in figure 13.

Figure 13: Current-voltage characteristic for various values of rf. D=26 cm2/s; L=0.01 cm; Sb=102 cm/s;
Sbg=102 cm/s.
These curves show that smaller is the Gaussian luminous flow radius, higher are the short-circuit photocurrent
density Jcc, and the open circuit photovoltage Vco.
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3.5. Short-circuit photocurrent density and Effective diffusion length
The short-circuit photocurrent density Jcc, has been deternined according to the diffusion length L, and the grain
width. It is plotted in figure 14, for a value of rf=0.05cm.

Figure 14: Short-circuit photocurrent density versus the diffusion length L. D=26 cm 2/s; Sbg=102 cm/s.
Let us note that for various values of rf, the short-circuit photocurrent density is represented versus L, in figure
15.

Figure 15: short-circuit photocurrent density versus L. D=26cm2/s; Sbg=102 cm/s.
One notes that the short-circuit photocurrent density decreases when Gjaussian flow radius increases.
These curves enable us to determine the values of Jcc for each value of rf.
Another important microscopic parameter of the solar cell is the effective diffusion length. To determine it, we
have applied the T.I.C.C.C. technic (Short-circuit Insertion Technic) [4, 14]. Actually the use of this method
required to know the experimental value of the short-circuit current Jcc corresponding to the illumination used.
However, to estimate the order of the magnitude of the photovoltaic cell effective diffusion lengths, we gave to
Jcc the values deduced from figure 10.
The results obtained are listed in table 1.
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Table 1: Recombination parameter Leff
Gaussien flow radius rf (cm) Jcc (mA) Leff (cm)
0.010
12.7233
0.0087
0.015
05.4397
0.0042
0.020
03.9550
0.0037
0.025
01.8326
0.0025
0.030
01.2366
0.0020
Asawaited the effective diffusion lenght decreases with the increasingof the Gaussian luminous flow radius.
3.6. Shunt and series resistances
The photovoltage V and the photocurrent density being known according to the junction recombination velocity
Sj, one can plot the shunt resistance Rsh and series resistance Rs, versus Sj [11].
The shunt resistance represented in figure 17 for various values of rf.

Figure 16 : Shunt resistance versus the junction recombination velocity Sj, for various values of rf.
The shunt resistance increases when the Gaussian flow radius increases. This tendency is in conformity with the
results given by references [3] and [4]. This resistance being function of Sj, one can find an optimal operation
point of the solar cell, corresponding to the optimal shunt resistance.
In the same way, the series resistance is represented in figure 18, for various values of rf.

Figure 17: Series resistance versusSj, for various values of rf
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3.7. Gaussian illumination effects on the solar cell electrical parameters
To highlight Gaussian illumination effects on solar cell electrical parameters, we have compared the currentvoltage characteristics, the shunt and series resistance of the solar cell, when it is illuminated by a Gaussian flow
and when it is illuminated by the classical monochromatic flow.
This comparative study carried out on the current-voltage characteristic is represented in figure 18.

Figure 18 : Current-voltage characteristic: Gaussian and classical monochromatic flows
It shows that the photocurrent produced by the Gaussian flow is higher than that produced by the classical
monochromatic flow. Same effects are observed on the shunt and series resistances, as shown in figures 18 and
19,in which these quantities are represented versus Sj.

Figure 19: Series resistance: Gaussian and classical monochromatic flows

Figure 20: Shunt resistance: Gaussian and classical monochromatic flows.
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Therefore, the photocurrent density resulting from the classical monochromatic flow is veryweak compared with
that produced by the Gaussianflow. In addition, the photocurrent density resulting from the classical
monochromatic flow and the shunt resistance are multiplied by 100 and, the series resistance by 10.
One can note that the Gaussian flow affects considerably the order of magnitude of these resistances although
they preserve the same variations.
4. Conclusion
After examining the generation rate, the photgenerated minority carriers' density, the photocurrent density, the
photovoltage and the short-circuit current density, we can note that when the gaussien flow radius decreases,
there is improvement of the solar cell parameters resulting in the increase of the photovoltage and the
photocurrent density,since the reduction in rf involves the increase in the incidental power density due to the
reduce of the illumined surface of solar cell.
Thus, by acting on the Gaussian flow radius, one can improve the performances of solar cells, which can be
illumined by a Gaussian flow.
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