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Abstract 

A photovoltaic cell is a device that generates electricity directly from visible light. Several factors affect the conversion 
efficiency of solar cells. Parasitic resistances such as the shunt resistance is a fundamental parameter of the equivalent 
electrical model of the solar cell, which induces the leakage current of electrical charges when its value is low. It 
represents all leakage currents within the solar cell. It is also an indicator of good or poor quality of a solar cell, since a 
high value indicates low leakage current through the cell, and vice versa. A number of measurement techniques are used 
to determine the leakage current, in particular electrical current and voltage.  
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1. Introduction

Problems of energy supply and use are pollution, acid precipitation, ozone depletion, forest destruction and emissions 
of radioactive linked not only to global warming, but also to environmental concerns such as air substances.  To prevent 
these effects, some potential solutions have evolved, including energy conservation through proven energy efficiency, 
reduced fossil fuel consumption and increased environmentally-friendly energy supplies.  

Among them, electricity generation with the solar cell system has received a great deal of research attention because it 
appears to be one of the possible solutions to the environmental problem [1] solar energy is the energy that comes from 
the sun.  The energy is used by solar cells, which convert sunlight into direct electrical current.  

 Solar cells are composed of various semiconductor materials. Semiconductors are materials that become conductors of 
electricity when exposed to light or heat. 

Authors [4, 5, 6, 7] have highlighted the effects of shunt resistors on solar cell performance. They show conclusively that 
shunt resistors can adversely affect the performance of solar cells and PV modules. Previous work has been carried out 
on shunt resistors Rsh in static [8, 9, 10] transient [11,12], and frequency modulation [13,14,15] regimes. In this paper, 
we study the influence of the magnetic field on the shunt resistance of a series vertical junction silicon n+p-p+ type solar 
cell in frequency modulation. 
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2. Study model and mathematical problem solving  

2.1. Study model  

This study is based on a vertical junction silicon solar cell, with the following assumptions: the thicknesses of the space 
charge region and the emitter are very small compared to that of the base, so their contributions are neglected so that 
only the contribution of the base is taken into account. Figure 1 shows an n+-p-p+ series vertical junction silicon solar 
cell from [16] under monochromatic illumination and applied magnetic field and a single cell. The magnetic field vector 

𝐵⃗ is perpendicular to the plane (xoz). 

 

a) 

 

b) 

Figure 1 (a) A series vertical junction solar cell with an applied magnetic field, (b) A single structure of a vertical 
junction solar cell with an applied magnetic field. 

2.2. Mathematical problem solving   

When the solar cell is under light excitation, generation, recombination and diffusion phenomena occur in the base. The 
minority carriers photogenerated in the base are governed by the continuity equation in the frequency-dynamic regime 
[17, 18]. 

D∗.
∂2δ(x,z,t)

∂x2 −
δ(x,z,t)

τ
= −G(z, t). +

∂δ(x,z,t)

∂t
                                                                         (1) 

Where x and z represent the horizontal and vertical depths respectively. D∗ is the complex electron diffusion coefficient 
as a function of magnetic field and modulation frequency. τ is the average charge carrier lifetime and t is the time. Its 
expression in the frequency dynamic regime under the effect of the magnetic field is given by the following equation. 

𝑫𝒏
∗ =

𝑫𝒏[(𝟏+𝝉𝒏
𝟐(𝝎𝒄

𝟐+𝝎𝟐))+𝒊.𝝎.𝝉𝒏(𝝉𝒏
𝟐(𝝎𝒄

𝟐−𝝎𝟐)−𝟏)]

(𝟏+𝝉𝒏
𝟐(𝝎𝒄

𝟐+𝝎𝟐))
𝟐
+𝟒.𝝎𝟐.𝝉𝒏

𝟐
                                                                         (2) 

𝑫𝒏
∗  the complex diffusion coefficient of electrons as a function of magnetic field and modulation frequency, and 𝑫𝒏 the 

intrinsic diffusion coefficient of electrons without an applied magnetic field [19, 20].  
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Where ω is the angular modulation frequency (ω=2πf with f the frequency); 𝝉𝒏 the average lifetime of minority carriers;  
with q and me being the electron's elementary charge and mass respectively, B the intensity of the applied magnetic 
field. 

The overall generation rate is given by [21]:  

G(z, t) = g(z). eiωt                                                                                   (3) 

where g (z) the spatial component and eiωt the temporal component, ω the angular frequency and i the pure imaginary. 
The expression for the generation rate g (z) is: 

g(z) = ϕ. α. (1 − R)e−α.z                                                                           (4) 

Where ϕ is the monochromatic incident flux of light, α is the monochromatic absorption coefficient of the material, and 
R is the monochromatic reflection coefficient of the material. 

The density of minority charge carriers can be expressed as [22]: 

δ(x, z, t) = δ(x, z). eiωt                                                                                    (5) 

δ(x, z): is the spatial part. Replacing equations (3) and (5) in equation (1) gives: 

∂2δ(x,z,λ,ω,B)

∂x2 −
δ(x,z,λ,ω,B)

L2(ω,B)
= −

g(z)

D(ω,B)
                                                                           (6) 

We pose: 

L2(ω, B) = τ. D(ω, B)                                                                                                        (7) 

The general solution to equation (6) is: 

δ(x, z, λ, ω, B) = K1. e
x

L(ω,B) + K2. e
− 

x

L(ω,B) +
L2(ω,B)

D(ω,B)
. ϕ. α. (1 − R)e−α.z                                (8) 

 Coefficients K1 and K2 are determined by boundary conditions [23].   

 at the transmitter-base junction (x=0): 

𝐷∗.
∂δ(x,z)

∂x
|
x=0

= Sf. δ(x, z)|x=0                                                                              (9) 

  in the middle of the base in x=H/2: 

∂δ(x,z)

∂x
|
x=

H

2

= 0                                                                                                  (10) 

With H the depth of the solar cell base along the horizontal, Sf the recombination rate at the junction [24, 25]. 
Photocurrent density is due to the diffusion of minority charge carriers across the emitter-base junction. The 
photocurrent density of the solar cell is obtained by grading the density of minority carriers at the junction; its 
expression is given by [26]: 

Jph(x, z, ω, λ, B, Sf) = q. D(ω, B)
∂δ(x,z,ω,λ,B,Sf)

∂x
|
x=0

                                                            (11) 

Where q is the electron's elementary charge. 
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3. Results and discussion  

3.1. Photocurrent versus photovoltage characteristic Jph-Vph. 

The Jph-Vph characteristic explains the evolution of photocurrent as a function of photovoltage for different operating 
points of the solar cell. The profile of the Jph-Vph characteristic for different magnetic field values is shown in Figure 2. 

 

Figure 2 Jph-Vph characteristic for different magnetic field values. z=0.002 cm; λ=0.86 µm 

In figure 2, all three curves show the same pattern. It can be seen that photocurrent density is at its highest, and virtually 
constant, at low photovoltage levels: in this range, the solar cell is operating in a short-circuit condition. As the solar 
cell's photovoltage tends towards higher values, photocurrent decreases: the solar cell operates in open-circuit mode. 

Moreover, the application of a magnetic field reduces the amplitude of the short-circuit photocurrent and the open-
circuit photovoltage for a given wavelength. 

3.2. Shunt resistance in the vicinity of the short circuit  

3.2.1. Theoretical approach to determining shunt resistance 

Shunt resistance, also known as parallel resistance, is due to impurities, surface conditions, dangling bonds and 
imperfections in the p-n junction (or p-i-n for amorphous silicon), which cause leakage currents through the solar cell. 
The higher the Rsh, the better the cell [27]. 

 It has almost no effect on open-circuit photovoltage, but has a considerable influence on short-circuit photocurrent. It 
can be determined from the current-voltage characteristic.  The current-voltage characteristic is shown in figure 3. 

In Figure 3, for given values of applied magnetic field and angular frequency, the curve shows a zone where the 
photocurrent corresponds to the short-circuit photocurrent. This zone lies within the range [5.105cm/s ; 8.108 cm/s] of 
the recombination speed at the junction. The solar cell operates in a short-circuit situation; it can be assimilated to a 
current generator. 

In this zone, the short-circuit photocurrent decreases slightly as the photovoltage rises from a value close to zero to a 
higher value: there is then an electrical quantity linked to this variation in short-circuit photocurrent, which can be 
called "leakage resistance" or "shunt (or parallel) resistance". In the vicinity of short-circuit operation, we can propose 
an equivalent electrical circuit shown in figure 4. 
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Figure 3 Current-voltage characteristic 

 

Figure 4 Equivalent electrical circuit of the solar cell in a short-circuit situation 

Where Jphcc is the short-circuit photocurrent; Jph the photovoltage as a function of the recombination rate at the 
junction; Rsh the shunt (or parallel) resistance; Rch the load resistance and Vph the photovoltage across Rch. 

Applying the law of meshes to this circuit, we obtain: 

𝑉𝑝ℎ(𝜔, 𝐵, 𝜆, 𝑧, 𝑆𝑓) = 𝑅𝑠ℎ(𝜔, 𝐵, 𝜆, 𝑧, 𝑆𝑓) × [𝐽𝑝ℎ𝑐𝑐(𝜔, 𝐵, 𝜆, 𝑧, 𝑆𝑓) − 𝐽𝑝ℎ(𝜔, 𝐵, 𝜆, 𝑧, 𝑆𝑓)]                         (12) 

The shunt resistance is therefore: 

Rsh(ω, B, λ, z, Sf) =
Vph(ω,B,λ,z,Sf)

Jphcc(ω,B,λ,z)−Jph(ω,B,λ,z,Sf)
                                                                    (13) 

3.2.2g Influence of the magnetic field on the shunt resistors 

The influence of the magnetic field on the shunt resistor is shown in Figure 5: 
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Figure 5 Shunt resistance profile as a function of junction recombination rate for different magnetic field values. 
z=0.002 cm; λ=0.86 µm 

Figure 5 shows the same curves for resistance calibration. For a given curve, the shunt resistance increases with the 
junction recombination velocity. As the recombination rate increases, the number of photogenerated minority carriers 
crossing the junction also increases: there is a likely decrease in recombined minority carriers, consequently, this leads 
to a low leakage current, resulting in an increasing shunt resistance. 

In such cases, we can say that the increase in shunt resistance corresponds to a good quality solar cell. When a magnetic 
field is applied to the solar cell at a given angular frequency, the amplitude of the shunt resistance calibration curve 
increases. 

 In fact, the applied magnetic field slows down the diffusion of photogenerated minority carriers, or diverts them from 
their initial trajectories towards the solar cell's lateral surfaces. This leads to a decrease in leakage currents, which in 
turn leads to an increase in shunt resistance, but no statement can be made about the quality of the solar cell. 

The cut-off frequency 𝜔𝑐  as a function of the magnetic field is given by the following relationship: 

ωc =
q.B

me
                                                                                           (14) 

Where ωc is the cyclotron frequency, i.e. the frequency of the electron on its orbit in the presence of the magnetic field. 
This relationship enabled us to obtain a dependence between magnetic field intensity and resonance frequency ωr. The 
following table shows the correlation between magnetic field intensity, resonant frequency and shunt resistance for a 
recombination speed at the junction Sf= 8.108 cm/s. The following table shows the correlation between the magnetic 
field (resonance frequency) and the shunt resistance. 

Table 1 Some values of magnetic field and shunt resistance for Sf=8.108 cm/s 

Resonance frequency 𝝎𝒓 (rad/s)  Magnetic  Field B (T)  Shunt Resistance Rsh (𝟏𝟎𝟔𝛀. 𝒄𝒎𝟐) 

0 0 0.20 

1.75 × 105 10−6 0.31 

1.75 × 107 10−4 1.54 

This table highlights some values of magnetic field and shunt resistance for Sf= 8.108 cm/s. It shows conclusively that 
as the magnetic field increases, the shunt resistance becomes considerable. Indeed, when the magnetic field is applied, 
almost all minority carriers are deflected towards the sides of the solar cell before reaching the junction, thus reducing 
the number of minority carriers lost through the junction and increasing the shunt resistance. 
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4. Conclusion  

The shunt resistance is determined using the current-voltage characteristic. This study shows conclusively that the 
applied magnetic field tends to slow down or deflect photogenerated minority carriers towards the junction: their 
diffusion is slowed down and their trajectories are modified. Applying the magnetic field and resonant frequency to the 
base of the solar cell increases the amplitude of the shunt resistance.  When the magnetic field (for a given resonant 
frequency) is applied, almost all minority carriers are deflected towards the sides of the solar cell before reaching the 
junction, thus reducing the number of minority carriers lost through the junction, lowering the leakage current and 
increasing the shunt resistance.  
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