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ABSTRACT 

Within the framework of phenomenological studies, this research highlights the Bode and Nikyste diagrams of the 
diffusion coefficient as a function of the resonance frequency and the cutoff frequency. We determined the expression 
of the complex diffusion coefficient Dn* as a function of the excitation frequency and the magnetic field. Since the 
diffusion coefficient is a recombination parameter that models the cell’s ability to diffuse carriers within the material, 
we identified three behaviors of the solar cell resistive, inductive, and capacitive during the diffusion process 

Keywords:  Bode’s diagram, Nyquist’s diagram, Cut-off frequency, Resonance frequency, Magnetic field, Photovoltaic 
cell, Vertical series junction. 

1 INTRODUCTION 

Indeed, against a global backdrop of rising consumption—linked in particular to rapid population growth—reserves 
are becoming increasingly scarce. It is estimated that global reserves will be depleted by around 2030 if consumption 
is not radically altered, and by 2100 at the latest if efforts are made to address both production and consumption [1]. 

These constraints can be summarized as “socioeconomic and ecological constraints” [2]. Among these solutions, 
electricity generation using solar cells has been the focus of significant research attention, as it appears to be one of the 
possible solutions to the environmental problem [3]. It is a clean energy source [4] that does not emit CO₂ into the 
atmosphere, so its environmental impact is minimal. Photovoltaic (PV) systems, made from semiconductor materials, 
convert photons into electricity. This is how an electric current is generated when the circuit is closed to an external 
load [3, 5]. Photovoltaic energy offers new possibilities for access to energy thanks to its ease of implementation. Since 
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the first solar cell was presented by Bell Labs in 1954 [6,7]. The solar cell market is dominated by the use of silicon due 
to the low cost and easy availability of this semiconductor. However, laboratory data show that the efficiency of silicon 
photovoltaic solar cells is currently around 26% [8,9].  Due to its greater resistance to radiation and its applications in 
the space sector, p-type bulk silicon was the first type of solar cell to be studied and produced [10,11]. Several factors 
affect the efficiency of solar cells. In an effort to improve the conversion efficiency of photovoltaic modules, research 
has been conducted on bifacial solar cells [12–13], monofacial solar cells [3, 14–15], and vertical-junction solar cells 
[16–17]. This research can be conducted under steady-state conditions [17], transient conditions [18–19], and dynamic 
frequency-domain conditions [20]. The purpose of this article is to compare the phenomenological behavior of a series 
vertical-junction silicon solar cell and a bifacial solar cell under a magnetic field. 

2 MATHEMATICAL MODELING OF THE PROBLEM 

A monocrystalline silicon cell consists of a single crystal. It has a uniform appearance and is bluish-gray or black in color. 
There are also cells composed of several assembled crystals, known as microcrystalline silicon (grains smaller than 1 
μm), polycrystalline (grains smaller than 1 mm), or multicrystalline (grains smaller than 10 cm). These can be 
recognized—if the grains are thick enough—because they form a mosaic of twinning planes [21]. 

The vertical-junction solar cell is designed such that the incident light rays are parallel to the junction plane. Shown here 
are an n+-p-p+ series vertical-junction solar cell [10] and a single cell from a series vertical-junction solar cell under a 
magnetic field. 

 

Figure 1: Series Vertical-Junction Photovoltaic Cell 

When the photovoltaic cell is illuminated, the photogenerated minority carriers in the base are governed by the 
continuity equation in the dynamic frequency domain [22]: 

D∗.
∂2δ(x,z,t)

∂x2 −
δ(x,z,t)

τ
= −G(z, t) +

∂δ(x,z,t)

∂t
   (1) 

Where x and z are the spatial variables, along the (ox) and (oy) axes, respectively. 

 D* is the complex electron diffusion coefficient as a function of the magnetic field and the modulation frequency; t is 
time; τ is the average lifetime of minority carriers in the base; 

δ(x,z,t) is the density of minority carriers in the base; and G(z,t) is the overall generation rate of minority carriers. 

δ(x, z, t) = δ(x, z). eiωt  (2) 

Where eiωt is the temporal component, g(z) and δ(x,z) are the spatial components of the doping rate and the minority 
carrier density, respectively. The expression for the generation rate g(z) is given by: 

g(z)= 𝛼ϕ(1 − 𝑅) × 𝑒−𝛼𝑧 (3) 

Let ϕ be the flux of incident monochromatic photons; α be the monochromatic absorption coefficient of the material, 
and R be the monochromatic reflectance coefficient of the material. Substituting equations (3) and (2) into equation (II-
1) yields: 

∂2δ(x,z,λ,ω,B)

∂x2 −
δ(x,z,λ,ω,B)

L2(ω,B)
= −

g(z)

D(ω,B)
 (4) 
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L*=L(ω,B) represents the complex diffusion length. It depends on the excitation frequency and the magnetic field. 

We define: 

L2(ω, B) = τ. D(ω, B) (5) 

A general solution to equation (II-5) 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 (6) 

Where the coefficients K₁ and K₂ are determined by the boundary conditions. 

at the emitter-base junction (x = 0): 

D(ω, B).
∂δ(x,z,λ,ω,B)

∂x
|

x=0
= Sf. δ(x, z, λ, ω, B)|x=0      (7) 

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

∂δ(x,z,λ,ω,B)

∂x
|

x=
𝐻

2

= 0 (8) 

Let H be the thickness of the base of the photovoltaic cell along the (ox) axis; let Sf be the recombination rate at the 
junction. 

Results and Discussion 

Bode's Diagram 

 
2-a) 

 

 
2- b) 

 

Figure 2: The Bode plot The diffusion coefficient 2-a) is virtually independent of frequency when the 
magnetic field is zero. When a magnetic field is applied, resonance peaks appear. The diffusion coefficient 

models the ability of minority carriers to diffuse within the material. In practice, as the excitation 
frequency and the magnetic field increase, the magnitude of the diffusion coefficient decreases. The phase 

2-b) can be zero, positive, or negative. This reflects resistive, inductive, and capacitive phenomena. 
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Figure 3: Phase of the diffusion coefficient as a function of the logarithm of frequency for different values of 
the magnetic field 

The Nikyste diagram is a representation of the imaginary part as a function of the real part of the diffusion coefficient. 

When the magnetic field is zero (Figure 3a), we have a semicircular diagram. The phase is practically zero. As the 
frequency approaches 0, the imaginary part of the diffusion coefficient is zero, and the real part of the diffusion 
coefficient is equal to its short-circuit value: this is the resistive effect. Conversely, as the frequency approaches infinity, 
both the real and imaginary parts are zero, and capacitive and inductive phenomena become apparent. Indeed, in the 
high-frequency range, with a consistently strong magnetic field, resonance peaks occur. Thus, carrier diffusion 
diminishes as these two quantities become significant. 

Curves (c) and (d) are circles, which means that the inductive and capacitive effects of the diffusion coefficient cancel 
each other out. The negative and positive parts of the phase are confirmed by the Nyquist plot. 

3 CONCLUSION 

The diffusion coefficient is a recombination parameter that has a significant influence on conversion efficiency. The 
performance of a photovoltaic cell is limited by the recombination of photogenerated carriers at the surface and in the 
bulk before they cross the potential barrier. This study allowed us to identify three main phases: a zero phase with the 
cutoff frequency as the upper limit; a positive phase between the cutoff frequency and the resonance frequency; and a 
positive phase with the resonance frequency as the lower limit. 
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