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Abstract 
In this paper, we investigate theoretically a radial n+/p silicon solar cell in 
steady state and monochromatic illumination. The purpose of this work is to 
analyze the effect of the cell base radius on its electrical parameters. The con-
tinuity equation in cylindrical coordinates is established and solved based on 
Bessel functions and boundaries conditions; this led us to the photovoltage 
and photocurrent density in the cell. The open circuit voltage and the short 
circuit current density are then deduced and analyzed considering the base 
radius. Based on J-V and P-V curves, series and shunt resistances, fill factor 
and maximum power point are derived and the conversion efficiency of the 
cell is deduced. We showed that short circuit current density, maximum 
power, conversion efficiency and shunt resistance decrease with increasing 
base radius contrary to the open circuit voltage, the fill factor and the series 
resistance.  
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1. Introduction 

To improve the performance and reduce the cost of solar cells or to overcome 
the limitations exhibited by Shockley and Queisser [1], many and diverse studies 
on n-p junction solar cells are conducted. There are thus several configurations: 
we encounter parallelepiped or cubic configuration with the classic horizontal 
junction between the base and emitter assuming that the generated carriers 
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move from the base to the emitter parallel to the illumination [2] [3] [4] and 
vertical junction for the purpose to reduce the path of the carriers to the junction 
to decrease recombination in the base of the cell [5] [6] [7]. Also, we can find in 
the literature cylindrical configurations with planar [8] [9] [10] and radial [11] 
[12] [13] [14] p-n junction as depicted in Figure 1 which is deeply investigated 
in this paper. 

Trabelsi et al. [9] and Mbodji et al. [8] carried out work on a cylindrical grain 
N+/P polycrystalline solar cell. The study [9] reveals that the recombination at 
the grain boundaries becomes non-negligible and the photocurrent decreases for 
a photovoltaic cell whose thickness H is greater than the diffusion length for a 
small cylindrical grain radius. And the optimum thickness to obtain more than 
95% of the available current density is around 50 μm. And on the other hand 
Mbodji et al. [9] showed that photocurrent density and photovoltage increase 
with grain radius. And the shunt resistance also increases with the radius of the 
grain for large values of the dynamic speed at the junction.  

Leye et al. [10] studied the temperature effect on the performance of an N/P 
solar cell considering the columnar cylindrical grain. They showed that when the 
temperature increases the short circuit increases however, the open circuit de-
creases. Some parameters, such as the short-circuit photocurrent density, the 
open circuit photovoltage, the fill factor, and the efficiency are linearly depen-
dent on the temperature. These results mentioned above were obtained by con-
sidering a planar junction.  

As for the radial junction, it should be noted that it is essentially perceived in 
nanotechnologies such as nanowires offering many advantages. Failing to in-
crease the maximum efficiency beyond the standard limits, radial geometry al-
lows to reduce both the quantity and quality of the material necessary to ap-
proach these limits, thus allowing a substantial reduction in costs [12] [13]. 

The geometric configuration of solar cells therefore seems to be a key element. 
Especially since studies carried out on cubic and cylindrical solar cells have 
shown a slight improvement in photovoltaic performance in favor of the cylin-
drical model [9]. Simulation work has highlighted the advantage of the radial 
junction over a planar junction [14]. 
 

 

Figure 1. Radial p-n junction solar cell. 
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Sam et al. [11] were able, through a 2D approach, to study the effect of the 
base radius, the thickness and the wavelength on the photocurrent density and 
the quantum efficiency of a radial junction solar cell. However their study 
doesn’t give any information on the effect of the base radius on the other elec-
trical parameters such as photovoltage, electric power, fill factor, shunt and se-
ries resistances. 

The purpose of this article is to broaden the field of study in this field by stud-
ying the influence of the base radius of a radial junction cell on its electrical pa-
rameters. 

2. Theoretical Background 

Our model is illustrated in Figure 1. It consists of three parts including two 
coaxial cylinders: 
 The first solid cylinder forms the base of the solar cell. It is a p-type region 

(1015 to 1017 cm−3) of radius Rb and depth H with the predominance of gener-
ation, recombination and diffusion phenomena. 

 The second hollow cylinder, which circles the first one, represents the n+-type 
emitter of thickness d and is heavily doped (1018 to 1019 cm−3). 

 The third part is what is called the space charge region (SCR). Located and 
created between the emitter and the base, it is a transition region where there 
is an intense electric field which separates electron-hole pairs arriving at the 
junction.  

2.1. Assumptions 

To simplify our study, we assume that: 
 The contribution of the emitter is not considered [8] [11] also implying the 

non-taking into account of the grain limits. 
 The penetration of light is along the z- axis parallel to the junction and the 

generation of excess minority charge carriers. 
 The transport of excess minority charge carriers is according to the position r 

in the base [14]. 
 The base doping is uniform, so no field exists outside the space charge re-

gions: the base is quasi-neutral [9] [15]. 
 The Earth’s magnetic field is not considered because that magnetic fields of 

values smaller than 10−5 T have no significant effect on a solar cell [2].  

2.2. Continuity Equation 

When the solar cell is illuminated, there are three major phenomena that occur 
inside: carrier generation, recombination, and drift/diffusion. These phenomena 
are described by the continuity equation. Assuming that carriers generation is 
uniform according to θ and taking into account the symmetry of the model, car-
riers density should be invariant by any θ angle rotation [8] [10] [13] [16]. The 
continuity equation can then be written as: 
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δn is the excess minority carrier density, λ the illumination wavelength, α the 
absorption coefficient, R the reflection coefficient, ϕ0 the incident flux, Ln the 
excess minority carrier diffusion length and Dn their diffusion constant in the 
base of the cell. r and z represent respectively the radius and thickness of the 
base along horizontal and vertical axes.  

Equation (1) is a partial differential equation whose general solution can be 
given in the following form [9] [11]: 
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Ck and f (r, λ) are obtained from the following boundaries conditions:  
 At the emitter base interface (r = Rb): 
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 At the backside (z = H): 
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With Sf and Sb respectively the junction dynamic velocity and the back surface 
recombination velocity.  
 At the front side (z = 0): 

( ), 0, 0n r zδ λ= =                        (5) 

3. Electrical Parameters 
3.1. Photocurrent Density 

The photocurrent density is determined by using Fick’s law:  
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q is the electron charge. 
Inserting Equation (3) into Equation (6) and doing the integration, we obtain 

Equation (7):  
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In Equation (7) I0 represent the Bessel function of modified 1st species of order 
0, the expressions of Mk and Ak are given by Equations (8) and (9) respectively 
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3.2. Photovoltage 

The photovoltage is obtained from Boltzmann relation in the form:  

( )( )
0 0

1ln 1 , , 2 d
H

ph T n b bV V r R z R z
n

δ λ
 

= + = 


π


∫            (10) 

By using Equation (3), Equation (10) can be rewritten as:  
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=  is the electron density at equili-

brium, ni the intrinsic carrier’s density, NB the base doping density and KB the 
Boltzmann constant.  

4. Results and Discussion 

Figure 2 presents the photocurrent density versus junction dynamic velocity for 
various base radius. 

For lower Sf (≤102 cm/s) the photocurrent is practically zero; carriers’ flow 
through the junction is very low: there are charge accumulations about the junc-
tion. The solar cell is operating in open circuit. After an intermediate operation, 
we observe that when Sf becomes very important (Sf ≥ 106 cm/s), the photocur-
rent density is maximum. Carriers’ flow through the junction is very high: this is 
a short-circuit situation. This result is in good agreement with those already ob-
tained in other works, both with the radial junction [11] and with the planar 
junction [8]. The decrease in the photocurrent density Jph observed with the in-
crease of the base radius Rb is explained by the fact that when Rb increases the 
n-p junction becomes more distant. Carriers generated close to the center that is 
far from the junction are subject of recombination. Only those generated far 
from the center and close to the junction according to the diffusion length Ln 
will be able to participate in the photocurrent. 

In Figure 3, we plotted the photovoltage versus junction dynamic velocity for 
various base radius. 

As noted on Figure 3, when the cell radius increases there is more carrier’s 
accumulation across the junction. The more the cell radius is, the more the n-p 
junction is far for charge carrier. For those carriers not recombined, there is an 
accumulation and then an increase of the photovoltage.  

Those observations can be seen on Figure 4 with the Photocurrent density 
versus Photovoltage curves. 
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Figure 2. Photocurrent density versus junction dynamic velocity for various base’s radius. 
Ln = 50 µm, H = 150 µm, Sb = 2 × 102 cm/s, λ = 1000 nm. 
 

 

Figure 3. Photovoltage versus junction dynamic velocity for various base’s radius. Ln = 50 
µm, λ = 1000 nm, H = 150 µm, Sb = 2 × 102 cm/s. 
 

 

Figure 4. Photocurrent density versus photovoltage for various base’s radius. Sb = 2 × 102 
cm/s, H = 150 µm, λ = 1000 nm, Ln = 50 µm. 
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The short circuit current density decreases with increasing base radius while 
the open circuit voltage increases. Figure 4 also shows that short circuit current 
density is more sensitive to the base radius contrary to the open circuit voltage.  

For a given Photocurrent density—Photovoltage curve, the solar cell behaves 
like a real current generator near short circuit and like a real voltage generator 
near open circuit. The solar cell can then be represented by the following elec-
trical equivalent circuits [6] [7].  

From the electrical equivalent circuits depicted in Figure 5 and Figure 6, ex-
pressions of shunt and series resistances are derived as follow:  

( )
( )

phco ph f
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V V S
R

J S

−
=                      (12) 

( )
( )

ph f
sh

phcc ph f

V S
R

J J S
=

−
                     (13) 

Series and shunt resistances curves are presented respectively on Figure 7 and 
Figure 8 versus junction dynamic velocity for various base radiuses. 
 

 

Figure 5. Solar cell electrical equivalent circuit near open circuit. 
 

 

Figure 6. Solar cell electrical equivalent circuit near short circuit. 
 

 

Figure 7. Series resistance versus junction dynamic velocity for various base’s radius. Sb = 
2 × 102 cm/s, H = 150 µm, Ln = 50 µm, λ = 1000 nm. 
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Figure 8. Shunt resistance versus junction dynamic velocity for various base’s radius Rb; 
Sb = 2 × 102 cm/s, H = 150 µm, Ln = 150 µm, λ = 1000 nm. 
 

Beyond a slight increase in the series resistance Rs with increasing junction 
dynamic velocity, it can be noticed through Figure 7, that when Rb increases the 
series resistance increases. This result is consistent with those observed above 
with the photocurrent density. There is a decrease in Jph with Rb which is ex-
plained by a loss of carriers in the base of the cell and an inability of these carri-
ers to be able to cross the junction to participate in the photocurrent. Then the 
photocurrent transmitted to the external load decreases, thus suggesting an in-
crease in the series resistance which shows a multiplication of the defects of the 
material or even of the cell through the increase in the radius Rb.  

Also, it is noted through Figure 8 that the shunt resistance (Rsh) increases as 
the dynamic velocity at the Sf junction increases. Indeed, when Sf increases more 
carriers manage to cross the junction to participate in the photocurrent. Thus, 
fewer carriers are recombined. The current transmitted to the external load is 
improved. Then the leakage currents are reduced which reflects the increase in 
shunt resistance. However, when the base radius Rb increases the shunt resis-
tance Rsh decreases. This is the consequence of the decrease in the photocurrent 
density and the increase in the open circuit photovoltage with increasing base 
radius (Figure 2 and Figure 3). The current transmitted to the external load is 
reduced through the increase in leakage currents, which partly explains the de-
crease in the shunt resistance Rsh.  

Figure 9 presents the output power versus photovoltage for various base’s ra-
dius Rb.  

The output power increases with the photovoltage up to a maximum value, 
called the maximum power point or peak power, before decreasing and cance-
ling out at the open circuit. Increasing the radius of the base leads to a decrease 
in maximum power (Pm) and an increase in circuit voltage (Voc). Moreover, we 
noticed that the more Rb increases, the more the maximum power point is 
shifted right. That is, the increase in Rb leads to an increase of the fill factor (FF) 
and contributes to reduce the efficiency (η) of the cell as can be seen with Table 1. 
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Figure 9. Output power versus photovoltage for various base’s radius Rb. Sb = 2 × 102 
cm/s, H = 150 µm, λ = 1000 nm, Ln = 50 µm. 
 
Table 1. Electrical parameters of the solar cell for various base radius. 

Rb (µm) 20 40 50 90 120 150 

Jphmax (mA/cm2) 43.122 40.297 37.694 30.028 24.845 21.375 

Vphmax (mV) 259.81 274.2 284.07 295.54 305.57 306.7 

Pmax (mW/cm2) 11.204 11.05 10.708 8.874 7.591 6.555 

Jcc (mA/cm2) 48.128 43.961 41.616 32.652 27.144 22.996 

Voc (mV) 324.56 342.58 348.38 363.67 371.15 376.95 

FF (%) 71.72 73.37 73.85 74.93 75.34 75.61 

η (%) 22.408 22.10 21.416 17.748 15.182 13.11 

5. Conclusion 

In this paper, we studied the effect of the base radius on the electrical parameters 
of a radial n-p junction solar cell. After establishing and solving the continuity 
equation in cylindrical coordinates, new expressions for the photovoltage and 
the photocurrent density were deduced. This allowed the deduction of the series 
and shunt resistances, the fill factor (FF) and conversion efficiency. The study 
reveals that when the radius of the base increases, the short-circuit current den-
sity, the maximum power, shunt resistance and the conversion efficiency (η) de-
crease. However, there is an increase in the open circuit photovoltage, the fill 
factor and the series resistance.  
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