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Abstract In this paper we study the influence of series resistance on the performance of a solar cell. This study 

is applied to the heterostructure type n+n/pp+ based on chalcopyrite materials type CuInS2 and CuInSe2 and is 

modeled in two and three-dimensional representations. We consider the single diode model, this model takes 

into account the presence of parasitic resistances (series and shunt resistances) which reduce the performance of 

the solar cell. We highlight the influence of the series resistance on the evolutions of the current - voltage and 

power - voltage characteristics, its influence on the electrical parameters such as the open-circuit voltage 

(voc),the short circuit current (Jsc), the fill factor (FF) and the efficiency (ηc) is also studied. The determination of 

certain electrical parameters of a real solar cell is quite complex and is the subject of several calculation models, 

to determine these parameters we have used particularly a numerical method and precisely the secant method. 

We consedered series resistance values ranging from 0 Ω.cm2 to 30 Ω.cm2. The results obtained show that the 

increase in the series resistance reduces the performance of the solar cell, it modifies the evolution of the 

current-voltage and power-voltage characteristics. The effect of the series resistance is visible on the current-

voltage curve by the appearance of a slope in the vicinity of the open-circuit voltage.  According to the values of 

the parameters considered in this paper, the power obtained varies between 11 mW.cm-2 and 4.4 mW.cm-2. 

Parameters such as the fill factor, the short-circuit current and the efficiency decrease when the series resistance 

increases. Thus the fill factor varies between 0.8 and 0.2, the short-circuit current between 17 mA.cm-2 and 14 

mA.cm-2   and the efficiency between 6% and 12% (for shunt resistance greater than 150 Ω.cm2). The open-

circuit voltage remains independent of the series resistance. 
 

Keywords Series resistance, Electrical parameters, Solar cell performance 

Introduction  

The performance of a photovoltaic cell depends on its electrical parameters (short-circuit current, open-circuit 

voltage, maximum power point, fill factor). Several electrical models are used to model the operation of a solar 

cell. Among these models we can cite the double diode model (comprising 7 parameters), the single diode 

model (comprising 5 parameters) [1-4] and the ideal model. The ideal model is used in the absence of parasitic 

resistances whereas the models with single diode and double diode take into account the presence of series and 

shunt resistances. The presence of series resistance is due to electrical voltage drops in the different layers of the 

solar cell, the presence of shunt resistance is due to current leakage in the different layers due generally by 

dislocations and device faults. The study of the series resistance on the performance of the photovoltaic cell first 

requires the determination of the electrical parameters. A real solar cell (presence of parasitic resistance) is 

generally described by an implicit relation between the voltage and the current, thus the access to the electric 

parameters calls upon techniques of approximate calculation. Several formulations are used for the 

determination of the electrical parameters [5-10], we can quote the function of Lambert, curve-fitting method, 

iterative 5-point method, analytical 5-point method, Newton's method, genetic algorithm [11-18]. To have 

access to these parameters we have particularly developed in previous studies a numerical method called the 

secant method [18-20]. The results obtained are applied to the solar cell based on CuInS2 and CuInSe2 

chalcopyrite materials according to the model n+n/pp+ type ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+). CuInS2 and 
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CuInSe2 are direct gap materials with photovoltaic properties in the range from near infrared to visible. The 

study of the spectral response of these cells and the influence of geometric and electrical parameters are widely 

developed in our previous studies [21-22]. 

 

Materials and Methods 

Photocurrent density supplied by the solar cell 

In this work we consider the 4-layer model ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+) represented in figure 1 by . 

its energy band diagram [21]. The photocurrent generated by the device is due to the generated minority carriers 

of charges. The calculation methods of the photocurrent density are largely done by our previous studies [21-23] 

and are indicated in the appendix.  

 

Figure 1: Energy band diagram of the structure ZnO(n+)/CdS(n)/ CuInS2(p)/CuInSe2(p+) [21] 

For the model n+n/pp+, in region 1 doped n+, the photocurrent is essentially due to the generated holes, the 

contribution to the photocurrent by this region can be written as [21-23]:  

  𝐽𝑝1
=

 𝑞𝛼1𝐹(1−𝑅)𝐿𝑝1

(𝛼1
2𝐿𝑝1

2−1) [
𝑆𝑝2𝐿𝑝2

𝐷𝑝2
𝑠ℎ(

𝐻2
𝐿𝑝2

)+𝑐ℎ(
𝐻2

𝐿𝑝2
)]

× {
( 

𝑆𝑝1𝐿𝑝1
𝐷𝑝1

+𝛼1𝐿𝑝1)− 𝑒−𝛼1𝐻1  [
𝑆𝑝1𝐿𝑝1

𝐷𝑝1
𝑐ℎ(

𝐻1
𝐿𝑝1

)+𝑠ℎ(
𝐻1

𝐿𝑝1
)]

𝑆𝑝1𝐿𝑝1
𝐷𝑝1

𝑠ℎ(
𝐻1

𝐿𝑝1
)+𝑐ℎ(

𝐻1
𝐿𝑝1

)
− 𝛼1𝐿𝑝1

𝑒−𝛼1𝐻1}  (1) 

In region 2 doped n, the photocurrent is also due to the generated holes, its contribution to the photocurrent is 

given by :  

  𝐽𝑝2
=

𝑞𝛼2𝐹(1−𝑅)𝐿𝑝2𝑒−𝛼1𝐻1

(𝛼2 
2𝐿𝑝2

2 −1)
{

(
𝑆𝑝2𝐿𝑝2

𝐷𝑝2
+𝛼2𝐿𝑝2)

𝑆𝑝2𝐿𝑝2
𝐷𝑝2

𝑠ℎ(
𝐻2

𝐿𝑝2
)+𝑐ℎ(

𝐻2
𝐿𝑝2

)
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𝑒−𝛼2𝐻2  [
𝑆𝑝2𝐿𝑝2

𝐷𝑝2
𝑐ℎ(

𝐻2
𝐿𝑝2

)+𝑠ℎ(
𝐻2

𝐿𝑝2
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𝑆𝑝2𝐿𝑝2
𝐷𝑝2

𝑠ℎ(
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𝐻2
𝐿𝑝2

)
−𝛼2𝐿𝑝2

𝑒−𝛼2𝐻2}   (2) 

The hole photocurrent due to the contribution of regions 1 and 2 is written as: 

  𝐽𝑝1−2
=  𝐽𝑝1

+  𝐽𝑝2
           (3) 

In region 3 doped p, the photocurrent is due to the generated electrons. The contribution of this region to the 

photocurrent is also given by previous studies [21-23], it is written as:  

 𝐽𝑛3
= −

𝑞 𝛼3 𝐿𝑛3𝐹(1−𝑅) 𝑒[(𝛼2 −𝛼1)𝐻1] 𝑒[(𝛼3 −𝛼2)(𝐻1+𝐻2+𝑤1)]

(𝛼3
2𝐿𝑛3

2 −1)
 × [

(𝛼3𝐿𝑛3  − 
𝑆𝑛3𝐿𝑛3
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) 𝑒−𝛼3(𝐻−𝐻4)
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𝑒−𝛼3(𝐻1+𝐻2+𝑤)]                          (4)  
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In region 4 doped p+, the photocurrent is also due to the photo-created electrons, it expression is given by :  

 𝐽𝑛4
= − 

𝑞 𝛼4 𝐿𝑛4𝐹(1−𝑅) 𝑒[(𝛼2 −𝛼1)𝐻1] 𝑒[(𝛼3 −𝛼2)(𝐻1+𝐻2+𝑤1)]
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𝐻3
𝐿𝑛3

]+𝑐ℎ[
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𝐿𝑛3
]}

 × 𝑒[(𝛼4 −𝛼3)(𝐻−𝐻4)] × [
(𝛼4𝐿𝑛4  − 

𝑆𝑛4𝐿𝑛4
𝐷𝑛4

) 𝑒−𝛼4 𝐻 

𝑆𝑛4𝐿𝑛4
𝐷𝑛4

𝑠ℎ(
𝐻4

𝐿𝑛4
)+𝑐ℎ(

𝐻4
𝐿𝑛4

)
+

𝑒−𝛼4 (𝐻−𝐻4)[
𝑆𝑛4𝐿𝑛4

𝐷𝑛4
∙ch(

𝐻4
𝐿𝑛4

)+sh(
𝐻4

𝐿𝑛4
)]

𝑆𝑛4𝐿𝑛4
𝐷𝑛4

𝑠ℎ(
𝐻4

𝐿𝑛4
)+𝑐ℎ(

𝐻4
𝐿𝑛4

)
− 𝛼4𝐿𝑛4

𝑒−𝛼4(𝐻−𝐻4)]          (5) 

The electron photocurrent due to the contribution of regions 3 and 4 is written as: 

  𝐽𝑛3−4
=  𝐽𝑛3

+  𝐽𝑛4
                           (6) 

In the space charge region (SCR), the recombination phenomena are neglected, its contribution to the 

photocurrent is given by [21]:  

  𝐽𝑆𝐶𝑅 = −𝑞𝐹(1 − 𝑅)𝑒−𝛼1𝐻1{𝑒−𝛼2𝐻2 × [𝑒−𝛼2𝑤1 − 1] + 𝑒−𝛼2(𝐻2+𝑤1) × [𝑒−𝛼3𝑤2 − 1]}      (7)  

The total photocurrent is the sum of the contributions of the different regions, it is given by: 

  𝐽𝑛𝑝 = 𝐽𝑝1−2
+  𝐽𝑛3−4

+  𝐽𝑆𝐶𝑅   (8) 

The total internal quantum efficiency or spectral response 𝑆𝑟𝑒 is written as:  

 𝑆𝑟𝑒 =
 𝐽𝑛𝑝

𝑞𝐹(1−𝑅)
          (9)  

The external quantum efficiency EQE is written as:  

 𝐼𝑄𝐸 = 𝑆𝑟𝑒(1 − 𝑅)         (10)  

𝛼𝑖 represents the absorption coefficient of the layer i, 𝐿𝑝𝑖
 and 𝐿𝑛𝑖

 represent respectively the diffusion length of 

holes and electrons in region i, 𝐷𝑝𝑖
 and 𝐷𝑛𝑖

 the diffusion coefficient of charge carriers, 𝑆𝑝𝑖
 and 𝑆𝑛𝑖

 

recombination velocities at the surface and at the interface, F is the photon flux, 𝐻𝑖  is the thickness of the layer i, 

R is the reflection coefficient of the frontal layer and q is the elementary charge. The absorption coefficient (αi) 

and the photon flux (F) depend on the photon energy.  

The current density generated by the illumination 𝐽𝑝ℎ is determine by numerical method, it is given by [23] : 

 𝐽𝑝ℎ = ∫ 𝑞𝐹(1 − 𝑅)𝑆𝑟𝑒
4

1
𝑑𝐸 ≈

𝛿𝐸

2
[ 𝐽𝑛𝑝 (𝐸1) + 𝐽𝑛𝑝 (𝐸𝑚+1) + 2 ∑  𝐽𝑛𝑝 (𝐸𝑖)

𝑚
𝑖=2 ]     (11)  

With: 𝐸 ∈  [1 𝑒𝑉 , 4 𝑒𝑉] ; 𝐸1 = 1 𝑒𝑉 ; 𝐸𝑚+1 = 4 𝑒𝑉 ; 𝛿𝐸 =
𝐸𝑚+1− 𝐸1

𝑚
 (𝑒𝑉); 𝑚 = 100  

𝐸𝑖+1 = 𝐸1 + 𝑖 ∙ 𝛿𝐸 (𝑒𝑉) with: 𝑖 ∶ 1 … 𝑚  

 

Single diode model and electrical parameters 

In this paper, to study the electrical parameters we consider the single diode model which is the most used in the 

literature. The single diode model takes into account the presence of series and shunt resistances, it is described 

by equations (12) and is symbolized by figure 2. The method of determining the electrical parameters has 

already been done by our previous studies [18-19].  

 
Figure 2: Equivalent electrical diagram of a single diode model. 
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 𝐽 = 𝐽𝑝ℎ − 𝐽0 (𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 − 1) −
𝑉+𝑅𝑠𝐽

𝑅𝑠ℎ
         (12)  

𝐽0 is the saturation current density, 𝐾 is the Boltzmann constant, 𝜂 is the ideality factor, T is the temperature, q is 

the elementary charge, 𝐽𝑝ℎ  is the photo-generated current density due to the illumination and is given by 

equation (11). This model contains 5 physical parameters to be determined J0, Rsh, Rs, η, Jph,. 

The relation between the current I (A) delivered by the solar cell and the current density J (A.cm-2) is written as:  

 𝐼 = 𝐽 ×  𝐴𝑠            (13) 

𝐴𝑠 is the active surface of the solar cell (m2).  

The short-circuit current density Jsc is obtained when the voltage V is zero in equation (12), it is given by the 

implicit relation: 

 𝐽𝑠𝑐 =
𝜂𝐾𝑇

𝑞 𝑅𝑠 
∙ ln (

𝐽𝑝ℎ

𝐽0
−

𝐽𝑠𝑐

𝐽0
−

𝑅𝑠 𝐽𝑠𝑐

𝑅𝑠ℎ 𝐽0
+ 1)         (14) 

The short-circuit current density depends on the shunt and series resistances. 

The open-circuit voltage Voc is obtained when the current density J is zero in equation (12), it is given by the 

implicit relation: 

 V𝑜𝑐 =
𝜂𝐾𝑇

𝑞 
 ln (

𝐽𝑝ℎ

𝐽0
−

V𝑜𝑐

𝑅𝑠ℎ 𝐽0
+ 1)          (15) 

It does not depend on the series resistance, it only depends on the shunt resistance. 

The electrical power density is defined by the relation: 

 𝑃 = [𝐽𝑝ℎ − 𝐽0 (𝑒
𝑞 (𝑉+𝑅𝑠𝐽)

𝜂𝐾𝑇 − 1) −
𝑉+𝑅𝑠𝐽

𝑅𝑠ℎ
] ∙  𝑉        (16) 

At the maximum power density point, we can write:  

 
𝜕𝑃

𝜕𝑉
= 0            (17)  

So we can write [19]: 

 𝐽 = − 𝑉
𝜕𝐽

𝜕𝑉
             (18)  

At the maximum power density point, we obtain the implicit relation: 

 𝐽 −

𝑞 𝑉 𝐽0 

𝜂𝐾𝑇
 𝑒

𝑞 (𝑉+𝑅𝑠𝐽)
𝜂𝐾𝑇 + 

𝑉

𝑅𝑠ℎ

1 + 
𝑞 𝐽0 𝑅𝑠 

𝜂𝐾𝑇
 𝑒

𝑞 (𝑉+𝑅𝑠𝐽)
𝜂𝐾𝑇 + 

𝑅𝑠
𝑅𝑠ℎ

= 0                        (19)  

To determine the current density 𝐽𝑚 and the voltage 𝑉𝑚 at the maximum power density point 𝑃𝑚, the solution of 

relation (19) must verify equation (12) which models the operation of the solar cell. Approximate solving 

techniques are used to solve the various implicit equations.  

The fill factor FF is defined by the relation: 

 𝐹𝐹 =
𝑃𝑚

 𝐽𝑠𝑐∙V𝑜𝑐
            (20) 

The electrical conversion efficiency 𝜂𝐶 of the solar cell is given by the relation: 

 𝜂𝐶 =
𝐹𝐹 × 𝑉𝑜𝑐 × 𝐽𝑠𝑐

𝑆𝑟 
           (21) 

𝑆𝑟  is the solar radiation (W/m2). 

The results obtained are applied to the heterojunction ZnO(n+)/CdS(n)/CuInS2(p)/ CuInSe2(p+) to evaluate the 

performance and study the effects of the series resistance on the electrical parameters.  

 

Results & Discussion 

The values of the standard parameters used for the modeling are indicated in the following table 1. 
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Table 1: Physical standard parameters considered. 

Parameters 

Region 1 Region 3 

H1 = 0.3 µm H3 = 1 µm 

Lp1= 0.3 µm Ln3 = 3 µm 

Sp1  = 2.107 cm.s-1 Sn3  = 2.105 cm.s-1 

Dp1  = 0.51 cm2.s-1 Dn3  = 5.13 cm2.s-1 

Region 2 Region 4 

H2 = 0.1 µm H4 = 98.5 µm 

Lp2 = 0.4 µm Ln4 = 1 µm 

Sp2  = 2.105 cm.s-1 Sn4 = 2.107 cm.s-1 

Dp2  = 0.64 cm2.s-1 Dn4  = 10.27 cm2.s-1 

Space charge region 

W1 =0.02 µm W2 =0.08 µm 

Based on previous studies [18-19], the saturation current density 𝐽0  is estimated at 𝐽0 = 4.117 × 10−8 𝑚𝐴 ∙

𝑐𝑚−2 for a junction CdS(n)/CuInS2(p). Figure 3 shows the external quantum efficiency (equation 10) versus 

photon energy, it is represented in bar histogram. Figure 3 also shows the resulting photocurrent density of 

minority carriers  𝐽𝑛𝑝 (equation 8) versus the photon energy under AM1.5 solar spectrum [19, 24]. The photo-

generated current density due to the illumination Jph delivered by the solar cell which corresponds to the 

response of the device in figure 3 is calculated using equation (11) and table 1, it is estimated at 17 𝑚𝐴 ∙ 𝑐𝑚−2. 

For this paper we choose the ideality factor η = 1.5 [25]. 

 
Figure 3: Bar histogram of the external quantum efficiency and photocurrent density under AM1.5 solar 

spectrum vs. photon energy 

Effect of series resistance on the current-voltage J(V) characteristic  

The effect of series resistance is highlighted in figures 4. We study the evolutions of the current density J and 

the electrical power P versus the bias voltage for different values of the series resistance RS ranging between 0 

Ω.cm2 and 30 Ω.cm2. The shunt resistance RSH is fixed at 600 Ω.cm2. The effect of the series resistance can be 

easily perceived on the characteristic current-voltage J(V) by the appearance of a slope S near the open-circuit 

voltage Voc with 𝑆 = −
1

𝑅𝑆
 (figures 4-b, 4-c and 4-d), it describes a linear line given by the equation: 

 𝐽 (𝑉) = −
𝑉

𝑅𝑆
+

𝑉0𝑐

𝑅𝑆
           (22) 
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Voc is evaluated at 0.76 V. In this linear part described by equation (22), the solar cell can be assimilated to a 

voltage generator whose equivalent electrical diagram is shown in figure 5.  

In figures 6 we represent the evolution of the current density J (figure 6-a) and the electrical power P (figure 6-

b) versus the bias voltage for different values of the series resistance between 0 Ω.cm2 and 30 Ω.cm2. The shunt 

resistance is fixed at 600 Ω.cm2.  

 

 
Figure 5: Equivalent electrical diagram of a solar cell in presence of high value of series resistance 

Figure 4: Evolution of current density J and electrical power P versus bias 

voltage V for various values of series resistance 
𝑎) 𝑅𝑆 = 0 𝛺. 𝑐𝑚2 ; b) 𝑅𝑆 = 10 𝛺. 𝑐𝑚2 ;c) 𝑅𝑆 = 20 𝛺. 𝑐𝑚2; d) 𝑅𝑆 = 30 𝛺. 𝑐𝑚2 

(𝐽0 = 4.117 ∙ 10−8 𝑚𝐴 ∙ 𝑐𝑚−2; 𝐽𝑝ℎ = 17𝑚𝐴 ∙ 𝑐𝑚−2; 𝑅𝑆𝐻 = 600 𝛺. 𝑐𝑚2; 𝜂 =

1.5) 
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In figure 6-a, we observe that the open-circuit voltage Voc is independent of the series resistance. A slight 

decrease of the short-circuit current Jsc is observed for high values of RS (for RS=30 Ω.cm2), Jsc varies from 17 

mA.cm-2 to 16 mA.cm-2. Also we notice that an increase of the slope S improves the performance of the solar 

cell. In figure 6-b, we represent the evolution of the electrical power density, it is all the greater as the series 

resistance is low. The ideal maximum power density obtained with RS = 0 Ω. cm2  and RSh = ∞ Ω. cm2  is 

slightly less than 11 mW .cm-2. For series resistance values ranging between 0 Ω.cm2 and 30 Ω.cm2 and RSH > 

600 Ω.cm2 the maximum power varies between 4.4 mW.cm-2 and 11 mW.cm-2 for the considered structure 

ZnO(n+)/CdS(n)/ CuInS2(p)/CuInSe2(p+).  

 

Figure 6: (a) Evolution of current density J versus bias voltage V for various values of series resistance (𝑅𝑆 =
0 𝛺. 𝑐𝑚2 −  30 𝛺. 𝑐𝑚2) and (b) Evolution of electrical power density P versus bias voltage V for various values 

of series resistance (𝑅𝑆 = 0 𝛺. 𝑐𝑚2 −  30 𝛺. 𝑐𝑚2) 

(𝐽0 = 4.117 ∙ 10−8 𝑚𝐴 ∙ 𝑐𝑚−2; 𝐽𝑝ℎ = 17𝑚𝐴 ∙ 𝑐𝑚−2; 𝑅𝑆𝐻 = 600 𝛺. 𝑐𝑚2; 𝜂 = 1.5) 

 

 

Three-dimensional modeling of the effect of series resistance on the J(V) characteristic  

Figures 7 illustrate in three dimension representations the evolution of the current density versus the bias voltage 

and the series resistance J(V, RS, RSH = 600 Ω.cm2). We remark that the behavior of the current density for the 

different values of RS (0 Ω.cm2 to 30 Ω.cm2) is similar. This is explained by the fact that the series resistance 

does not influence the open-circuit voltage Voc and slightly affects the short-circuit current Jsc for values of RS 

ranging between 0 Ω.cm2 and 30 Ω.cm2 with RSH fixed at 600 Ω.cm2.  
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Figure 7: Three-dimensional representation of current density versus bias voltage V and series resistance 

𝑅𝑆 (𝑅𝑆 = 0 𝛺. 𝑐𝑚2 𝑡𝑜 30 𝛺. 𝑐𝑚2) 

Figures (a) and (b) are identical only the angles of view differ 

(𝐽0 = 4.117 ∙ 10−8 𝑚𝐴 ∙ 𝑐𝑚−2; 𝐽𝑝ℎ = 17𝑚𝐴 ∙ 𝑐𝑚−2; 𝑅𝑆𝐻 = 600 𝛺. 𝑐𝑚2; 𝜂 = 1.5) 

 

Evolution of some parameters according to parasitic resistances 

In figures 8, we study the evolutions of the short-circuit current density, the open-circuit voltage, the fill factor 

and the efficiency versus the series resistance (0 Ω.cm2<RS<30 Ω.cm2) for different values of the shunt 

resistance (5Ω.cm2<RSH<500Ω.cm2). Figure 8-a represents the evolution of the short-circuit current density 

versus the series resistance for different values of the shunt resistance. We remark that for RS=0 Ω.cm2, the 

short-circuit current Jsc is independent of the shunt resistance, it remains equal to 17 mA.cm-2. We also note that 

Jsc decreases versus the series resistance for each fixed value of RSH. This decrease is low when RSH>250 Ω.cm2 

where Jsc varies between 17 mA.cm-2 and 16 mA.cm-2. Figure 8-b shows the evolution of the open-circuit 

voltage, it is independent of the series resistance, it depends only on the shunt resistance and increases with the 

latter. For values of RSH>150 Ω.cm2, we notice that it becomes independent of the parasitic resistances and is in 

the order of 0.76 V. Figure 8-c shows the evolution of the fill factor, we notice that it is independent of the 

parasitic resistances when RSH<30 Ω.cm2 and is in the order of 0.25. For values of RSH>50 Ω.cm2 it decreases 

according to the series resistance. It is in order of 0.76 when RS=0 Ω.cm2 and RSH=500 Ω.cm2. Figure 8-d shows 

the evolution of the efficiency versus the series resistance (Ω.cm2<RS<30 Ω.cm2) for different values of the 

shunt resistor (5 Ω.cm2<RSH<500 Ω.cm2). We notice that the efficiency of the solar cell decreases according to 

the series resistance for each fixed value of the shunt resistance. In the case of 

ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+) solar cell, this efficiency is less than 5% for RSH<50 Ω.cm2, it is in 

order of 12% for RS=0 Ω.cm2 and RSH=500 Ω.cm2. It varies between 6% and 12% for 150 Ω.cm2<RSH<500 

Ω.cm2. 
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Figure 8: Evolution of some parameters according to the series resistance 𝑅𝑆 (𝑅𝑆 = 0 𝛺. 𝑐𝑚2 𝑡𝑜 30 𝛺. 𝑐𝑚2) for 

various values of shunt resistance 𝑅𝑆𝐻 (𝑅𝑆𝐻 = 5 𝛺. 𝑐𝑚2 𝑡𝑜 500 𝛺. 𝑐𝑚2) : a) Short-circuit current density; b) 

Open circuit voltage; c) Fill factor; d) Electrical power conversion efficiency. (𝐽0 = 4.117 ∙ 10−8 𝑚𝐴 ∙ 𝑐𝑚−2; 
𝐽𝑝ℎ = 17𝑚𝐴 ∙ 𝑐𝑚−2; 𝜂 = 1.5) 

Conclusion 

The influence of the series resistance on the performance of a solar cell has been essentially developed in this 

paper. We have established the expressions of the photocurrent due to the illumination and the electrical 

parameters which characterize a solar cell by considering the single diode model. Then we studied the series 

resistance effect on the current-voltage characteristic, the power-voltage characteristic and parameters such as 

the short-circuit current, the open-circuit voltage, the fill factor and the conversion efficiency. The results 

obtained are applied to the heterostructure based on CuInS2 and CuInSe2 model 

ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+).  

The results obtained showed that the series resistance (Rs) does not affect the open-circuit voltage, but it can lead 

to a decrease of the short-circuit current for its high value (greater than 30 Ω.cm2). Series resistance effects are 

manifested by the presence of a slope equal to -1/Rs in the vicinity of the open-circuit voltage, this slope is all 

the more visible on the current-voltage characteristic as the value of Rs is high. The results obtained showed that 

an increase of the series resistance decreases the performance, namely the efficiency and the power of the solar 

cell. In the case of the considered structure ZnO(n+)/CdS(n)/CuInS2(p)/CuInSe2(p+), depending on the values of 

the used parameters and by varying the series resistance between 0 Ω.cm2 and 30 Ω.cm2, the obtained efficiency 

varies between 6% and 12% (for shunt resistance greater than 150 Ω.cm2) under the solar spectrum AM1.5 and 

the power between 11 mW.cm-2 and 4.4 mW.cm-2. 
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Appendix 

Determination method of photo- generated current. 

 

 

 
 Figure 9: Diagram of the structure ZnO(n+)/CdS(n)CuInS2(p)/CuInSe2(p+) 

Continuity equation of minority carriers respectively in region 1 (holes), region 2 (holes), region 3 (electrons), 

region 4 (electrons) [18-19, 21-23]: 

𝑑2∆𝑝1

𝑑𝑥2 −
∆𝑝1

𝐿𝑝1
2 =

−𝛼1𝐹(1−𝑅)𝑒−𝛼1𝑥

𝐷𝑝1

         (A-1) 

𝑑2∆𝑝2

𝑑𝑥2 −
∆𝑝2

𝐿𝑝2
2 =

−𝛼2𝐹(1−𝑅)𝑒−𝛼1𝐻1𝑒−𝛼2(𝑥−𝐻1)

𝐷𝑝2 

        (A-2) 

𝑑2∆𝑛3

𝑑𝑥2 −
∆𝑛3

𝐿𝑛3
2 =

−𝛼3

𝐷𝑛3

𝐹(1 − 𝑅)𝑒−𝛼1𝐻1𝑒−𝛼2(𝐻2+𝑤1)𝑒−𝛼3[𝑥−(𝐻1+𝐻2+𝑤1)]      (A-3)  

𝑑2∆𝑛4

𝑑𝑥2 −
∆𝑛4

𝐿𝑛4
2 =

−𝛼4

𝐷𝑛4

𝐹(1 − 𝑅)𝑒−𝛼1𝐻1𝑒−𝛼2(𝐻2+𝑤1)𝑒−𝛼3(𝐻3+𝑤2)𝑒−𝛼4[𝑥−(𝐻−𝐻4)]     (A-4) 

In Region 1 boundary conditions are given by [22, 26]:  

𝐷𝑝1
(

𝑑∆𝑝1

𝑑𝑥
) = 𝑆𝑝1

∆𝑝1 for 𝑥 = 0          (A-5) 

∆𝑝1 = 0 for 𝑥 = 𝑥1           (A-6) 

In region 2 boundary conditions are given by [23, 27, 28]:  

𝐷𝑝2

𝑑∆𝑝2

𝑑𝑥
= 𝑆𝑝2

∆𝑝2 + 𝐷𝑝1 

𝑑∆𝑝1

𝑑𝑥
 for 𝑥 = 𝑥1         (A-7) 

∆𝑝2 = 0 for 𝑥 = 𝑥2           (A-8) 

In region 4 boundary conditions are given by [22, 26]:  

𝐷𝑛4

𝑑∆𝑛4

𝑑𝑥
= −𝑆𝑛4

∆𝑛4 for 𝑥 = 𝐻          (A-9) 

∆𝑛4 = 0 for 𝑥 = 𝑥3           (A-10) 

In region 3 boundary conditions can be written as [19]:  

∆𝑛3 = 0 for 𝑥 = 𝑥2 + 𝑤           (A-11) 

𝐷𝑛3

𝑑∆𝑛3

𝑑𝑥
= −𝑆𝑛3

∆𝑛3 + 𝐷𝑛4 

𝑑∆𝑛4

𝑑𝑥
 for 𝑥 = 𝑥3        (A-12) 

Photo- generated current due by minority carries [18-19, 21-23]: 

 𝐽𝑝1−2
= −𝑞𝐷𝑝2

𝑑∆𝑝2

𝑑𝑥
|

𝑥=x2

          (A-13) 

 𝐽𝑛3−4
= 𝑞𝐷𝑛3

𝑑∆𝑛3

𝑑𝑥
|

𝑥=𝑥2+𝑤
          (A-14) 

 𝐽𝑆𝐶𝑅 = −𝑞𝐹(1 − 𝑅)𝑒−𝛼1𝐻1{𝑒−𝛼2𝐻2 × [𝑒−𝛼2𝑤1 − 1] + 𝑒−𝛼2(𝐻2+𝑤1) × [𝑒−𝛼3𝑤2 − 1]}   (A-15) 
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