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ABSTRACT: Current characteristic curve of an illuminated solar cell was used to determine its reverse saturation current density (J0), 

ideality factor (n) and resistances, by using numerical diode simulation. High efficiency amorphous silicon, heterojunction crystalline Si

(HIT), plastic and organic-inorganic halide perovskite solar cell shows n=3.27 for a-Si and n=2.14 for improved HIT cell as high and low

n respectively, while the perovskite and plastic cells show n=2.56 and 2.57 respectively. The J0 of these cells remain within 7.1×10
-7
 and

1.79×10
-8
 A/cm

2
 for poorer HIT and improved perovskite solar cell respectively.
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Nomenclature

J0 : reverse saturation current density, A/cm
2

n : ideality factor

Rs : series resistance, Ω.cm
2
 

Rp : shunt resistance, Ω.cm
2

Nd : defect density, cm
-3

Voc : open circuit voltage, Volts

Jsc : short circuit current density, mA/cm
2

FF : fill factor

Eff : efficiency, %

PmaxV : voltage at maximum power point, mV

PmaxJ : current density at maximum power point, mA/cm
2

Subscript

AFORS HET : Automat for simulation of heterostructure

HIT : heterojunction with intrinsic thin layer

SKE : stacked emitter

SE : single emitter

a-Si : amorphous silicon

J-V : current density voltage

p-a-SiO:H : p-type hydrogenated amorphous silicon oxide

i-a-SiO:H : intrinsic hydrogenated amorphous silicon

n-a-SiO:H : n-type hydrogenated amorphous silicon 

q : charge of electron

k : Boltzmann constant

T : temperature

1. Introduction 

Solar cell can be modeled as a combination of diode and 

resistor in absence of light, while in presence of incident light a 

certain constant current source should be added in the equivalent 

circuit
1-4)

. Energy of the current source comes from incident 

light, because the solar cell can convert light into electrical 

energy. The diode current changes non-linearly with applied 

electrical bias, that makes the solar cell a bit complicated to 

analyze or evaluate its diode ideality factor (n), reverse saturation 

current density (J0), series (Rs) and shunt (Rp) resistances. 

Attempts to find these characteristic solar cell parameters can be 

found as early as 1981
5)

 to until recently in 2015
6,7)

. Different 

authors propose different techniques like analytical
1,8-14)

, numerical
15-17)

, 

experimental
6,18,19)

 methods etc. However, most of these techniques 

are either difficult to adapt or time consuming to implement. 

The quickest and one of the most popular approaches is to 

evaluate dynamic series and shunt resistances from a slope of 

the illuminated current density vs voltage characteristic (J-V) 

curve near open circuit and short-circuit conditions respectively, 

however, it was suggested that this method of estimating the 

resistances may not be good
20)

. Here we propose a simple 

numerical simulation technique to determine these diode parameters.
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Fig. 1. The single diode equivalent circuit of a solar cell

Fig. 2. Flowchart of the simulation, N-R criteria is the Newton- 

Raphson criteria

Fig. 3. Current density, J(mA/cm
2
) vs bias voltage plot of the 

reference cell denoted by symbols, and continuous line 

as diode simulation

2. Theoretical

When light is incident on a solar cell it generates electricity at 

the expense of photon. This generation of electricity can be 

denoted as a current source (Jscm), where the maximum current 

density, which is short circuit current density (Jsc), available 

from the solar cell can be Jscm. We use a conventionally used 

equivalent circuit model in our analysis
21)

, as shown in Fig. 1. 

The output current density can be written with the help of 

Shockley diode equation, as is given in equation (1). We solve 

this equation numerically for the constant parameters.

 








 









 (1)

3. Computational Details

Initial values of the constants can be obtained from the 

following equations:

 





 (2)
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≈ (6) 

Fig. 2 shows the flowchart of the numerical simulation steps. 

After a testing phase we observed that a 100 cycle of iterations 

can result in a reasonably acceptable solution. A step by step 

evolution of the solutions is shown below. We have noticed that 

the final acceptable solution does not depend on the initial 

guesses, obtained from equations (2)-(6).

In the following we describe outcome the simulation and its 

evolution with iteration cycle, with the help of a J-V charac-

teristic curve, published in reference
22)

, as shown in Fig. 3. In 

this figure a good match of the simulation to the experimental 

results can be observed. This final solution appears after 100 

iteration cycles. Graphical evolution of the solutions are shown 

in Fig. 4.
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(a) (b)

(c) (d)

Fig. 4. Evolution of parameters with number of trials during 

diode simulation of (a) series resistance, Rs, (b) shunt 

resistance, Rp, (c) reverse saturation current density, 

J0, (d) diode ideality factor, n

Table 1. Extracted solar cell parameters from some of the 

published results, as indicated in “Ref” column of the 

table. Rs of these cells lie within a small range of 

0.001 to 0.0015 Ω.cm
2
. HIT indicates silicon hetero-

junction solar cell with intrinsic thin amorphous silicon 

passivation layer, SKE is stacked emitter, SE is single

emitter, Perovskite implies Perovskite  with 180 μ grain

Rp (Ω. cm
2
) n J0 (A/cm

2
) Cell type Ref

918 3.27 3.4×10
-7

a-Si
22)

, Fig. 5B

3000 2.14 1.16×10
-7 

HIT, SKE
23)

, Fig  3(b)

312 2.49 7.1×10
-7

HIT, SE
23)

, Fig 3(b)

700 2.56 1.79×10
-8

Perovskite
24)

, Fig. 2B

206 2.57 3.64×10
-8

Plastic
25,26)

, Fig. 2 of 
25)

Fig. 5. J-V characteristics of the cells with varying i-layer defect 

density, the data points are the results of AFORS-HET 

simulation, adopted from reference
27)

, while the continuous

lines are the numerical diode simulation based on the 

equation (1), as described above

4. Results and Discussions

We used a-Si, Si heterojunction (HIT), plastic and organic 

inorganic halide perovskite solar cells, and evaluated their 

characteristic parameters. The results are given in Table 1.

Shunt resistance, as shown in Fig. 1, can also be understood 

as the leakage resistance. In the device fabrication process, if the 

cathode and anode are not insulated well then a part of the device 

output leaks without contributing to the load current. Therefore 

higher Rp is preferable. Here we obtained 3 kΩ.cm
2
 as the 

highest and 206 Ω.cm
2
 as the lowest Rp for a HIT cell and plastic 

cell respectively. Thus, as it appears from the above results, a 

significant ohmic leakage exists in most of the above cells. The 

n > 2 indicates, that the equivalent diode of the solar cells are not 

an ideal one, as n = 1 for an ideal diode. The J0 may indicate the 

recombination loss of charge carriers
19)

, so higher J0 may imply 

that total defects in the active layer is relatively high because of 

which more photo carriers are lost by recombination. Table-I 

shows that, for a-Si solar cell the J0 is smaller than that of the HIT 

cell (with single emitter, HIT SE), but higher than that of a 

perovskite solar cell. From this point of view, the organic- 

inorganic halide perovskite solar cell may have a lower recom-

bination loss, but here the ohmic leakage is higher than that in 

a-Si or HIT solar cell (SKE).

The parameters given in Table I are for different types of 

solar cells. In order to have a better understanding of these 

parameters, we use the J-V characteristics of the cell from 

reference
27)

 (Fig. 7(a), trace “Simu1” of Ref
27)

). This cell structure 

was p-a-SiO:H (20nm)/i-a-Si:H(225 nm)/n-a-Si:H(25 nm) and 

defect density as 8×10
17

 cm
-3 27)

, without surface texture and 

back reflector. Additional J-V characteristic curves, used for the 

investigation here, were obtained by AFORS HET simulation 

and for various lower defect densities (details of the simulation 

can be found in reference
27)

). Some of the results are given 

below.

It is to be noted that the short circuit current density (Jsc) of 

these cells in Fig. 5, remains constant while the open circuit 

voltage (Voc) increases with reduced defect density. Some of the 

cell parameters are shown in Fig. 6.

These are for solar cells that have 400 nm thick active layer, 

but with a varying defect density. Jsc of all the cells remain 14.4 

(±0.05) mA/cm
2
 , with PmaxJ = 11.4(±0.1) mA/cm

2
, Rp = 311(±9) 

Ω.cm
2
. The n remained 3.0 for all the cells except the last one 

with 2.8 (Nd = 5×10
14

 cm
-3

). 

The Fig. 6 shows the variation in cell characteristic parameters 
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(a) (b)

Fig. 6. Variation of characteristic parameters of solar cells that 

differ in defect density in the active layer. (a) Variation of 

Voc, PmaxV and efficiency, (b) reverse saturation current 

density and FF

when defect density of the active layer was varied. The interesting 

thing to note here is that with the change in defect density in the 

range of Nd = 5×10
16

 to 5×10
14

 cm
-3

, the reverse saturation 

current density J0 reduces, keeping other diode equivalent 

parameters as mostly unchanged. It is significant and a clear 

indication that J0 strongly depends upon defect density
19)

. 

Furthermore, Fig. 6(a) shows that the PmaxV, Voc and efficiency 

(Eff) increases almost logarithmically with the reduction in 

defect density. Similarly the Fig. 6(b) shows that the FF reduces 

logarithmically while the J0 increases linearly with the increase 

in defect density. In respect to other parameters, it is to be 

noticed here that the Rp remains nearly constant while the FF 

decreases as a result of increased Nd of the active layer. 

Therefore a common perception
28)

 that the FF changes due to 

change resistance or energy band structure at the device interfaces, 

may not always be true. Furthermore, the resistance obtained 

from local slope of J-V curve is a dynamic resistance (changes 

from one measurement point to another), which is different from 

the resistances obtained by the diode simulation and reported 

here. 

It seems that the cells with higher J0 or n may degrade faster, 

because they are most likely to have higher defect density. It can 

be noticed from the results of this work as well as reference
19)

, 

these cells are expected to have higher defect density in the 

active layer. As a result of this, the degradation of these cells is 

expected to be higher. Therefore, some information regarding 

stability of a cell can be obtained from these J0 and n, where 

improved cells may need to have lower J0 and n.

5. Conclusions

Numerical diode simulation can give a reliable solution of the 

modified Shockley diode equation of a solar cell. A good test of 

reliability of the solution is that the simulated J-V characteristic 

curve will be very much similar to the reference data, and 

numerical values of unknown parameters will not change much 

for subsequent iterations. The value of the resistances obtained 

in this method corresponds to static resistances. Increased J0 and 

n indicates that diodic nature of the cell is poorer, yet it may be 

possible that some of these cells exhibit higher initial efficiency 

but poorer stability.
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