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Introduction
Studying the electrical characteristics of solar cells under dark

conditions allows one to determine the device parameters and to
predict the performance of the solar cell prior to deployment.
The parameters derived from the dark current–voltage (I–V)
characteristics can provide essential insights into the perfor-
mance parameters which determine the efficiency of the device.
The dark I–V curve is fitted into a model and the parameters of
the model are determined to extract the electrical properties of
the solar cells. Two established models were used in this study:
the one-diode model, which considers the solar cell as a single
p-n junction diode with parasitic resistances, and the two-diode
model, which takes into account the recombination centres in
the solar cell junction.

Several methods for parameter extraction from dark I–V char-
acteristics using the two-diode model have been reported. One
method1 introduces piece-wise fitting to interpret the behaviour
of the dark I–V curve. This entails division of the dark I–V curve
into regions and fitting these into the model independent of the
other regions. Another method2,3 assumes that the shunt resis-
tance is infinite in the high current region (HCR) where the
series resistance dominates.

The extraction routine used in this study has made use of both
approximation and iteration techniques. Unlike the methods
mentioned above, the shunt resistance was assumed to be finite
throughout the dark I–V curve in this implementation. Analysis
of the behaviour of the dark I–V curve and the processes
involved in the operation of the solar cells was made, based on
the interpretation of the extracted parameters.

Theory
Under dark conditions, the current–voltage characteristics of a

p-n junction solar cell with parasitic resistances at forward bias
are represented by the equation:

The series resistance Rs accounts for ohmic losses due to the
bulk resistance of the semiconductor material and the metallic
contacts. Current leakages across the p-n junction are repre-
sented by the shunt resistance Rsh. The ideality factor n provides
information on the quality of the junction and the saturation
current Io is related to the properties of the semiconductor
material found in the expression:4

The diffusion coefficients of electrons Dn and holes Dp depend
on the mobility of the carriers through the semiconductor mate-
rial. NA and ND are the densities of acceptors and donors, q is the
electron charge, A is the area of the cell and ni is the intrinsic
carrier concentration. The finite recombination velocity of elec-
trons and of holes, Fn and Fp, at the front and back surfaces of the
solar cell depends on the physical and chemical states of the
surfaces. It is highly affected by the influence of heavy doping
and on injection carriers.5 The diffusion lengths Ln and Lp affect
the saturation current of the p-n junction such that they should
be long enough to guarantee that the generated carriers reach
the contact areas of the solar cell before they recombine.6 The
performance of the cell improves if the minority carrier diffusion
length in the base region of the cell is greater than the thickness
of the base.

The derivation of the one-diode model [Equation (1)] assumes
that recombination in the space-charge region (SCR) is negligi-
ble. This, however, is not true in practical cases. Defects in the
semiconductor can introduce traps allowing recombination of
minority charge carriers in the SCR. Wolf et al.7 studied the effect
of defects on the I–V characteristics of solar cells by subjecting
them to proton radiation of 20–80 MeV at fluences of 1012–
1015 cm–2 to introduce recombination centres in the SCR. They
reported that as the density of traps in the SCR was increased,
recombination from these traps started to dominate the I–V
characteristics of solar cells. The radiation resulted in a satura-
tion current with an activation energy of half the bandgap
energy, which is a characteristic of deep traps. The recombina-
tion current Irec showed an exponential dependence given by8

The recombination saturation current ISR is proportional to the
width of the depletion region and inversely proportional to the
minority carrier lifetimes. The ideality factor nR should approxi-
mately be equal to 2. Since the dark I–V characteristic is a super-
position of the two processes, diffusion and recombination, solar
cells can then be modelled using the two-diode equivalent
circuit shown in Fig. 1 with diodes D1 and D2 representing the
diffusion and recombination processes, respectively.

The relationship between the applied voltage V and the
current I is given by the equation7
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Electrical properties derived from the dark current–voltage (I–V)
characteristics of solar cells provide essential information neces-
sary in the analysis of performance losses and device efficiency.
Device parameters of crystalline silicon solar cells were deter-
mined using the one-diode and two-diode models. The parameters
extracted from the dark I–V curve of the solar cells were series re-
sistance, shunt resistance, saturation currents and ideality factors.
Iteration and approximation techniques were used to determine the
device parameters of the solar cells. The method, which considered
a finite shunt resistance in the high current region of the curve,
made the implementation different from other techniques. Standard
deviation, R2 values and a fitting routine that provides a graphical
representation of the output were implemented to determine the
best set of parameters. Comparison of the extracted device param-
eters against the simulated values suggests that the two-diode
model is more suitable than the one-diode model in describing the
behaviour of the dark I–V curve. The two-diode model also provides
more information necessary to explain the mechanisms governing
the I–V curve under dark conditions.
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The saturation currents Io and ISR and ideality factors n and nR

are the parameters associated with the two processes.

Program algorithm
Parameters of the one-diode model were extracted using a pro-

gram that employed the iterative method.9 LabView was used to
create a program that made use of a user-defined parameter
initialization scheme to set the boundaries of the iteration and
minimize computing time.

The algorithm used to extract the parameters (Rs, Rsh, Io, ISR, n,
nR) of the two-diode model utilized both approximations and
iterative techniques. Approximations were made based on
assumptions consistent with the theory. The behaviour of the
curve in the HCR was considered to determine the parameters
of diode D1. The dark current I is much greater than the satura-
tion currents Io and ISR in this region. Since nR is greater than n, the
second term in Equation (2) was assumed to be negligible.
Assuming that I > Io, Equation (2) is reduced to:

Isolating the exponential term and obtaining the natural loga-
rithm results in the equation:

The parameters Io and n were calculated from the slope and
y-intercept of the linear regression plot of Equation (3). The
initial value of Rsh was roughly estimated using the slope of the
linear regression plot of the user-specified shunt region and, if
necessary, was later refined by iteration to fit the model. The
parameters Rs, nR and ISR were determined by iteration. Bound-
ary conditions were set to limit the iteration range and ensure
that the extracted parameters approximate the actual device
parameters with minimal errors. One of these conditions is the
tolerance percentage, tol%, which is based on the difference
between the computed and the measured current. The tol%
condition dictates whether an adequate set of parameters has
been determined. The standard deviation value and R2 were
used to determine the best fit curve.

Several dark I–V data with typical solar cell parameters were
generated using Equation (2) to evaluate the accuracy of the
two-diode parameter extraction program. An error of 0.1% was
introduced during simulation to investigate how the algorithm
would handle errors in the actual data. The simulated parame-
ters were then extracted from the generated dark I–V data at
different tolerance values. Figure 2 shows a sample generated
and fitted dark I–V curve. When the extraction tolerance value
was set to 0.1%, the resulting R2 value is almost equal to 1. This
means that at that tolerance percentage, the extraction program
was able to determine a set of parameters that resulted in a curve

fit identical to the measured I–V curve. The simulated and
extracted parameters of the sample curve are listed in Table 1.
The average percentage errors of the extracted parameters at
different tolerance values were also studied. The smallest errors
were achieved when the tolerance was set between 0.001–0.1%.
It was also in this range that most of the fitted curves obtained
an R2 value equal to 1. When the tolerance was at 0.0001%, the
average error was higher. This can be due to the error introduced
to the generated data during simulation. At this tolerance per-
centage, the extracted parameters came closer to the ‘pseudo-
parameters’ of the generated data, instead of converging to the
values of the parameters indicated in the simulation program.

Extraction results
The dark I–V characteristics of one multicrystalline (MCSi) and

four monocrystalline (CSi) silicon solar cells were obtained and
the parameters of the two models were extracted using the
methods presented. The extracted parameters of the five solar
cells, the standard deviation and R2 values of the fitted curves are
listed in Table 2. The measured and fitted dark I–V curves of
CSi-3, using the one-diode and two-diode model parameter
extraction programs, are plotted in Figs 3(a) and (b), respectively.
The curve fit using the two-diode model has a higher R2 value
and a lower standard deviation than the fit using the one-diode
model. Figure 4 shows the measured and fitted dark I–V curves
of (a) CSi-3 and (b) MCSi solar cells. The diffusion, recombina-
tion and shunt terms of the two-diode model are also plotted.
The plots show that the recombination current D1 and the shunt
current overlap with the measured I–V in the HCR and the low
current region (LCR), respectively. This means that D1 domi-
nates the HCR whereas shunting effects are more dominant in
the LCR.

The relatively low Rs values (see Table 2) obtained from the five
solar cell samples suggest that current losses are minimal, pro-
ducing a steeper slope in the HCR. Except for CSi-2, the solar cell
samples have very low shunt resistance, indicating high leakage
current across the junction, which is the main contributor to the
dark current. Analysis of the parameters extracted using the
one-diode model gives us an overview of the general behaviour
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Table 1. Simulated and extracted parameters of the sample dark I–V curve using
the two-diode model parameter extraction program.

Parameters Rs (Ω) Rsh (Ω) Io (A) n ISR (A) nR

Theoretical 0.24 20.00 4.90 × 10–5 1.40 3.5 × 10–6 1.90
Extracted 0.24 19.67 4.96 × 10–5 1.40 1.0 × 10–6 1.94

Fig. 1. Equivalent circuit of the two-diode model with parasitic series Rs and shunt
Rsh resistances. The diodes represent diffusion D1 and recombination D2

processes.

Fig. 2. Sample dark I–V curve simulated with 0.1% error and fitted at 0.1% toler-
ance using the two-diode model parameter extraction program.
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of the dark I–V curve. The parameters Rsh, Io and n describe the
curvature and slopes in the LCR, whereas Rs dictates the curva-
ture of the HCR. Investigating the diode parameters, among the
samples, CSi-1, CSi-2 and MCSi have idealities greater than 2.
Kaminski et al.10 obtained dark I–V curves at various tempera-
tures and determined whether a diffusion or recombination
process dominated the solar cell’s behaviour. An ideality factor
as high as 5.5 was observed by the group. Idealities greater than 2
are attributed to recombination in the quasi-neutral region
(QNR) due to trap-assisted tunnelling and field-assisted recom-
bination. Another reason for the high ideality factors could be
attributed to nonlinear contact resistance, which was not taken
into account in the models. When the potential difference across
the cell exceeds the thermal voltage (kT/q), the lump series resis-

tance Rs in the model breaks down and the nonlinearity becomes
apparent.11, 12 It is therefore possible that the resulting nonlinear
series resistance at high voltages may have caused the increase
in the ideality factors. Nonlinear series resistance can also be the
reason for QNR recombination, which is predominant in CSi-1,
CSi-2 and MCSi as signified by their ideality factors, whereas in
CSi-3 and CSi-4, SCR recombination is the dominant mecha-
nism.

The parameters of the exponential terms of the two-diode
model indicate which of the processes govern the operation of
the solar cell in the two regions of the curve. Since the extraction
yielded low shunt resistances, this indicates that shunting domi-
nates the solar cells especially in the LCR. The other parame-
ters—saturation currents and diode ideality factors—provide
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Table 2. Parameters of the one-diode and two-diode models extracted from the dark I–V characteristics of the five crystalline silicon
solar cells.

Solar cell Model* Rs (Ω) Rsh (Ω) Io (A) n ISR (A) nR s.d. R 2

CSi-1 1D 0.057 12.00 9.0 × 10–4 3.61 – – 0.01037 0.99863
2D 0.041 12.78 1.5 × 10–3 4.03 1.2 × 10–6 2.90 0.00225 0.99994

CSi-2 1D 0.065 80.00 4.7 × 10–5 2.23 – – 0.04467 0.99145
2D 0.069 77.46 3.5 × 10–5 2.15 1.0 × 10–7 2.84 0.00429 0.99992

CSi-3 1D 0.063 12.30 1.0 × 10–7 1.30 – – 0.04333 0.99600
2D 0.064 13.28 1.3 × 10–7 1.31 1.0 × 10–5 2.52 0.02840 0.99828

CSi-4 1D 0.460 10.20 2.0 × 10–6 1.65 – – 0.02810 0.99848
2D 0.051 10.97 6.6 × 10–7 1.51 4.5 × 10–5 3.38 0.01678 0.99946

MCSi 1D 0.040 5.10 4.5 × 10–5 2.43 – – 0.03378 0.99320
2D 0.052 5.08 1.5 × 10–5 2.15 3.0 × 10–8 1.94 0.00765 0.99965

*1D, one diode; 2D, two diode.

Fig. 3.Measured and fitted dark I–V curves of CSi-3 using the (a) one-diode and (b) two-diode model parameter extraction programs.The two-diode model gave a better fit
based on the standard deviation and the R 2 values.

Fig. 4.Measured and fitted dark I–V curves of (a) CSi-3 and (b) MCSi solar cells.The diffusion, recombination and shunt terms of the two-diode model are also plotted.

(a) (b)

(b)(a)



the necessary information to explain the varying slopes of the
LCR and the HCR, a prominent feature of the dark I–V curve. In
CSi-1 and CSi-2, for instance, the high ideality factors (2.1–4.03)
suggest that the dark I–V curves are characterized by QNR
recombination. In CSi-3 and CSi-4, QNR recombination and SCR
recombination govern the solar cells in the LCR and HCR,
respectively. For the MCSi solar cell, nR = 1.94 suggests SCR
recombination in the LCR. However, the relatively high Io value
of 1.53 × 10–5 A and n of 2.15 indicate that QNR recombination
dominates the entire dark I–V curve. Plotting the diffusion,
recombination and shunt terms of the two-diode model con-
firms the analysis made based on the extracted parameters. In
Fig. 4(a), the high ISR and nR of CSi-3 shows QNR recombination
represented by D2 to dominate over SCR recombination in the
LCR, whereas Fig. 4(b) shows that the current contribution of D1

in MCSi is greater than that of D2 throughout the dark I–V curve,
as pointed out earlier. The magnitude of the dominant term in
the LCR and in the HCR is the same as that of the measured dark
current as demonstrated by the overlapping of the plots in Fig. 4.
From the plots, we can see that the mechanism represented by
D1 dominated both devices in the HCR. Also, the effect of shunt-
ing is observed in the graphs as its plot overlaps with the mea-
sured current in the LCR. This indicates that for devices with low
shunt resistance, the leakage current is the main contributor to
the dark current in the LCR.

Comparing the two models, the two-diode model gave a better
fit, judging from the standard deviation and R2 values illustrated
in Table 2. Also, the graphs shown in Fig. 3 confirm that the
two-diode model yielded a better fit and is more suitable for
describing the dark I–V characteristics of crystalline silicon solar
cells because the parameters of the two exponential terms
explain the behaviour observed in the graph.

Conclusion
The two-diode model best describes the behaviour of the

dark I–V characteristics of crystalline silicon solar cells. This was
demonstrated by the parameter extraction program and curve

fitting routine described in this paper. Comparison of the stan-
dard deviation and R2 values with the previous one-diode model
parameter extraction program suggests that the two-diode
model is more suitable and provides more information neces-
sary to explain the behaviour of the curve and understand the
processes governing the operation of the solar cells under dark
conditions.
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