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TWO-DIODE MODELLING OF PEROVSKITE SOLAR CELLS AND
PARAMETER EXTRACTION USING THE LAMBERT W FUNCTION

Ana Birar!, Cristian Boscornea?, Maria Bildsoiu®*, Doina Mininiili-Maximean®

This paper provides a Lambert W-based explicit form for the total current
equation of a double-diode equivalent circuit used to model solar cell devices. A sample
perovskite solar cell was fabricated, and the calculated expression was used on the ex-
perimental data of the sample cell, in order to extract its device parameters. The results
were compared with the values obtained using the explicit form of the single-diode equiv-
alent model, in order to verify accuracy. Moreover, a further study of the explicit Lambert
W-based expression for the double-diode model was conducted, by varying the value of
current coefficients, thus determining their optimal values for accurate data fitting.
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1. Introduction

Photovoltaic technology has witnessed a rapid progress in the past decades, due to
the development of novel device performance enhancement methods, such as doping tech-
niques [1-7], solar concentrators built from metasurface structures [8—10], or the discovery
of novel composite or hybrid materials [11-13], with light absorbing properties . Among
these materials, perovskite-based solar cells (PSC), in particular, have been reported to yield
outstanding power conversion efficiencies [14, 15]. This promising performance is due to
the structure of the perovskite active layer, which exhibits remarcable optical absorption
properties, as well as long charge carrier diffusion length and direct bandgap transition [16].
However, several crucial drawbacks [17—-19] must still be overcome in PSC technology and
fabrication, before they may be considered as a viable alternative to silicon solar cells, the
main solar energy converters marketed today. Most of these defficiencies are of a structural
nature, such as rapid degradation, poor film quality and thickness, sensitivity to heat and
humidity, and high toxicity due to the presence of lead (Pb) compounds. Accurate device
and material characterizations are crucial for resolving these shortcomings.

The two most widely used models in solar cell device characterization are the single-
diode equivalent model (see figurela), and its more complex derivation, the double-diode
model (see figure 1b).
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FIGURE 1. Equivalent circuit models used for solar cell device character-
ization: a) the one diode model, and b) the two-diode model, where I; is
the current source which models the photocurrent generated within the cell
under illumination, diodes D and D; model the p-n junction in the cell,
diode D, represents the charge carriers recombination that takes place in
the junction at low voltages, the series resistance R; models the interface
defects found between the active layer and the electrodes, and the parallel
(or shunt) resistance R, models the bulk defects in the active layer of the
cell.

The single-diode model was extensively studied [20-23]. The total current I equation
derived from this model is transcendental:

e(U+Rs1)> _1] _U+RJ )
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where e is the elementary electron charge, U is the voltage yielded by the cell, k is the
Boltzmann constant, T is the temperature, I is the dark saturation current of diode D, 7 is
the ideality factor of diode D, respectively. An explicit form for equation (1) was calculated
with the use of the Lambert W function:
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This paper discusses the double-diode model, which provides a more accurate ap-
proximation of device parameters. Each component in the double-diode equivalent circuit
models a certain effect that appears in the solar cell under illumination, as follows: the cur-
rent source Iy, models the photocurrent generated within the cell under illumination, diode
D1 models the p-n junction in the cell, diode D, represents the charge carriers recombina-
tion that takes place at the p-n the junction at low voltages, the series resistance R; models
the interface defects found between the active layer and the electrodes, and the parallel (or
shunt) resistance R, models the bulk defects in the active layer of the cell. The total current
I yielded by this circuit represents the current produced by the cell under illumination, and
it is described by the following equation:

e(U+Ry) e(U+R,) U+R,
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where Ip; is the dark saturation current of diode D1, 7; is the ideality factor of diode Dy, Ip,
is the dark saturation current of diode D;, 7 is the ideality factor of diode D», respectively.
The seven circuit parameters necessary for solar cell characterization are: I, Ry, Ry, Y1, 12,
Io1, Ip2, and they must be extracted from equation (3). However, equation (3) is transcen-
dental (or implicit), therefore it cannot be resolved analytically, numerical methods must
be considered for parameter extraction. Based on previous work conducted and published
over the single-diode model [20, 21], this paper proposes a method involving the Lambert
W function, tailored for extracting the parameters of interest. The method is applied on the
experimental data obtained for a fabricated sample perovskite solar cell, and the results are
compared with the values obtained using the explicit Lambert W-based expression deduced
from the single-diode model, in order to verifiy accuracy. Furthermore, a study of the influ-
ence of the current coefficient over the behavior of the double-diode is conducted, and the
results indicate its optimal value for accurate data fitting.

2. Lambert W function for the double-diode model

The Lambert W function is mathematically defined as [24]:

z=Wi(z)exp(W(z)) (4)

where z € C. Among its many applications, this function is also used for solving transcen-
dental equations or algorithm analysis [23-25]. The Lambert W function is used here in
order to obtain an analytic dependency between the voltage U and the total current /, from
equation (3). To do this, equation (3) must be rearranged in the following form [24]:

X=Yexp(Y) <Y =W(X) )

where Y is a function that depends on /. However, equation (3) contains a sum of two
exponential expressions, which poses considerable difficulties in achieving this task. In
order to overcome these impediments, the following approximations were considered:
(1) The dark saturation currents of diodes D and D, are considered identical, Iy; = Iy =
Io;
(2) The ideality factors of diodes D and D, are equal to 1 and 2, respectively (y; = 1,75 =2).
Therefore, equation (3) becomes:

I=11—1 [exp <e(Uk+TRSI)> _ 1} — I {exp <6(U2:TRSI)> _ 1] o U';RSI )
14

Following the approach similar to the one presented in [26], equation (6) is then split
into a sum of two currents /; and I, each containing only one exponential expression, as
follows:

I=5L+5 @)

where I; is:
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and I, is:



288 Ana Birar, Cristian Boscornea, Maria Bildgoiu, Doina Manénaila-Maximean

WHRDY (Ui

L=(1-n)I—1I [exp< TT R,

In equations (8) and (9), n is a coefficient denoting the separate contribution of /; and I, to
the total current /, and is confined to the interval n € (0;1). The Lambert W functions are
calculated for equations (8) and (9) separately, yielding the following explicit expressions
for currents /7 and I5:
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The Lambert W function for the total current /, defined by equation (3), may be
obtained by adding expressions (10) and (11) together:
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The following device parameters are extracted using expression (12): short-circuit
current ., open-circuit voltage U,., dark saturation current /y, series resistance Ry, parallel
resistance R,, maximum power point P, fill-factor FF, and power-conversion efficiency

n.

3. Perovskite solar cell modelling and device characterization using the double-
diode model: fabrication procedure and numerical processing

3.1. Fabrication process

The experimental data used for testing the Lambert W function deduced in the section
above belong to a CH3NH,Pblz perovskite solar cell, that was fabricated by following the
procedure below:

(1) Heating of Carbon electrodes, deposited on conducting glass at 430°C, for 30 minutes;
(2) Application of 0.01 ml precursor solution over the carbon layer;
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(3) Heating of the carbon layer with added precursor solution at 50°C, for 15 minutes.
The precursor solution reacts with the Carbon layer, thus forming the perovskite active
layer of the cell (CH3NH,PDI3);

(4) Application of the adhesive gasket and the protective glass;

(5) Heating of the resulted cell at 110°C, in order to ensure the melting of the adhesive
gasket and the sealing of the cell.

The precursor solution is a mixture of lead iodide (PbI), methyl ammonium iodide, 5-
aminovaleric acid hydroiodide, and gamma-butyroloctane (solvent), designed to react with
the Carbon layer, in order to form the perovskite layer (CH3NH,Pbl3).

3.2. Results and discussions

Values for parameters Iy, R, and R, were extracted by fitting equations (2) and (12) to
the experimental data of the sample cell, using the least squares method. The initial values
used in these calculations, were extracted from the experimental curve with the asymptotic
approximation method. Figures 2 and 3 show fitted current-voltage (I-V) and power-voltage
(P-V) curves which were traced by using the sets of parameters Iy, Ry, and R, obtained
with the asymptotic approximation, the single-diode model, and the double-diode model,
respectively. The values of these parameters are shown in table 1, along with the values
of paramaters (I, Uy, Py, FF,n), extracted from each fitted curve, and the experimental
curve, respectively.

TABLE 1. Values extracted for the sample perovskite solar cell device pa-
rameters, using three different methods of extraction, where 1D LW — one-
diode model Lambert W function, 2D LW — double-diode model Lambert

W function.
Extraction method Ie (MA) | Upe (V) | Io(pA) | Rs(Q) | Ry (kQ) | Py (mW) | FF n (%)
Experimental data 0.4500 | 0.700 - - - 0.1936 | 0.6146 | 0.5378
Asymptotic approximation | 0.4500 | 0.700 102 150 10 0.20945 | 0.6649 | 0.5818
ID LW 0.4500 | 0.700 [ 3-1072 | 200 50 0.19672 | 0.6245 | 0.5465
2D LW 0.4500 | 0.700 | 2-1073 | 200 100 0.1931 | 0.6131 | 0.5364

The double-diode model yielded a dark saturation current Iy = 2- 1073 pA, a series
resistance Ry = 200€2, and a parallel resistance R, = 100k, and the I-V curve that was
fitted using these values yielded a maximum power point P, = 0.1931mW, a fill-factor
FF =0.6131, and a power-conversion efficiency 11 = 0.5364%. As shown in table 1, these
parameters are much closer in value to the experimental data, than are the results obtained
with the single-diode model, which indicates the double-diode model’s superior accuracy.

For a more in-depth understanding of the double-diode model, a study was conducted
regarding the influence of the current coefficient n over the overall behavior of the model.
By maintaing the values of Iy, Ry, and R, constant in equation (12), several I-V and P-V
curves were traced, for different values of n € (0;1), as shown in figures 4 and 5. The
parameters extracted from the I-V curves shown in figure 4 are presented in table 2. By
comparing the values shown in table 2 to the experimental values, one may conclude that
the optimal value for the current coefficient n is n = 0.5.
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FIGURE 2. Fitted current-voltage (I-V) curves traced using the parameters
extracted with the rough approximation method, the single-diode Lambert
W function (1D LW), and the double-diode Lambert W function (2D LW),
respectively
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FIGURE 4. Fitted current-voltage (I-V) curves traced using the parameters
extracted with the double-diode Lambert W function (2D LW), for different
values of the current coefficient n
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FIGURE 3. Fitted power-voltage (P-V) curves traced using the parameters
extracted with the rough approximation method, the single-diode Lambert
W function (1D LW), and the double-diode Lambert W function (2D LW),
respectively
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FIGURE 5. Fitted power-voltage (P-V) curves traced using the parameters
extracted with the double-diode Lambert W function (2D LW), for different
values of the current coefficient n
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TABLE 2. Parameters extracted from the I-V curves traced with the
double-diode model Lambert W function, for different values of current
coefficient n

Value of n P,(mW) | FF n (%)

0.1 0.1915 | 0.6079 | 0.5319

0.3 0.1928 | 0.6122 | 0.5357

0.5 0.1931 | 0.6131 | 0.5346

0.7 0.2003 | 0.6358 | 0.5563

0.9 0.2071 | 0.6576 | 0.5754
Experimental values | 0.1936 | 0.6146 | 0.5378

4. Conclusions

This paper demonstrates a Lambert W function-based explicit equation for the total
current / of the double-diode equivalent circuit used to model solar cell devices. The ex-
plicit form of the total current / was deduced from the total current transcendental form,
by splitting the equation into a sum of two currents, /; and I, each containing one expo-
nential component, followed by the calculation of the Lambert W function for both /; and
I,. The explicit form of / was then obtained by adding the two explicit expressions of [;
and I,. This expression, along with the explicit expression for the single-diode model, were
tested on the experimental data of a fabricated sample perovskite solar cell. By compar-
ing the results obtained with the double-diode model, against the values obtained with the
single-diode model, the superior accuracy of the double-diode model is demonstrated.

Furthermore, the influence of the current coefficient n over the overall behavior of
the double-diode model was studied by tracing several current-voltage (I-V) and power-
voltage (P-V) curves based on the explicit Lambert W expression of the model, for different
values of n. The values of the maximum power point P, the fill-factor F'F', and the power-
conversion efficiency 1, were extracted from each curve, and by comparing the results to
the experimental data, it was concluded that a current coefficient of value n = 0.5 is optimal
for accurate data fitting with the Lambert W-based explicit equation deomenstrated in this
paper for the double-diode model.
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