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Abstract: We propose an improved lumped-parameter equivalent circuit model to describe S-shaped
I-V kinks observed from organic solar cells. Firstly, to predict the S-shaped I-V kinks accurately
in both the first and fourth quadrants, a shunt resistor in parallel with extraction diode is added to
our previous model. Secondly, based on the Newton—-Raphson method, we derive a solution to our
improved circuit. Thirdly, our solution is verified by the method of least squares and experiments.
Finally, compared with our previous work, the improved circuit has higher accuracy in demonstrating
S-shaped I-V kinks in the first and fourth quadrants. Such an improved model is suitable for circuit
simulations of organic solar cells.

Keywords: lumped-parameter equivalent circuit model; organic solar cells; S-shaped -V kinks

1. Introduction

Photoelectric conversion devices, especially for solar cells, have attracted the extensive attention
of researchers, because solar energy as an alternative energy source can facilitate us to solve the
serious environmental and reserving limitation problems of fossil fuels. Recently, new generation
solar cells [1-3], including organic solar cells (OSCs) [2,3], are also advancing toward low-cost,
flexible, and lightweight directions [4]. Modeling for solar cells aims at accurately predicting the
electrostatic properties of the real solar cell devices examined under illuminated and dark environments.
Among these properties, current-voltage (I-V) curve, power—voltage (P-V) curve, fill-factor (FF),
and power-conversion efficiency (PCE) are four key characteristics. As one of the most important
characteristics, the I-V curve is commonly simulated by the conventional lumped-parameter equivalent
circuit models including only one diode or multiple diodes [5,6]. However, these conventional
models from [5,6] fail in explaining the S-shaped kinks [7,8] emerging near the open-circuit voltage
(Vo) point of OSCs. Of course, S-shaped kinks are actually one of the major issues affecting OSCs’
PCE. Therefore, accurately describing S-shaped kinks in I-V characteristics is urgently necessary for
analyzing, designing, and optimizing OSC processes and completing photovoltaic device simulations.

For the purpose of giving electrical explanations for the S-shaped kinks existing in OSCs, on the
condition that the terminal voltage is larger than V, different auxiliary circuits [9-14] including at least
one diode are added to the conventional equivalent circuit Especially for the equivalent circuit model
in [14], this model completes the simulations of the transition from J- to S-shaped I-V characteristics,
due to the exposure time of OSCs. These above models contain at least eight fitting parameters.
As much more fitting parameters are included in circuit, the procedures of model calculation and
parameter extraction are more complicated. In fact, as early as 2006, B. Mazhari proposed a three-diode
circuit model [15] including seven fitting parameters. This circuit drew a lot of attention [16-20]
because of its simpleness. Analytical solutions, in some special cases of Mazhari’s circuit, are derived
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in [16]. Of course, we know that solutions in special cases limited the applications of Mazhari’s circuit.
In addition, our previous works [17-19] showed that Mazhari’s model is unable to demonstrate the
linear-like current kink characteristics of OSCs in the third quadrant due to the absence of resistance,
and added a shunt resistance with recombination [17] or dark [19] diode to improve the simulation
accuracy of Mazhari’s circuit in the third quadrant. However, further improvements are required to
accurately predict the exponent-like rise of S-shaped kinks of OSCs on the condition that V. is larger
than zero.

In this paper, we revise our previous models [17,19] by using both diode and resistor to
simulate the extraction current. Subsequently, we use the Newton—-Raphson (NR) method to solve
lumped-parameter circuit and plot -V curves. Finally, for the improved lumped-parameter circuit,
the accuracy of I-V solution is verified by the least square method, and the practicability is validated
by the reconstructed results of experiments [20].

2. Theoretical Analysis

Our previous model [17] includes three diodes (i.e., the dark diode Dp, the recombination diode
Dg, and the extraction diode D), a photogenerated current source Iph, and a shunt resistor Rs in
parallel with Dg, as shown in Figure 1. However, it is not able to describe the exponent-like kinks
of the [-V curves in the first and fourth quadrants accurately. To overcome this drawback, from the
circuit topological structure aspect, we add a shunt resistor R in parallel with D to supply a linear
item in the extraction current, as shown in Figure 2. From the view of physical meaning, the current
going through both Rr and Df represents extraction of free carriers due to the dissociation of polarons,
because only one diode D is not enough to model extraction of free carriers, especially under a
forward terminal voltage.

Based on Kirchhoff’s current law at two earth-free nodes in Figure 2, we can obtain

Ly = Ir + Irr + Ig + IrE, 1

I =1Ip—Ig— IRg. ()

Subsequently, we substitute Ohm’s law and Shockley’s ideal diode current equation [21] into (1) and
(2), yielding

Vigt Vi Vint—V Vi, —V
I, =] Y/ | int I ngV int , 3
ph R0<€Rf >+RR+E0(€ EVt >+RE 3)
_v_ Yint Y Vine =V
I'=1Ipo <€”va - 1) — Igo (6 . 1) - % 4)
E

In (3) and (4), Ipg, Iro, and Igq are the reverse saturation currents of three diodes. np, ng, and
ng are the ideality factors of three diodes representing the divergence from the ideal diode. V; is the
thermal voltage symbolled by kT /g, where k is the Boltzmann constant, T is the absolute temperature,
and g is the electron charge. To derive the solution of the equation set efficiently, we utilize NR
method [17-19] to get the solution V;,(V) of (1). Subsequently, we substitute V;,;(V) into (2) to obtain
the results of I(V).

In NR method, we define a function f (V;,), the function’s derivative f’, and an initial guess
Vint(0). Here, f (V},;) is another expression of (3), i.e.,

Vint

v Vit — V
+ Irg <e eV — 1) + M Ly (5)

Vigg Vint
f(Vine) = Iro <€"RV’ - 1> tR

R

Repeating the following process, we can derive the asymptotic solution V;,; of (3), i.e.,

Vint(n+1) = Vint(n) — T Vi) (6)
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Figure 1. Our previous lumped-parameter equivalent circuit of organic solar cells (OSCs).
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Figure 2. Improved lumped-parameter equivalent circuit of OSCs.
3. Verification and Discussion

In this section, we verify the accuracy of the improved lumped-parameter circuit solution by
using the method of least squares and validate the practicability of the circuit model by using
the reconstructed experiment data [20]. Furthermore, we compare our solution with our previous
model [17] and then discuss about the reason why the improved solution is more accurate.
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3.1. Numerical Verification and Effect of Individual Parameters

As shown in Figures 3-9, the solutions derived by NR method agree with the method of least
squares. It is noted that we use the same fitting parameter as our previous work [17], except for R,
to show that -V curves simulated by our improved model are able to increase in exponent-like form
instead of exponent form in the case of V > V..

In Figure 3, Rg determines the slope of V,;; (shown in Figure 3a) in the first quadrant, and the slope
of I (shown in Figure 3b) in the first and fourth quadrants. If Rr approaches infinity, our improved
circuit in Figure 2 would degrade into our previous circuit in Figure 1. If Rg approaches zero, the [-V
characteristic becomes J-shaped, and the model becomes a two-diode model. On the contrary, as shown
in Figure 4, in the third quadrant, Rg determines the slopes of V;,;(V) (shown in Figure 4a) and I(V)
(shown in Figure 4b). Figure 5 shows that the constant photogenerated current I, determines I(V)
in the third quadrant. Next, as shown in Figures 6-9, both ng and Ir( related to the recombination
current can affect V;,;(V) in the first quadrant and I(V) in the third quadrant, while both ng and Igg
related to the extraction current can affect V;,;(V) and I(V) only in the third quadrant.
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Figure 3. (a) V;,;(V) and (b) I(V) of the circuit in Figure 2 for different Rg.
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Figure 4. (a) V;;(V) and (b) I(V) of the circuit in Figure 2 for different Rg.
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Figure 6. (a) V;,;(V) and (b) I(V) of the circuit in Figure 2 for different Ir.
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Figure 8. (a) V;,;(V) and (b) I(V) of the circuit in Figure 2 for different Ir.
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Figure 9. (a) V;,;(V) and (b) I(V) of the circuit in Figure 2 for different ng.

From the physical meaning aspect, the extraction current is described by both Dy and R in our
improved model. Compared with Ir described by only D in Mazhari’s model [15] and our previous
model [17,19], the extraction current in our lumped-parameter equivalent circuit of Figure 2 is the
sum of Igr and Ir. Firstly, we show the effects from Rr on I-V curves in Figure 3. On the condition
that Rg is enough small, i.e., R < (Viy — V) /Igo {e(Vinf’V)/”EVf — 1|, the I-V curve would transfer
from S-shape to J-shape. At this time, the [-V curve submits to a linear-like rise in the first quadrant.
On the condition that R is large, i.e., R > (Vi — V) /Ikg [e(Vinf’V)/”EVf

in the I-V curve. At this time, the I-V curve submits to an exponent-like rise in the first quadrant.
In fact, Rg play an important role in determining the quantities and shapes of V;,;(V) and I(V). It is
noted that Rg affects V;,;(V) and I(V) curves in all of four quadrants. Especially, if R approaches
infinity, the improved circuit in Figure 2 would be transformed into the previous circuit in Figure 1.
In Figures 8 and 9, the influences from Iy and ng on V;,;(V) and I(V) are shown, and it is concluded
that D only influences V;,;(V) and I(V) in the third quadrant. It is noted that large Ir( values and
small ng values lead to a large extraction current in Figure 2. As a result, both diode Dr and shunt
resistance Rg are used to describe the extraction current in Figure 2. In other words, this is the key

point, assuring that our improved circuit in Figure 2 can demonstrate [-V kinks with exponent-like

- 1} , an S-shape appears

rises instead of exponent rises [15,17,19].
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From the mathematical computation aspect, although we also used NR method in our manuscript
like our previous work [17,18], the simulations of our improved lumped-parameter circuit for I-V
characteristics of OSCs are obviously more accurate than our previous equivalent circuit of OSCs [17],
as shown in Figures 3-9. Except for Rf, the other fitting parameters used in simulations are the same
as those in our previous work [17]. The reason is that the same parameters facilitate us to compare our
improved model with our previous model [17]. According to Figures 3-9, we can observe that I-V
curves plotted by our improved circuit in Figure 2 can increase in exponent-like form kinks instead of
exponent form kinks, simulated by our previous circuit [17] in Figure 1.

3.2. Comparison with Reconstructed Experimental Data and Our Previous Model

As shown in Figure 10, we validate our model by comparing the solutions to our improved
circuit (shown as solid lines) with reconstructed experimental data (shown as symbols) [20].
The model parameters of simulations are given in Table 1 for the improved circuit in Figure 2
and Table 2 for the previous circuit [17] in Figure 1. To show the difference between our
improved and previous circuits, the solutions of our previous model (dashed line) are also shown
in Figure 10. For organic solar cells in [20], bilayer films, i.e., the fullerene C60 and the purified
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-vinylene] serving as electron acceptor and donor,
are prepared on clean ITO glass coated with 50 nm of PEDOT:PSS and Al cathode. In N; atmosphere,
under 1000 W/m? simulated AM1.5G sunlight, the -V characteristics of solar cells in [20] were
measured. Experimental results are shown as symbols in Figure 10.

In Figure 10, we observe that the [-V curves of our previous model [17] do not agree with
the experiment data very well, especially for the case of V > 0 V. On the one hand, the slope of
S-shaped [-V curves simulated by our previous model [17] in the fourth quadrant are always lower
than reconstructed experimental data. On the contrary, our solutions of the improved equivalent
circuit model show excellent agreement with the experimental results, because both Rg and D in
Figure 2 represent extraction of free carriers. It is obvious that our improved circuit can describe I-V
characteristics more accurately in the first and fourth quadrants, which reduces simulation errors
compared with our previous model [17] due to the addition of Rr. On the other hand, according
to Figure 10, we can observe that the power conversion efficiency (PCE) calculated from the I-V
curves in the fourth quadrant, the I-V kinks plotted by the I-V curves in the first quadrant, and the
photogenerated current I, ensured by the current intercept of the [-V curves in the third quadrant
increase as the annealing temperature increases. In fact, the decrease of annealing temperature leads
to solar cell devices” degradations. That would also be shown in the changes of model parameter
values in Table 2, in particular, of Rg, Rg, and Lyp. Firstly, in the first quadrant, the I-V kinks are
restrained because of the annealing temperature reduction. Correspondingly, the value of R increases
in accordance with the annealing temperature reduction. This is also consistent with device physics,
that R, is relative to the extraction current of OSCs. Secondly, in the third quadrant, Iph is determined
and shows positive correlation with the annealing temperature. Thirdly, in the fourth quadrant, Ry also
has positive correlation with the annealing temperature and determines the value of the recombination
current where the large value of Ry is corresponding with large PCE and fill-factor (FF).
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Figure 10. Comparisons between simulation results of our improved circuit with our previous
circuit [17] and reconstructed experimental data [20].

Table 1. Model parameters used in simulations of our improved circuit in Figure 2.

Symbol No Annealing at Annealing at Annealing at Annealing at
(Units) Annealing 120 °C 150 °C 180 °C 200 °C
IRo(HA) 10 10 10 5 5
Ipo(nA) 500 500 500 500 800
Ipo(nA) 6 8 17 38 70
nR 2.9 3.8 3.9 4.0 41
ng 2.8 2.8 2.4 2.4 1.6
np 8.2 7.9 7.7 7.4 8.5
Re(kQY) 14 10 8 5 3
Rr(k) 12 1.3 14 15 1.6
Lp(mA) 4.0 42 4.4 5.2 5.5

Table 2. Model parameters used in simulations of our previous model [17] in Figure 1.

Symbol No Annealing at Annealing at Annealing at Annealing at
(Units) Annealing 120 °C 150 °C 180 °C 200 °C
Iro(1A) 40 20 10 5 5
Igo(nA) 650 850 950 950 950
Ipo(nA) 5 7 20 55 90

1R 4.0 4.0 4.0 4.0 4.0

ng 3.0 3.0 3.0 2.0 3.0

np 8.0 8.0 8.0 8.0 9.0
RR(kQ2) 12 1.3 14 15 1.6
Ly(mA) 4.0 4.2 4.4 5.2 5.5

4. Conclusions

In this paper, a lumped-parameter equivalent circuit of organic solar cells (OSCs) is improved
from Mazhari’s and our previous circuits by adding a shunt resistor Rr in parallel with diode Df.
From the circuit topological structure aspect, the addition of Rg provided in our manuscript is a minor
but very important revision for increasing the accuracy of simulations for -V characteristics of OSCs
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in the first and fourth quadrants. From a physical meaning aspect, both shunt resistance Rg and diode
Dg represent the extraction current, aiming at simulating the exponent-like kink in the first and fourth
quadrants. From the mathematical simulation result aspect, we use the Newton-Raphson method to
solve the -V solution of our improved circuit and verify it by using the least square method results
and reconstructed experimental data.
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