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Circuital Model Validation for S-Shaped Organic
Solar Cells by Means of Impedance Spectroscopy

B. Romero, G. del Pozo, B. Arredondo, J. P. Reinhardt, M. Sessler, and U. Wurfel

Abstract—Organic solar cells (OSCs) based on Poly[N-
9’-heptadecanyl-2,7-carbazole-alt-5, 5-(4’, 7’-di-2-thienyl-2’,1’,3'-
benzothiadiazole)] (PCDTBT):1-(3-methoxycarbonyl)-propyl-1-1-
phenyl-(6,6) C61 (PCBM) have been electrically dc and ac
characterized. Device structure is ITO/Poly(3,4-ethylenedioxy-
wthiophene)-poly(4-styrene sulfonate) (PEDOT:PSS)/PCDTBT:
PCBM/Cgo MA/AL Devices show the so-called S-shaped current—
voltage curve that has been modeled with a circuit including two
diodes in forward and reverse bias. Impedance measurements show
one semicircle at low bias (V < 0.4 V) and two semicircles at
V > 0.4 V. Results reveal that the high-frequency semicircle is
associated with the forward diode-like behavior of the dc circuit,
while the low-frequency semicircle is associated with the reverse
diode that causes the S-shape. The analytical solution of the dc two-
diode circuital model has been fitted to the experimental /-V, and
dc circuital parameters have been obtained. The ac equivalent cir-
cuit was derived from the dc circuit, and small-signal parameters
have been calculated from the fits to the experimental Cole-Cole.

Index Terms—Circuit modeling, impedance spectroscopy (IS),
organic solar cells (OSCs), S-shape.

I. INTRODUCTION

VER the past few years, organic solar cells (OSCs) have

become very popular due to the rapid evolution of this
technology based on both small organic molecules and poly-
meric materials [1], [2]. Organic devices are flexible, thin, and
lightweight. Moreover, fabrication costs are much lower than
those of silicon-based devices, allowing large area scalability
without a significant increase of the expenses [3], [4]. State-of-
the-art efficiencies in these devices have recently exceeded 10%
[S].

However, OSCs frequently show the so-called S-shape, a
curvature change in the current—voltage (/-V) characteristic
[6]-[9]. This S-shape drastically reduces fill factor and,
therefore, device efficiency. The physical origin of the S-shape
is still a matter of controversy. The most extended hypothesis
points out that S-shape is caused by an accumulation of
carriers inside the device, which results in a change of the
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Fig. 1. (a) Circuital models to simulate /-V characteristic (dc). (b), (c)
Impedance spectra (ac).

electric field distribution [10], or in other words, S-shape is
related to poor electron extraction layers [11], [12]. S-shape
has been found in devices with different structures, both
direct and inverted, and in devices with different active
layer materials, such as the standard poly(3-hexylthiophene)
(P3HT): 1-(3-methoxycarbonyl)-propyl-1-1-phenyl-(6,6) C61
(PCgyBM), and in poly(benzo[12-b:4,5-b']dithiophene-thieno
[3,4-c]pyrrole-4,6-dione) (PBDTTPD): [6,6]-phenyl-C71-
butyric acid methyl ester (PC7;BM) [13]. Some authors have
focused their efforts in removing S-shape by means of thermal
annealing or UV-light illumination [14].

On the other hand, circuit modeling is a valuable tool to
understand the electrical behavior of organic devices. Some
authors have proposed different dc models for S-shaped OSCs,
since the standard traditional circuit, based on a single diode in
parallel with a constant current source and parasitic resistances,
is not able to simulate the curvature change in the I~V curve.
Araujo et al. proposed a simple circuital model that includes one
extra diode to simulate this curvature change, taking into account
the semiinsulating behavior of the electrodes [15] [see Fig. 1(a)].
This circuit is the series combination of two subcircuits: the
standard one that includes the forward diode (subcircuit 1),
and the one including the reverse diode (subcircuit 2). More
complicated circuits including two extra diodes can also be
found in the literature [16].
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Concerning the ac regime, several authors have proposed dif-
ferent small-signal models to simulate OSC impedance spec-
troscopy (IS) measurements: 1) the simple RC circuit [17]-[20];
2) the R-CPE circuit [see Fig. 1(c)] [19], [21]; 3) the transmis-
sion line circuit proposed by Belmonte [19], [22]; and 4) the
circuit proposed by Ecker et al. [9].

To our knowledge, no work has so far related dc and ac be-
havior for OSCs showing S-shape in /-V characteristics. In this
paper, we have measured dc and ac electrical characteristics
of an OSC with the S-shaped I-V curve based on poly(N-9'-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1’, 3'-
benzothiadiazole) (PCDTBT) blended with PC7; BM. Device
structure is ITO/PEDOT:PSS/PCDTBT:PC;; BM/CgoMA/AL
We have used the analytical solution given in [23] of the two-
diode dc circuit model shown in Fig. 1(a) to fit the S-shaped I-V
curve. We have derived the small-signal equivalent circuit using
fundamental electronic rules, that is setting dc current source
to zero and substituting forward and reverse diodes by nonideal
parallel RC circuits [see Fig. 1(b)]. It is straightforward that for
both subcircuits, the parallel resistance in ac equals Rq //Rp in
dc, where Ry is the dynamical resistance of the corresponding
diode and R, is the parallel resistance. The equivalent small-
signal circuit has been fitted to IS measurements, and the result-
ing small-signal parameters at different bias (from 0 to 0.8 V)
have been compared with those obtained from the dc fit. A good
agreement was found between ac and dc parameters, validating
the model.

II. FABRICATION AND CHARACTERIZATION

Patterned indium tin oxide (ITO) glass substrates were
cleaned in ultrasonic baths following the typical organic material
cleaning process. Substrates were exposed for 20 min to ozone
irradiation. A hole transport layer of AI4083 PEDOT:PSS was
spin-coated and subsequently annealed in an oven for 10 min
at 130 °C to obtain a ~40-nm-thick layer. The active layer
was spin-coated from solution containing a PCDTBT:PC7; BM
blend with 7-mg PCDTBT and 28 mg of PC;; BM in 1 ml ortho-
dichlorobenzene. The solution was stirred for several hours
and spin-coated at 720 r/min to obtain an 80-nm-thick active
layer. Samples were baked on a hot plate at 150 °C for 15 min.
CsoMA, which is a solution-processable electron-selective layer
first used by Jen et al. [24], [25], was deposited by spin coating
at 3000 r/min. Finally, the Al electron contact was thermally
evaporated on top of the device through a shadow mask in an at-
mosphere of 10~° torr. All processes were carried out in a glove
box in an inert atmosphere with levels of H,0 and Oy < 0.1
ppm. Device active area is 9 mm?.

The I-V curves were measured using a Keithley 2400
Sourcemeter and a Steuernagel SolarCellTest 575 sun simulator.
Impedance spectra were recorded using an IM6 Electrochemical
Workstation at Zahner-elektrik. Samples were measured inside
a flow cell, where a constant nitrogen flow was set in order to
avoid degradation. A halogen lamp was used for illumination.
Impedance spectra were recorded by applying a small voltage
perturbation (20 mV,,,4) at frequencies from 1 to 1 Hz at dif-
ferent dc voltages.
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Fig. 2. Experimental (symbols) and fit (solid line) I~V curve of a
PCDTBT:PC7; BM-based device.

TABLE I
CIRCUITAL PARAMETERS OBTAINED FROM THE /-V FIT

Ipr mA)  Tp2 (mA)  ny ny  Rpi k)  Rpa (kQ)
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Fig. 3. IS measurements at different bias voltages, from 0 up to 0.8 V (sym-
bols) and fit (solid lines). Inset shows a zoom for the high-frequency range.

III. RESULTS AND DISCUSSION
A. Direct Current

Fig. 2 shows the I-V curve, experimental data (symbols) and
fit (solid line) using the circuit of Fig. 1(a). This circuit includes
a counter diode responsible for the S-shape, which is associ-
ated with poor electron extraction layers, in our case to the
CsoMA/Al cathode. Even though including a C60MA layer usu-
ally improves the cell electrical performance as demonstrated in
[25], in this case, the degradation of this layer may be respon-
sible for the S-shape. Nevertheless, no matter what the physical
origin of this feature is, the scope of this paper is to analyze it
by means of circuital modeling.

Experimental data of Fig. 2 were fitted using the circuit ana-
lytical solution derived in [23].

Circuital parameters obtained from the fit are shown in Table I,
where 1), and Iy» are the inverse saturation currents, n; and no
are ideality factors, Rp; and Rps are parallel resistances of
forward diode 1 and reverse diode 2, respectively, and Ry is the
series resistance with value 30 €.

B. Alternating Current

Fig. 3 shows IS data (symbols) of the device at different bias
voltages from 0 to 0.8 V under illumination. Inset shows a zoom
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Fig. 4. Resistance (a) and capacitance (CPE7 ) (b) versus bias voltage. Pa-

rameters are extracted from the fit using models of Fig. 1(b) and (c) for spectra
showing two and one semicircles, respectively.

in the high-frequency range. The IS data show one semicircle
for V < 0.4 V and two depressed semicircles for V > 0.4V,
that have been fitted with circuits of Fig. 1(c) and (b), respec-
tively. Solid lines in Fig. 3 show the fits. It is worth noticing
that the circuits of Fig. 1(a) and (b) represent the same circuital
model in its dc and ac version, respectively. As mentioned be-
fore, small-signal circuit of Fig. 1(b) has been derived from
its corresponding dc circuit [see Fig. 1(a)] substituting each
diode by a resistance in parallel with a constant phase element
(CPE). A CPE resembles a nonideal capacitor that takes into
account nonhomogeneities, such as porosities, roughness, and
surface states with Zcpg = CPE, )(jlw)( CPE, where CPE

and CPEp are impedance parameters [26]. Whenever CPEp is
close to 1, CPE7 can be approximated to a capacitor. Rg models
metallic contacts, wires, etc., and Rp accounts for the parallel
of the diode dynamical resistance and shunt resistance.

Taking into account the voltage dependence of the Cole—Cole
shape, the fits were performed using the circuit of Fig. 1(c) for
voltages < 0.4 V (one semicircle) and the circuit of Fig. 1(b)
for voltages > 0.4 V (two semicircles). The fitting parameters
are Rg, Rp, CPEp, and CPEy for single semicircle spectra,
and Rs, RPL, CPEPL, CPETL, RPH, CPEPH, and CPETH for
spectra showing two semicircles. Subindex L stands for “low
frequency,” and subindex H stands for “high frequency.” Fitting
parameters CPEp, CPEpy,, and CPEpy; are > 0.9 in all cases,
meaning that the CPE elements can be considered as ideal ca-
pacitors with CPEr being the capacitance value.

Fig. 4 shows the parameters resulting from the fits. Fig. 4(a)
shows the resistance Rp associated with the circuit of Fig. 1(c),
and resistances Rpy and Rpp, corresponding to the circuit of
Fig. 1(b). Fig. 4(b) displays CPE; parameters, CPE; related
to the circuit of Fig. 1(c), and CPEty and CPEry, associated
with the circuit of Fig. 1(b). In view of the smooth matching
trend between CPE; and CPEry, and Rp and Rpy, we con-
clude that the recombination mechanism associated with the
high-frequency semicircle for V > 0.4 V is the continuation
of the recombination mechanism of the single semicircle ob-
served for V < 0.4 V. Moreover, since no S-shape is observed
for V. < 0.4 V, we conclude that the high-frequency recombi-
nation semicircle is linked to the forward diode in Fig. 1(a). Re-
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Fig. 5. Resistance versus voltage associated with the high-frequency range
(a) and low-frequency range (b) using models 1R-CPE and 2R-CPE. Resistance
obtained from the dc fit is shown for the sake of comparison.

verse diode in Fig. 1(a), responsible for S-shape at V > 0.4 V,
is linked to the low-frequency semicircle observed in IS mea-
surements at V > 0.4 V. This is in good agreement with re-
sults obtained by other authors [12], and confirms that the kink
is probably due to a slow-charge transfer process at the elec-
tron contact, that is modeled by the reverse diode. In this case,
S-shape cannot be attributed to imbalanced charge mobility in
the PCDTBT:PC7; BM [9], since there are previous works us-
ing this photoactive material with no evidence of kink [27]. The
large capacitance associated with the low-frequency semicircle
CPEry, is due to charge accumulation in the cathode. The ca-
pacitance related to the forward diode CPE1y, at low bias is as-
sociated with the geometrical capacitance. As bias is increased,
carriers are injected, and CPETy begins to be dominated by
chemical capacitance.

Fig. 5 shows a comparison between parameters extracted
from the fit to dc and ac circuits. Assuming that the forward
diode is associated with the high-frequency semicircle and the
reverse diode to the low frequency one, it follows that the ac
resistances Rpy and Rpy, are related to the parallel combina-
tion of Rp;//Rq1 and Rpa//Ra2, respectively. Note that Rg;
and Rgo are the dynamical resistances of forward and reverse
diodes, respectively, with R; = L As can be ob-

exp( 5
served, a good agreement has been obtained when comparing
Rpy with Rpy//Rq1, and Rpy, with Rps//Rq2.. A close anal-
ysis of the behavior of individual voltage drops in each diode
reveals that as the overall voltage increases, Vi (= Vq1) in-
creases, and Vo (= —Vy2) also increases, thus decreasing Vs.
This means that Ry; decreases and Rgys increases with total
voltage. This is reflected in the trends of Fig. 5.

IV. CONCLUSION

In summary, we have analyzed OSCs presenting S-shaped
I-V characteristics using IS. We conclude that the recombination
mechanism related to the high-frequency semicircle in the Cole—
Cole diagram for V > 0.4 V is modeled by the forward diode
in the circuit of Fig. 1(a). This semicircle is the continuation
of the single semicircle observed at V < 0.4 V. On the other
hand, the low-frequency semicircle in the impedance spectra
for V > 0.4 V is associated with the reverse diode causing the
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S-shape. Finally, ac and dc parameters extracted from the fits
are in good agreement, validating the dc circuit used to model
S-shaped I-V curves of OSCs.
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