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Flexible, Large-Area Organic Solar Cells With Improved Performance Through 
Incorporation of CoFe2O4 Nanoparticles in the Active Layer

Maurício de Sousa Pereiraa,b,* , Francisco Anderson de Sousa Limac, Rodrigo Queiros de Almeidad, 

Juliana Luiza da Silva Martinse, Diego Bagnise, Eduardo Bedê Barrosd, Antonio Sergio Bezerra Sombrab, 

Igor Frota de Vasconcelosa

Received: July 05, 2019; Revised: October 24, 2019; Accepted: November 2, 2019

Cobalt ferrite (CoFe2O4) nanoparticles (NPs), with an average diameter of about 4-10 nm, were produced 
by the proteic sol-gel method and successfully doped into the active layer of poly(3-hexylthiophene-2,5-
diyl) (P3HT):[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) organic solar cells. Pristine and CoFe2O4 
NPs-doped blends of P3HT:PCBM were dispersed in a mixture of o-xylene:tetralin (1 mg/mL) based 
non-halogenated solvents and deposited via a semi-industrial blade coating process on flexible substrates 
to fabricate large area (0.55 cm2), flexible organic solar cells with inverted configuration. The main focus 
of this study aims to assess the influence of NPs on the efficiency, stability and lifetime of the produced 
devices. From the photovoltaic parameters it was observed that the optimization of the bulk-heterojunction 
through the incorporation of CoFe2O4 NPs resulted in increased short-circuit current density. As a result, 
the power conversion efficiency of doped devices increased by 10 % when compared with the undoped 
reference devices. Tests of lifetime and stability were performed using International Summit on OPV 
Stability (ISOS) protocols ISOS-D-3, ISOS-O-1 and ISOS-L-1. For the duration of the tests (1200 h), the 
results showed that doped cells presented performances at least comparable with those of reference cells.

Keywords: Organic solar cells, P3HT:PCBM films, CoFe2O4 nanoparticles, power conversion 
efficiency, stability and lifetime.
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1. Introduction
Recent advances towards improvement of the power 

conversion efficiency (PCE) of organic solar cells (OSC) 
have shown that the photovoltaic parameters depend mainly 
on the morphology of the active layer 1-3, the interfacial layers 
(electron and hole transporter layer) 4-7 and the architecture 
of devices 8,9. 

The active layer is the most important component of an 
OSC. In the state of the art, it is composed of two different 
organic materials (a donor and an acceptor) with offset energy 
levels form nanometric domains in the bulk- heterojunction 
(BHJ) 5-7. Experimental realization of this is a challenging 
task, and the behavior of the organic semiconductors can 
be hardly predicted in terms of forming interpenetrating 
phase-separation in BHJ solar cells. While most of the recent 
records of PCE are directly associated with BHJ morphology 
engineering 10,11, OSC performance can also be improved by 
extending excitons effective lifetime 12, thus attaining more 
efficient photogenerated charge carriers’ collection 13,14. This 
can be achieved by doping of the photoactive layer with 
oxide magnetic NPs.

Considerable improvement on power conversion 
efficiency of OSC has been achieved8,9, and the organic 
photovoltaic technology is already commercially available. 
Moreover, studies of long-term stability of OSC has received 
considerable attention among several research groups and 
great efforts have been undertaken in order to find ways to 
extend their stability and lifetime making this technology 
increasingly attractive15-18. The major reasons and mechanisms 
for degradation of OSC device performance and parameters 
are widely documented in the literature. Organic solar cells 
degrade due to a number of factors, such as exposure to high 
temperatures and ultraviolet radiation19-21, water or oxygen 
intake22,23, as well as combinations of these factors24,25. 
Thus, in order to obtain a good insight of device stability 
and lifetime, it’s essential to study the complete working 
device under various stresses and observe how the different 
photovoltaic parameters evolve with time.

In general, spinel ferrites are of a great interest in fundamental 
science, especially addressing the fundamental relationship 
between magnetic properties and their crystal chemistry and 
structure26,27. Notably, CoFe2O4 NPs possesses chemical, 
mechanical, magnetic and optical properties which make 
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them a promising candidate for technological applications28. 
Among the possible applications of CoFe2O4 NPs are their 
potential use as ferrofluids27, biological treatment agents29 
and as a constituent part of photovoltaic solar cells14,30.

Several research groups have reported that PCE and 
stability improvement has been achieved by introducing 
small amounts of magnetic NPs (such as spinel ferrites) 
in cells active layers5,12-14,31,32. The possible explanation to 
the observed improvement points in two directions: one 
proposition suggests that the dipole interactions from magnetic 
NPs induce a coercive electric field, which can contribute 
to the improvement of the photovoltaic parameters13,32,33; 
another proposition argues that the presence of magnetic 
moments within the active layer increases the number of 
excitons that are dissociated into charge carriers. This would 
be due to spin-orbit coupling which improves the efficiency 
of intersystem crossing12.

The authors present a systematic study on the influence 
of CoFe2O4 NPs on the performance and stability of large 
area, flexible organic solar cells fabricated by a semi-
industrial blade coating process using non-halogenated 
solvents. CoFe2O4 NPs were produced by the proteic sol-gel 
method and their structural and magnetic properties were 
investigated prior to cells construction. For this purpose, we 
use a system composed by poly(3-hexylthiophene-2,5-diyl) 
(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) blended with CoFe2O4 NPs substituting the P3HT in 
a ratio of 1:0.99 (in wt%). The tests of stability and lifetime 
were evaluated following the International Summit on OPV 
Stability (ISOS) protocols. The stability and lifetime tests 
indoor and outdoor were performed following the ISOS-L-1, 
ISOS-D-3 and ISOS-O-1 protocols during 1200 h for both 
sets of devices produced.

2. Experimental Procedure

2.1. Synthesis of CoFe2O4 nanoparticles

CoFe2O4 NPs were produced by a proteic sol-gel 
method34 following an experimental procedure described 
elsewhere35,36. Commercial Fe(NO3)3 9H2O (Sigma-Aldrich, 
98%, 404 g/mol ) and Co(NO3)2 6H2O (Sigma-Aldrich, 98%, 
291.03 g/mol) powders were used as metal precursors and 
comercial gelatin from bovine skin (Type B, Sigma-Aldrich) 
was used as organic precursor. Firstly, 2 g of gelatin was 
dispersed in distilled water under continuous stirring at 
room temperature (RT) until a uniform gel was obtained. 
Posteriorly, 2.648 g Co(NO3)2 6H2O and 7.352 g of Fe(NO3)3 
9H2O were dissolved in distilled water to make a solution of 
Co2+:Fe3+ at a cobalt-to-iron molar ratio of 1:2. The solution 
containing metal ions was added to the gel and maintained 
under continuous stirring at RT for 2 h. This step aims to 
disperse the metal ions along the gelatin polymer chains 
in a process known as complexation and prevent that ions 
decant at the bottom of the container. The substance formed 

was dried at 150 ºC for 12 h to remove water excess 
resulting in a solid mass known as the precursor powder. 
The Co2+/Fe3+ precursor powder was calcined at 400 ºC 
for 4 h under air atmospheric conditions with a heating rate 
of 5 ºC/min, resulting in approximately 2.5 g of CoFe2O4 

NPs. For economy of notation, CoFe2O4 NPs will sometimes 
be referred to as CFO.

2.2. Solar cell fabrication 

Flexible, large-area, inverted organic photovoltaic devices 
were fabricated and tested. An electron transport layer 
(undisclosed material due to patent pending issues) of 8 nm, a 
P3HT (Sigma-Aldrich):PCBM (Sigma-Aldrich)-based active 
layer of 300 nm, and a poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) (Sigma-Aldrich, 
low-conductivity grade) hole transport layer of 200 nm were 
deposited in sequence on a flexible substrate (polyethylene 
coated with an ITO/Ag/ITO multilayer with a resistance 
of 10 Ω/sq, via a semi-industrial blade coating process. To 
close the devices a 200 nm-thick Ag back electrode was 
deposited by thermal evaporation with a rate of 1 Å/s. The 
devices were built with an area of 0.55 cm2.

Reference (ref-OSC) and CFO-bearing (CFO-OSC) devices 
were built for this study. Active layer blends of ref-OSC cells 
were made out of a 1:0.8 molar mixture of P3HT:PCBM 
dispersed in a mixture of o-xylene based nonhalogenated 
solvents. The CFO-OSC blends were comprised of a 
0.99:0.01:0.8 mixture (in weight) of P3HT:CFO:PCBM. 
The NPs were suspended in o-xylene:tetralin (1 mg/mL) 
and mixed to the P3HT:PCBM blend to achieve the desired 
concentration.

Prior to testing, all samples were encapsulated with a 
barrier foil with a water vapor transmission rates (WVTR) 
of 10-3 g/m2/day with an integrated ultraviolet (UV) cut-off 
at 385 nm, laminated with a UV curable adhesive. Sets with 
10 ref-OSC and 10 CFO-OSC devices were prepared for 
the tests of efficiency and stability.

2.3. Characterization

X-ray diffraction (XRD) of the nanostructured powders 
was carried out using a X-Pert PRO MPD Panalytical 
diffractometer operating with a Kα-Co source (λ = 1.788 
Å). The pattern was Rietveld refined37,38 using the GSAS 
program39. The magnetic measurement was performed using 
a Microsense EV9 model vibrating sample magnetometer. 
Mössbauer spectroscopy was carried out in transmission 
mode using a57Co(Rh) radioactive source mounted on a 
velocity driver operating in sinusoidal mode. The spectrum 
was evaluated by least square fitting using the software 
package Normos. All measurements were carried out at room 
temperature. Transmission Electron Microscopy (TEM) was 
performed using a JEM 1011 - JEOL microscope.

Ultraviolet-visible (UV-Vis) spectroscopy of pure and doped 
P3HT:PCBM films were carried out using a UV 2600 Shimadzu 
spectrophotometer coupled to an integrating sphere ISR 2600 
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Plus. Atomic force microscopy (AFM) and conductive atomic 
force microscopy (C-AFM) measurements were performed using 
an Asylum Research scanning probe microscope. Images were 
collected in tapping mode using a Nanoworld (model Arrow 
CONTPt) Pt-coated Si probe with a spring constant of 0.2 
N/m. All measurements were carried out at room temperature.

Solar simulations of photovoltaic devices were performed 
on a Wacon WXS-156S-10 model equipped with an 
AM 1.5 filter (100 mW/cm2, AM 1.5 G). A calibrated Si/
BK7 photodiode from PV measurements was also applied 
for calibration before each measurement.

3. Results and Discussion

3.1. CoFe2O4 nanoparticles

Figure 1a shows the XRD pattern of a CFO sample. The 
XRD pattern was fitted using the Rietveld method and the best 
fit is showed as a solid red line. The Williamson-Hall curve40 is 
shown in the inset of Fig. 1a. The diffractogram shows peaks 
that match the Inorganic Crystal Structure Database (ICSD) 
entry 84611 of the cubic crystal structure (Fd3m) of CoFe2O4 
(bars in the Fig. 1a). No other crystalline phase was found. 
The lattice parameters were found to be a = b = c = 8.378 Å 
and crystallite average size to be DS = 6.0 nm as calculated 
by the Scherrer formula and DWH = 9.0 nm when corrected 
by the Williamson-Hall method after compensating for a 
residual microstrain ε of 0.009 %.

CFO NPs exhibited a typical ferromagnetic behavior 
at RT as can be seen from the hysteresis loop shown in 
Fig. 1b. The magnetic interactions in NPs are unstable and 
disordered, thus the magnetic moment cannot be easily kept 
to be consistent with the external field. Furthermore, the 
surface of the NPs seems to be composed of some distorted 
or slanted spins that repel the core spins to align the field 
direction. The values obtained here are in agreement with 
others reported in the literature41-43. The inset of Fig. 1b 
shows the room temperature Mössbauer spectrum of a CFO 
sample. The spectrum showed a superposition of a sextet and 
a doublet. In general, CoFe2O4 with spinel structure exhibits 
ferrimagnetic properties characterized by two sextets in the 
Mössbauer spectrum42. The central doublet present in the 
spectrum is assigned to a fraction of the compound that 
possesses a superparamagnetic character. Therefore, the 
CFO sample shows ferrimagnetic and superparamagnetic 
interactions, simultaneously.

Prior to the TEM analysis, the NPs were dispersed 
in ethanol at a ratio of 1mg / 1ml and sonicated for 1h 
to avoid aggregates. Subsequently, a drop of the mixture 
was deposited on a nanometer grid. Figure 2 shows TEM 
images (two different magnifications) of a CFO sample. It 
can be seen that CFO NPs have an approximate spherical 
morphology with an average diameter between 4 and 10 
nm (see Fig. 2c), in good agreement with the sizes obtained 
from the XRD data.

Figure 1. (a) X-ray diffraction pattern of a CFO sample. Dots and solid line are the experimental data and best fit respectively. Bars 
represent the ICSD-64811 standard pattern. Inset: Williamson-Hall curve. (b) Room temperature hysteresis loop of a CFO sample. Inset: 
Mössbauer spectrum of a CFO sample. Dots and solid line are the experimental data and best fit respectively.

Figure 2. TEM imagens of CFO NPs (two magnifications) and average crystallite size distribution histograms. 
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3.2. Active layer characterization

Figure 3 shows UV-vis absorption spectra of P3HT:PCBM 
(ref-OSC) and P3HT:CFO:PCBM (CFO-OSC) films. The 
main absorption band is found around the wavelength 520 
nm which is atributed to π - π* transition of P3HT conjugated 
backbone, whereas the two shoulders around 550 and 600 
nm are ascribed to the extended conjugated P3HT and the 
inter-chain stacking of P3HT, respectively; these two bands 
indicate a well-order structure. The discrete absorption peak 
around 332 nm is assigned to the PCBM7,44. 

3.3. Solar cells characterization

Figure 5 shows a typical current density versus voltage 
curve (J×V) measured under simulated AM 1.5 solar 
illumination at 100 mW/cm2. A set of 10 devices of each 
type was analyzed and the average values of the photovoltaic 
parameters are summarized in Table 1. Small standard 
deviations are a result of highly reproducible values, which 
is an indicator of the quality of the manufacturing process.

According to the data shown in Table 1 the devices reinforced 
with CFO showed a 10 % increase in PCE when compared 
to the reference devices. In general, PCE is determined by 
short-circuit current density (Jsc), open circuit voltage (Voc) and 
fill factor (FF). In BHJ OSC, the Jsc value of an OSC depends 
strongly on the gap energy12,14, Voc depends on the energy 
difference between the lowest unoccupied molecular orbital 
(LUMO) of the acceptor and the highest occupied molecular 
orbital (HOMO) of the donor7 and FF is a critical parameter 
that can reflect dynamic transport of the photocurrent in OSC10. 

Once Voc and FF remain virtually unchanged, this increase 
on PCE is due to a larger Jsc. From the UV-vis absorption 
spectra of ref-OSC and CFO-OSC films, it can be seen that 
doping of the P3HT:PCBM active layer did not significantly 
affect the absorption spectra. Therefore, this suggests that 
the increase in Jsc is not related to the absorption of incident 
light. The incorporation of NPs to the active layer likely 
creates mechanisms that provide an improvement in the 
collection of photogenerated charge carriers. 

Two possible explanations have been proposed in the 
literature. One of the propositions is that the presence of 
a coercive electric field (CEF) produced by the dipole 
interactions between CFO nanoparticles could assist the 
built-in electric field on the collection of charge carriers by 
the electrodes13,32,33. The other one argues that the presence 
of magnetic moments within the active layer increases 
the efficiency of intersystem crossing that extends exciton 
lifetime and diffusion length12. 

It is known that in organic materials such as P3HT the 
primary photo-generated charge carriers are Coulomb-bound 
electron-hole pairs, so-called excitons, which lie in both 
singlet states and triplet states with different lifetimes47,48. 
In photovoltaic devices only the dissociated excitons could 
contribute to the photocurrent. In P3HT the singlet lifetime is 
approximately 300 ps and the resulting singlet exciton diffusion 
length is reported in the range of 3-6 nm47. In contrast, the 
P3HT triplet lifetime is in the order of 10 ms implying a triplet 
exciton diffusion length of the order of 100 nm48, which aids 
their diffusion process toward donor-acceptor junctions and 
thus enhances the photovoltaic process in OSCs. The migration 
of excitonic states from the excited singlet to the triplet can 
occur in the presence of strong spin-orbit coupling12. This 
transition is known as intersystem crossing. Longer living 
excitons reach a donor-acceptor interface in larger numbers 
which increases their dissociation rate into free charge carriers. 
This issue remains open to further investigation.

Figure 3. UV-Vis absorbance spectra of ref-OSC and CFO-OSC films.

Comparing the absorption spectra of ref-OSC and CFO-
OSC samples, one can observed that they do not present 
significant variations. This suggests that addition of NPs did 
not contribute significantly to the increase or decrease of the 
radiation absorption by P3TH in active layer.

Figure 4 shows AFM images of ref-OSC and CFO-OSC 
films. In the CFO-OSC films the NPs used in this application 
have average sizes of the order of 4-10 nm, in addition they 
represent a small fraction of the active layer mass (1 wt% to 
P3HT). It can be observed on the AFM surface topography 
images - ref-OSC film: Figs. 4a and b; CFO-OSC film: Figs. 
4e and d – that the addition of NPs a in this ratio did not 
affect the morphology of the film, suggesting that the NPs 
are homogeneously distributed within the film without the 
formation of agglomerates.

 Current AFM images - ref-OSC film: Fig. 4c; CFO-OSC 
film: Fig. 4f - was used to examine conductivity variations 
in the P3HT:PCBM pristine and doped blends. A high work 
function Pt-coated Si probe was used in all measurements. 
The high electron injection barrier between the Pt-coated 
Si tip and the P3HT:PCBM blend blocks electron injection 
which allows hole transport only within P3HT 45,46. Therefore, 
bright and dark regions are attributed to P3HT-rich and 
PCBM-rich domains, respectively. In both cases, it was 
observed a homogeneous distribution in the current images, 
suggesting that the NPs are not contributing significantly 
to eventual variations of currents through the active layer.
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Figure 4. (a) AFM morphology image, (b) height images of the surface morphology and (c) C-AFM current images of a ref-OSC film; 
(d) AFM morphology image, (e) height images of the surface morphology and (f) C-AFM current images of a CFO-OSC film.

Figure 5. J×V curves of the best ref-OSC and CFO-OSC cells. 
Under illumination AM 1.5 with the light intensity of 100 mW/cm2.

Device Jsc 
(mA/cm2)

Voc 
(Volt)

FF 
(%) 

PCE 
(%)

ref-OSC 5.9±0.2 0.58±0.01 61.0±1.0 2.00±0.1

CFO-OSC 6.3±0.3 0.57±0.01 62.0±0.4 2.20±0.1

Table 1. Photovoltaic parameters of ref-OSC and CFO-OSC devices 
under simulated AM 1.5 solar illumination at 100 mW/cm2. Jsc, Voc, 
FF, PCE are: short-circuit current density,  open circuit voltage, fill 
factor and power conversion efficiency, respectively.

3.4. Lifetime and stability studies

An important part of understanding degradation mechanisms 
is the proper evaluation of solar cells performance submitted 
to different degradation conditions as a function of time. 
There are several stability test categories for OSC devices 



 Pereira et al.6 Materials Research

such as tests under dark, simulated light and humidity and 
at outdoor conditions. Each degradation test is divided into 
three categories: basic, intermediate, and advanced levels16,49. 
The main parameters of the experiments are temperature, 
light, humidity, and environment. There are several factors 
and mechanisms for degradation of OSC devices such as 
light exposure15,19,20, high temperatures21,49, low resistance 
to water and oxygen22,23, as well as combinations of these 
factors24,25.

In this work, stability and lifetime tests of ref-OSC 
and CFO-OSC devices were performed according to the 
International Summit on OPV Stability (ISOS) protocols. 
The stability and lifetime tests were performed for 1200 
h following the ISOS-D-3, ISOS-O-1, and ISOS-L-1 
standards. These experiments are outlined in Table 2. The 
samples submitted to the ISOS-D-3 and ISOS-O-1 tests 
were periodically removed from the degradation platform 
and measured indoors under a calibrated solar simulator 
with AM1.5G spectrum and 100 mW/cm2of illumination. 
In order to obtain a considerable amount of data, the 
stability and lifetime tests were performed for a set of ten 
devices for each experiment and the average values are 
shown in the plots.

3.4.1. ISOS-D-3 test

The measurement of lifetime and stability of OSC under 
high temperature and humidity is an important requirement 
of practical deployment of these devices. ISOS-D-3 tests 
were performed according to the conditions described on 

Testing ID
Testing conditions

Light source Temperature Humidity Environment

ISOS-D-3  None 85 ◦ C 85% Climate chamber

ISOS-O-1 Sunlight Ambient Ambient Outdoor

ISOS-L-1 Solar Simulator Ambient Ambient Solar Simulator

Table 2. ISOS protocols used for lifetime and stability testing of OSC.

Table 2. The time evolution of photovoltaic parameters and 
resistances normalized to their pre-test values is shown in 
Fig. 6. The normalized PCE values of ref-OSC and CFO-
OSC submitted to ISOS-D-3, ISOS-O-1 and ISOS-L-1 tests 
are summarized in Table 3.

Fig. 6a shows that T 80 for PCE was reached just after 
∼380 h for both sets of devices. This fast degradation can be 
explained by the very rough conditions of the test. After 740 
h of testing, the CFO-OSC devices started to demonstrate 
slightly better ability to keep PCE when compared with 
the ref-OSC devices, maintaining this behavior until the 
end of the experiment. The PCE of ref-OSC lowered to 
about 50 % of the initial value whereas for CFO-OSC the 
PCE stayed at about 60 % at the end of the test. These 
results can be taken as indication that the use of CFO has 
the potential to improve cells’ lifetime and stability in 
very rough conditions, which can be translated into longer 
lifetimes in real operational situations.

Only a small decrease in Jsc was observed during the 
test, with a slightly better performance of CFO-OSC cells 
towards the end of the test (Fig. 6b). Values of Voc for both 
set of devices remained virtually unchanged during the test 
(Fig. 6c), which indicates unchanged polymer and fullerene 
energy levels. Therefore, the decrease in PCE observed was 
due mainly to the FF reduction seen in Fig. 6d. In fact, both 
PCE and FF curves follow the same trend. Fig.s 6e and 6f 
show a four-fold increase in Rs and a 40 % decrease in Rsh 

which is attributed to a large amount of water uptake in the 

Testing ID
ISOS-D-3 test ISOS-L-1 test ISOS-L-1 test

Normalized PCE

Exposute time (h) ref-OSC CFO-OSC ref-OSC CFO-OSC ref-OSC CFO-OSC

0.0 1.000 1.000 1.000 1.000 1.000 1.000

49.0 0.956 0.956 0.989 0.982 0.864 0.934

92.2 0.943 0.897 0.971 0.980 0.906 0.904

190.0 0.889 0.926 0.976 0.980 0.885 0.884

233.0 0.891 0.937 0.979 0.980 0.880 0.897

378.0 0.788 0.813 0.959 0.967 0.863 0.877

498.0 0.765 0.729 0.940 0.951 0.810 0.812

863.0 0.680 0.663 0.943 0.963 0.835 0.856

1097.7 0.622 0.651 0.919 0.921 0.811 0.842

1194.0 0.532 0.592 0.925 0.920 0.809 0.835

Table 3. Normalized PCE values of  ref-OSC and CFO-OSC submitted to ISOS-D-3, ISOS-O-1 and  ISOS-L-1 tests.
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Figure 6. ISOS-D-3 test: time evolution of (a) PCE, (b) Jsc, (c) Voc, (d) FF, (e) Rs and (f) Rsh of ref-OSC (black) and CFO-OSC (red) 
devices. All quantities are normalized to their initial pre-test values.

testing chamber. As is well known, FF values are strongly 
affected by series and shunt resistances.

3.4.2. ISOS-O-1 test

The devices were tested in real outdoor conditions 
following the ISOS-O-1 protocol with details described in 
Table 2. The devices were tested for 1200 h at the CSEM 
Brazil facilities in Belo Horizonte, Brazil, located at 19 ◦ 55’ 
15” S latitude and 43 ◦ 56’ 16” W longitude. This experiment 
was carried out between September and October of 2018. 
The maximum ambient testing temperature was 28 ºC. The 
time evolution of photovoltaic parameters and resistances 
normalized to their pre-test values is shown in Fig. 6.

Fig. 7a shows a decrease in PCE to about 80% of the 
pre-test values, with similar behavior for the ref-OSC and 
CFO-OSC devices. The initial strong drop in Jsc values (Fig. 
7b) is referred to as burn-in21,22, which is a signature of light 
induced degradation24. This burn-in has been demonstrated to 
be related to the photoinduced dimerization of fullerenes within 
the active layer 50,51. The larger drop for CFO-OSC is attributed 
to the higher absolute Jsc initial value. Samples with higher 
values of Jsc are more sensitive to photoinduced dimerization.

Values of Voc and FF are presented in Figs. 6c and 6d 
and showed very little variation during the test. It indicates 

the absence of any major degradation mechanism other 
than photodimerization. The fill factors presented a slightly 
increase over time with consistent larger values for the 
CFO-OSC devices which can be related to a more efficient 
collection of charge carriers. Series and shunt resistances 
did not present considerable variation over the duration of 
test (Figs. 6e and 6f).

The similar degradation behavior of both sets of devices 
does not allow for an assessment of the role of NPs in the 
cells’ stability in real outdoor conditions. It is possible that 
the test performed for this work did not last long enough to 
notice any benefit from the presence of NPs in the active 
layer. In order to evaluate the effect in longer light exposure 
times, accelerated tests according to the ISOS-L-1 protocol 
were carried out and are the results are presented below.

3.4.3. ISOS-L-1 test

ISOS-L-1 tests were performed according to the conditions 
described on Table 2. The time evolution of photovoltaic 
parameters and resistances normalized to their pre-test values 
is shown in Fig. 8.

Fig. 8a shows a quick decrease in PCE for both devices 
during the first 50 hours of testing. This reduction is more 
evident in the reference devices. The initial strong drop is 
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Figure 7. ISOS-O-1 test: time evolution of (a) PCE, (b) Jsc, (c) Voc, (d) FF, (e) Rs and(f) Rsh of ref-OSC (black) and CFO-OSC (red) devices. 
All quantities normalized to their initial values.

Figure 8. ISOS-L-1 test: time evolution of (a) PCE, (b) Jsc, (c) Voc, (d) FF, (e) Rs and (f) Rsh of ref-OSC (black) and CFO-OSC (red) 
devices. All quantities normalized to their to initial values.
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attributed to the photoinduced dimerization of fullerenes 
within the active layer. At the end of the test the PCE values 
decreased less than 20 % of the initial values, which is a 
very respectful result for P3HT:PCBM-based cells aged 
under open circuit condition. Fig. 8b shows a slightly 
larger drop in Jsc for the CFO-OSC samples, which can be 
explained by their higher initial value. Despite the slightly 
larger drop in Jsc, the CFO-OSC devices were more likely 
to retain their PCE than the ref-OSC devices. 

Because Voc remains almost constant during the whole 
test, this ability to PCE even with a larger sensitivity to 
photoinduced dimerization can be explained by superior 
performance regarding to FF as shown in Fig. 8d. The CFO-
OSC devices were able to keep almost the same FF during the 
entire duration of the test, while ref-OSC samples presented 
a drop in FF of over 5%. As mentioned before, FF values are 
strongly affected by the series and shunt resistances, therefore 
the lower FF of ref-OSC devices can explained by a more 
severe degradation of the series resistance over time as can 
be seen in Fig. 8e. This suggests that the presence of CFO 
contributes effectively to the improvement of the diffusion and 
collection of charge carriers, as bulk resistance is more likely 
to be affected by increments in series resistance.

4. Conclusion

CFO with average crystal size around 9 nm were successfully 
synthesized using the proteic sol-gel method and applied to bulk-
heterojunction organic solar cells. Pure and NP-doped blends 
of P3HT:PCBM were dispersed in a mixture of o-xylene based 
non-halogenated solvents and deposited via a semi-industrial 
blade coating process on flexible substrates to fabricate large 
area (0.55 cm2), flexible organic solar cells with inverted 
configuration. Optimization of cells active layer through the 
incorporation of CFO resulted in an increased Jsc and, as a 
result, a conversion efficiency enhancement of about 10% with 
respect to the reference devices. Reference and doped devices 
were subjected to stability and lifetime tests according to the 
ISOS-D-3, ISOS-O-1 and ISOS-L-1 protocols. Results showed 
that doped cells presented performances at least comparable 
with those of reference cells for the duration of the tests. Doped 
cell performed better during the ISOS-L-1 test suggesting that 
presence of CFO contributes effectively to the improvement of 
the diffusion and collection of charge carriers.
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