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a b s t r a c t

Solution-processed P3HT:PCBM-based bulk heterojunction organic solar cells were constructed with Fe-
doped tin oxide (Fe/SnO2) magnetic nanoparticles (NP) incorporated to the active layer. Performance and
stability of devices were evaluated. Devices reinforced with Fe/SnO2 nanoparticles showed improvement
in short-circuit current density Jsc up to 10%, when compared with devices without the addition of NPs.
Improved Jsc was attributed to the extension of photogenerated exciton lifetime as a result of the
magnetic field provided by the NPs. Life time and stability tests revealed extended T80 for samples
reinforced with NPs for both indoor and outdoor tests, which can be attributed to slightly improvements
of fill factor during aging tests. Moreover, NP-reinforced devices have shown the tendency to overcome
the burn-in regime faster. These results are indications that the addition of diluted magnetic semi-
conductor oxide nanoparticles in the active layer of organic solar cells has the potential to contributed to
the extension of lifetime and improvement of stability of these devices.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Organic solar cells (OSCs) are showing rapid advances in effi-
ciency and potential for technological applications. In recent years,
bulk heterojunction (BHJ) OSCs have attracted attention for both
academic and industrial sectors due to their premium features of
flexibility, fabrication simplicity, low manufacturing costs, short
energy payback time, and low environmental impact [1e3]. In
2016, the companies Raynergy Tek and Heliatek reported power
conversion efficiencies (PCE) over 11% for single junction cells and
as high as 13% for tandem small molecule cells, respectively. This
indicates that OSCs are strongly competitive against their inorganic
counterparts [4]. As the most reported architecture of OSCs, the BHJ
structure comprises an interpenetrating network of a conjugated
polymer donor such as poly(3-hexylthiophene-2,5-diyl) (P3HT)
and a soluble fullerene acceptor which is typically [6,6]-phenyl-
C60-butyric acid methyl ester (PCBM) as the photoactive layer
[5e9]. P3HT:PCBM BHJ OSCs was one of the first studied OSCs and
reira).
still is the most widely studied structure, as both P3HT and PCBM
materials are commercially available and more affordable.

Most recent studies on P3HT:PCBM BHJ-OSCs have been focused
on optimizing microphase separation by choosing proper solvents
for processing the photoactive layers [8,10e12] or by post-thermal
treatment of the photoactive layers [8,10,13]. Given the difficulty to
tune the morphology between donor and acceptor materials at
such small scales, another way around this issue that has gained
attention consists of increasing the effective lifetime of the pho-
togenerated excitons, and thereby their diffusion length [14e16].

It is known that in organic materials such as P3HT the primary
photo-generated charge carriers are Coulomb-bound electronhole
pairs, so-called excitons, which lie in both singlet states and triplet
states with different lifetimes. Only the dissociated excitons, i.e.,
Coulomb-bound electronhole pairs dissociated into free charge
carriers, could contribute to the photocurrent. One major bottle-
neck for the efficiency of this process is that in P3HT the singlet
lifetime is approximately 300 ps and the resulting singlet exciton
diffusion length is reported in the range of 3e6 nm [14,17,18]. In
contrast, the P3HT triplet lifetime is in the order of 10 ms implying a
triplet exciton diffusion length of the order of 100 nm [19], which

mailto:mauriciosousa@alu.ufc.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2017.01.023&domain=pdf
www.sciencedirect.com/science/journal/09253467
www.elsevier.com/locate/optmat
http://dx.doi.org/10.1016/j.optmat.2017.01.023
http://dx.doi.org/10.1016/j.optmat.2017.01.023
http://dx.doi.org/10.1016/j.optmat.2017.01.023


M.S. Pereira et al. / Optical Materials 64 (2017) 548e556 549
aids their diffusion process toward donor-acceptor junctions and
thus enhances the photovoltaic process in OSCs [14]. The migration
of excitonic states from the excited singlet to the triplet can occur in
the presence of strong spinorbit coupling. This transition is known
as intersystem crossing.

Magnetic nanoparticles, ferromagnetic domain boundaries, and
surfaces exhibiting antiferromagnetism are amongst nano-
structures that may bring about current enhancement [20]. Several
recent observations suggest that magnetic nanostructures may
induce unusual spin dynamics of electrons in nearby organic
molecules. These effects include enhanced quantum efficiency,
magnetically modulated quantum efficiency [21] in organic LEDs
doped with magnetic nanoparticles. Recently, several groups of
researchers have reported improvements in efficiency and stability
with insertion of NPs in BHJ CSOs [5e7,22,23].

Despite considerable improvement of OSCs PCE values, their
poor stability and short carriers lifetime are still issues that need to
be addressed before this technology becomes commercially viable.
Organic solar cells degrade due to a number of factors, such as
exposure to high temperatures and UV-light, water or oxygen
intake, mechanical stress, among others [24e26]. One of the stra-
tegies that have been applied to improve OSCs lifetime and stability
is the replacement of highly hygroscopic [27,28] PEDOT:PSS as hole
transport material (HTL). Over the last few years, transition metal
oxides with large work function like NiO [29], MoO3 [30,31], WO3

[32] and V2 O5 [33,34] among others, have been shown to be viable
options as hole-transport layer in stable OSCs. In fact, water-based
V2 O5 was found be highly compatiblewith printing techniques [35]
and was used as HTL for all OSCs used in this work.

In this paper, we introduce Fe doped SnO2 (Fe/SnO2) magnetic
nanoparticles (NPs) into P3HT:PCBM BHJ OSCs and find that the
doping of NPs result in the enhancement of the Jsc and stability. In
order to discuss in which way the performance of OSCs doped with
NPs is mainly affected, we present a study based on the model
system P3HT:PCBM solar cells blended with weight concentration
of 10% NPs.

2. Experimental procedure

2.1. Synthesis of Fe/SnO2 nanoparticles

Fe/SnO2 nanoparticle (Fe:Sn molar ratio of 1:10) samples were
prepared by high-energy ball milling. Commercial SnO2 and Fe2 O3
(Sigma-Aldrich, 99.9%) powders together with alumina vials and
zirconia spheres (ball-to-powder mass ratio of 20:1) were used in a
planetary mill (Fritsch Pulverissette 6) operating with an angular
velocity of 500 rpm.

2.2. Solar cell fabrication

Two types of solar cell devices were prepared with inverted
configuration and tested in air under ambient conditions: reference
devices (ref-OSC) with configuration FTO/ZnO/P3HT:PCBM/V2 O5/
Ag; and nanoparticle-bearing devices (NP-OSC) with configuration
FTO/ZnO/P3HT:NP:PCBM/V2 O5/Ag.

A 30 nm thick electron transport layer (ETL) was deposited from
a solution of ZnO in chlorobenzene (40 mg/ml) that was spin-
coated at 3000 rpm on the FTO surface and dried at 140� C for
30min at air atmosphere conditions. This solutionwas produced by
collaborators [8].

The bulk heterojunction blend of ref-OSCs comprised of a 1:1 M
mixture of P3HT:PCBM dissolved in 1,2-dichlorobenzene while that
of NP-OSCs comprised of a molar 0.9:0.1:1 mixture of
P3HT:NP:PCBM. The nanoparticles were suspended in 1,2-
dichlorobenzene (30 mg/ml) and mixed added to the P3HT:PCBM
blend to achieve the desired concentration. Blends were spin
coated at 1000 rpm to deposit a 300 nm-thick P3HT:PCBM and
P3HT:NP:PCBM films.

A 120-nm thick hole transport layer (HTL) was deposited from a
molar 1:1 solution of V2 O5 sol-gel:isopropanol that was spin-
coated at 3000 rpm and annealed at 120� C for 1e2 min on a hot
plate at atmosphere conditions. The V2 O5 sol-gel was produced by
collaborators [8].

Finally, a 100 nm-thick Ag back metal electrode was deposited
by thermal evaporation in an evaporation system (Auto 306, BOC
Edwards). The devices were subsequently annealed at 120� C for
10 min in air. A set of six ref-OSC and NP-OSC devices were pre-
pared for the tests of efficiency and stability.

2.3. Characterization

X-ray diffraction (XRD) patterns of powdered nanoparticles
were collected at room temperature using a Rigaku DMAXB
diffractometer operating with a Ka-Cu source (l ¼ 1.54 Å) at 40 kV
and 30 mA. The data were collected in a range of 20�e100� in 2q
and the pattens were Rietveld refined using the programGSAS [36].

Magnetization measurements of powdered nanoparticles were
carried out at room temperature using a Lakeshore (model 7404)
vibrating sample magnetometer (VSM) with maximum field of
27 kOe. Room temperature M€ossbauer spectra were measured in
transmissionmode using a57 Co(Rh) radioactive sourcemounted on
a velocity driver operating in sinusoidal mode. The data were
evaluated by least square fitting to series of discrete Lorentzian
shaped subspectra by means of the software package Normos.
Isomer shifts (d) are quoted with respect to a-Fe.

Active layer film samples for atomic force microscopy (AFM),
conductive atomic force microscopy (c-AFM) and scanning electron
microscopy (SEM) were prepared via spin-coating of blends on a
glass substrate covered with a 30 nm layer of ZnO. AFM and c-AFM
measurements were done in air under ambient conditions 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. SEM
measurements were performed in air under ambient conditions
using a Quanta FEG 450 microscope.

Solar simulations was performed on a KHS1200 (Steuernagel
Solarkonstant) equipped with an AM1.5 filter (100 mW/cm2,
AM1.5G, 72� C). J � V curves were measured using a Keithley 2601
multimeter with light intensity of 100mW, calibratedwith a Zipp&
Konen CM-4 pyranometer, which was used constantly during
measurements to set light intensity. A calibrated S1227-1010BQ
photodiode from Hamamatsu was also applied for calibration
before each measurement. Incident photon-to-electron conversion
efficiency (IPCE) analyses were done with a QE/IPCE measurement
System from Oriel (from 300 to 800 nm; at 10 nm intervals). The
results were not corrected for any intensity losses due to light ab-
sorption or reflection by the glass support.

3. Results and discussion

3.1. Fe/SnO2 nanoparticles

Fig. 1 shows the XRD pattern of a Fe/SnO2 nanoparticle sample.
The diffraction peaks correspond to the rutile-type tetragonal
structure of SnO2. No Fe-bearing phase was found indicating total
incorporation of Fe2 O3 by the SnO2 matrix. The average particle
size calculated using Scherrer's equation and corrected by the
Williamson-Hall relation (which separates contributions of particle
size and residual microstrain to the breadth of diffraction peaks) is
about 10 nm.



Fig. 1. X-ray diffraction pattern of a Fe/SnO2 nanoparticle sample. Dots and solid lines
are the experimental data and best fit respectively. Bars represent the ICSD-39173
standard pattern.

Fig. 2. M€ossbauer spectrum of a Fe/SnO2 nanoparticle sample.

Fig. 3. Room temperature hysteresis loop of a Fe/SnO2 nanoparticle sample.

Fig. 4. SEM images of (a) ref-OSC and (b) NP-OSC films.
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M€ossbauer spectra of Fe/SnO2 nanoparticle sample and
respective best fits (achieved using two paramagnetic doublets) are
shown in Fig. 2. The absence of sextets confirms the successful
incorporation of Fe3þ to the matrix. Isomer shift and quadrupole
splitting values of both doublets are consistent with octahedral
coordinated Feþ3 substituting for Sn4þ in the SnO2 [37] matrix.

Fig. 3 shows themagnetization vs applied field curve obtained at
room temperature from a Fe/SnO2 nanoparticle sample. The curve
consists of a linear paramagnetic component and a magnetic hys-
teresis loop with coercivity of 145 Oe and remanent magnetization
of 6.3 � 10�3 emu/g. These values indicate that the sample is
ferromagnetic at room temperature.

3.2. Films morphology

Fig. 4 shows SEM images of (a) ref-OSC and (b) NP-OSC active
layer films. The images show PCBM domains (lighter regions)
randomly distributed within the P3HT matrix (dark background)
[5,38]. The NP-OSC film also showbright spots attributed to clusters
of NPs according to energy dispersive X-ray spectrometry results.

Fig. 5 shows AFM and c-AFM images of the active layer of a ref-
OSC and a NP-OSC film. In can be observed on the AFM surface
topography images e parts (a) and (c) e that the addition of
nanoparticles affects the morphology of the film, introducing
aggregated domains (bright spots in Fig. 5c) reinforcing the SEM
results. Doping induces the formation of NPs clusters that yield
uneven film morphology which can lead to decrease of the shunt
resistance Rsh and consequent increased leakage current [22].

Current AFM images e parts (b) and (d) e was used to examine
conductivity variations in the P3HT:NP:PCBM blends. A high work
function Pt-coated Si probewas used in all measurements. The high
electron injection barrier between the Pt-coated Si tip and the
P3HT:NP:PCBM blend blocks electron injection which allows hole



Fig. 5. (a) AFM and (b) c-AFM images of a ref-OSC film; (c) AFM and (d) c-AFM images of a NP-OSC film.
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transport only within P3HT [13]. Therefore, bright and dark regions
are attributed to P3HT-rich and PCBM-rich domains, respectively.
Images of NP-bearing samples show non-conductive dark spots
associated to clusters of NPs in the active layer, as was pointed out
above.
3.3. Solar cells performance

Fig. 6 shows (a) characteristic J � V curves (under AM1.5G illu-
mination with light intensity of 100 mW/cm2) and (b) normalized
IPCE spectra of the ref-OSC and NP-OSC cells with the best per-
formance. Photovoltaic parameters for a hero device and the
average of the set of six samples of either ref-OSC or NP-OSC type
are summarized in Table 1. It can be seen that the photovoltaic
parameters of the best cells were very close to the average values of
each set of six devices, ensuring good reproducibility of the results.

The devices reinforced with nanoparticles showed a slightly
improved Jsc with average value increasing from 11.25 to 12.09 mA/
cm2. This suggests that the addition of NPs contributes to the
dissociation of photogenerated excitons into free charge carriers
resulting in an enlarged short-circuit current density. The broader
IPCE spectrum found for NP-OSCs seen in Fig. 6b reinforces this
suggestion.

Average Voc was slightly lower for NP-OSCs, which can be
attributed to added disorder to the system due to the presence of
magnetic nanoparticles [39,40]. Average FF was also lower for NP-
OSC. This effect is very often observed in devices with enhanced Jsc
[41]. The increase in the density of free photogenerated carriers
improves both Jsc values and recombination rates due to a
competition between recombination and extraction of free charges
[41]. The combination of these effects tends to lower FF values.

Series resistance (Rs) and shunt resistance (Rsh) were calculated
from the slope of J � V curves and are also shown in Table 1. The
increasing on average Rs values for NP-OSC devices is remarkable
and most likely due to the presence of NP aggregates as seen on
microscopy images.

As mentioned previously, addition of NPs to the active layer of
OSCs produced a broader IPCE spectrum (see Fig. 6b). This
improvement is observed in the region of longer wavelengths,
suggesting that doping has caused a reduction in energy levels
HOMO and LUMO of the donor.
3.4. The role of magnetic NPs

Fig. 7 shows measurements of photocurrent density Jph as a
function of effective bias voltage (V0�V). In both cells, photocurrent
values increase sharply from zero to about 0.6 V when they slow
down gradually as saturation is approached. The slope of the rise is
steeper (see inset) and saturation is reached earlier for the refer-
ence device. The slightly larger saturation current in NP-OSC de-
vices is attributed to a higher dissociation of photogenerated
excitons into free charge carriers. Therefore, the presence of mag-
netic NPs does not contribute to exciton generation but with the
enhancement of excitons dissociation rate.

Due to their ferromagnetism at room temperature, Fe/SnO2 NPs
generate a weak effective magnetic field within the OSC



Fig. 6. (a) J � V curves and (b) normalized IPCE spectra of the best ref-OSC and NP-OSC
cells.
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photoactive layer. The effect of magnetic fields on organic solar cells
has been studied for different OSCs [6,7,22]. It has been observed
that a low magnetic field can increase the rate of intersystem
crossing thus increasing the concentration of triplet excitons. The
increase of triplet excitons can lead to an increase of dissociated
charge carriers due to triplets' longer lifetime in bulk materials as
compared to that of singlet excitons, yielding larger currents
through the devices [14,22].

In order to clarify the effect of NPs on the enhancement of Jsc
values, cells with P3HT:NP:PCBM molar ratios of 0:1:1 and
0.95:0.05:1 were fabricated and tested. The 0:1:1 cell exhibited
very low Jsc (~0.14 mA/cm2) and PCE (~0.006%) values indicating
that these NPs are not an efficient light absorbing material and
electron donor.

Devices with 0.95:0.05:1 ratios exhibited smaller Jsc values
(~9.47 mA/cm2) than those of the reference devices. This decrease
may be associated to the weak magnetism of these NPs. In low
concentrations, themagnetic field generatedwithin the active layer
is not strong enough to yield a considerable rate of intersystem
Table 1
Photovoltaic parameters and resistance values of ref-OSC and NP-OSC devices.

Device Jsc (mA/cm2) Voc (V) FF (%)

ref-OSC
Hero 11.30 0.54 52.0
Avg 11.25 ± 0.04 0.54 ± 0.0 50.4 ± 1.0

NP-OSC
Hero 12.44 0.52 47.34
Avg 12.09 ± 0.24 0.52 ± 0.0 47.24 ± 0.
crossing. On the other hand, the clustering of NPs enables alter-
native conducting paths for charge carriers inducing leakage cur-
rents. Increasing doping to 0.9:0.1:1 yields a larger magnetic field
within the active larger leading to a larger rate of intersystem
crossing that overcomes the effect of leakage currents. This sug-
gests that the improvement in Jsc values is likely associated with an
effective magnetic field generated by the presence of magnetic NPs.

Progress in organic solar cells relies strongly on two features:
dissociation of photogenerated excitons into free carriers, and ul-
trafast electron-hole (e-h) charge separation [42,43]. Evidently un-
derstanding the underlying mechanism is useful for the future
rational design of new OSCs with improved efficiency and stability,
but unfortunately these phenomena cannot be explained
completely by the traditional theories. Classical approaches
consider the dependence of exciton dissociation on an increasing
electric field in the device, as a coulombically bound e-h pair re-
quires a certain electric field for complete separation [44,45]. More
sophisticatedmodels incorporate explicitly the delocalization of the
photogenerated charges by considering their effective masses [42].
Similarly, electron-phonon coupling [43] can strongly influence the
process of exciton diffusion and dissociation dynamics in OSCs.

The exciton binding energy in a typical organic semiconductor
has two components: the Coulomb energy of the e-h pair and the
additional binding energy of the electron-phonon interaction. For
the case that the exciton has negligible electron-phonon coupling,
the optical absorption edge is coincident with the exciton energy
(assuming a direct gap semiconductor), irrespective of the magni-
tude of the exciton binding energy. However, when the exciton has
strong electron-phonon coupling, the optical absorption is no
longer coincident with the exciton energy [43,46]. The AFM and
SEM images show a large degree of local disorder introduced by the
incorporation of NPs. This disorder causes significant variations in
the donor-acceptor interface and, consequently, can influence the
dissociation and collection of photogenerated excitons. Due to the
disorder caused by the incorporation of NPs, it is possible that the
NP-OSC devices have a strong electron-phonon coupling. Therefore,
a more complete interpretation requires that the electron-phonon
coupling energy must be taken into account.

Arkhipov et al. [47,48] proposes that heavier carriers have
smaller energy of zero-point oscillations and such carriers are
localized within on-chain potential wells. Therefore, the field-
controlled height of on-chain barriers essentially determines the
probability of full dissociation and the field dependence of the free
carrier yield becomes stronger with increasing effective mass meff.
The effective mass of holes in P3HT is about 1.8me and is similar to
many inorganic semiconductors [49] such as SnO2 with
meff z 1.6me [50,51]. Thus, no significant contributions are ex-
pected related to the hole effective mass in the NPs.
3.5. Lifetime and stability studies

Organic solar cells degrade due to a number of factors such as
light exposure [52,53], high temperatures [54,55], low resistance to
h (%) Rs (U cm2) Rsh (U cm2)

3.20 425 275
3.06 ± 0.09 553 ± 100 298 ± 17

3.04 1200 411
6 2.96 ± 0.06 831 ± 273 321 ± 69



Table 2
ISOS protocols used in this study for lifetime testing of OSCs.

Testing ID Testing conditions

Light source Temperature Humidity Environment

ISOS-L-1 Simulated (1 Sun) Ambient Ambient Light only
ISOS-O-2 Sun light Ambient Ambient Ambient

Fig. 8. ISOS-L-1 test: (a) time evolution of conversion efficiency h of ref-OSC and NP-
OSC; (b) time evolution of ref-OSC photovoltaic parameters; and (c) time evolution of
NP-OSC photovoltaic parameters. All quantities normalized to their pre-test values.

Fig. 7. Plots of photocurrent density with respect to effective bias.
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water and oxygen [56], as well as combinations of these factors and
others [57]. In this work, lifetime and stability of OSCs with and
without the addition of Fe/SnO2 nanoparticles were measured ac-
cording to ISOS standards [58] ISOS-L-1 and ISOS-O-2, outlined in
Table 2.

3.5.1. ISOS-L-1 test
ISOS-L-1 tests were performed for 70 h on encapsulated ref-OSC

and NP-OSC samples according to the conditions described on
Table 2. The time evolution of photovoltaic parameters normalized
to their pre-test values is shown in Fig. 8. Relative conversion ef-
ficiency h for both devices is shown in part (a). It can observed that
the NP-bearing device presented a slightly better stability, reaching
T80 after 40 h while the sample without NPs reached T80 after about
15 h.

Fig. 8b and c shows the time evolution of relative photovoltaic
parameters of ref-OSC and NP-OSC devices, respectively. Voc of both
devices remains relatively unchanged during the test, suggesting
that the chemical potential and charge transfer energy across the
devices did not change significantly.

Values of Jsc for both devices follow the time evolution recor-
ded for conversion efficiency, with a steeper drop during the first
few hours before reaching a plateau. The time consumed during
this initial strong drop is referred to as burn-in time [59], which is
a signature of light induced degradation [60e63]. Many factors
can be responsible to this burn-in process. Polymer conjugation
losses (e. g. chemical degradation of the electron donor in the
active layer), decrease of donor/acceptor interface area due to
increase of blend domains above the diffusion length of the
exciton, and ordering of the polymer chains (e.g. due to chain
scission) all contribute to cell degradation as they affect charge
transport [64].

As Jsc tends to stabilize after some hours, the dominant degra-
dation mechanism is expected to saturate. Street et al. [65] and
Bhattacharva et al. [66] have described analogous drops on Jsc due
to the creation of mid-gap defect states at the donor/acceptor
interface due to prolonged light exposure. Several groups [67e70]
described the same behavior attributing this lowering on Jsc to
fullerene dimerization.

Fill factor values remain almost constant during the test with a
slight increase recorded for the NP-OSC device. This improvement
in FF for NP-OSC can be an indication that the addition of Fe/SnO2
nanoparticles turned the device less sensitive to light soaking
[71,72]. The slight increase in FF with time together with the higher
initial Jsc for the NP-OSC makes the addition of Fe/SnO2 nano-
particles on the active layer a promising approach to improve the
lifetime of OSCs.

Fig. 9 shows a comparison of ref-OSC and NP-OSC normalized
IPCE spectra before and after the ISOS-L-1 test. IPCE losses are clear
in the 350e450 nm and 550e650mn ranges andmore pronounced
for the NP-OSC device. Absorption in the range of 350e450 nm is
mostly due to fullerene domains, which is an indication that the
fullerene dimerization process was more intense in the NP-bearing
OSC. As fullerene does not absorb light in the 550e650 mn range,
these losses must be related with P3HT degradation or oxide
opacity in this range.
3.5.2. ISOS-O-2 test
To further evaluate the stability of NP-bearing solar cells, ISOS-

O-2 standard tests under realistic conditions described on Table 2
were performed. Encapsulated ref-OSC and NP-OSC samples were
attached to a solar tracker system and placed on the roof of the
Catalan Institute of Nanoscience and Nanotechnology in Barcelona,
Spain (41� 300 800 latitude and 2� 60 4200 longitude) for 21 days. The



Fig. 9. ISOS-L-1 test: normalized IPCE measurements before and after the test for (a)
ref-OSC and (b) NP-OSC devices. Fig. 10. ISOS-O-2 test: (a) time evolution of conversion efficiency h of ref-OSC and NP-

OSC; (b) time evolution of ref-OSC photovoltaic parameters; and (c) time evolution of
NP-OSC photovoltaic parameters. All quantities normalized to their pre-test values.
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cells were characterized periodically by means of J � V measure-
ments under real solar illumination.

Time evolution of conversion efficiency h for both samples is
singled out in Fig. 10a while time evolution of Voc, Jsc, h and FF is
shown in Fig. 10b (ref-OSC) and Fig. 10c (NP-OSC). All parameters
were normalized to their pre-test values. The data showed that
samples in outdoor conditions degraded similarly to samples sub-
mitted to controlled indoor tests, which suggest that the degra-
dation mechanisms were similar, albeit on a different time scale.

As observed from the ISOS-L-1 standard indoor test, the NP-OSC
device presented a longer T80 time than the ref-OSC device (14 days
against 8 days). Voc of both devices also remains relatively un-
changed during the test. The drop of ref-OSC conversion efficiency
follows the decrease in Jsc but is also influenced by FF instability.
The fill factor of the NP-OSC device, on the other hand, remains
unchanged during the entirety of the test and h tracks closely the
behavior of Jsc. A possible explanation for the ref-OSC FF instability
is the increase of exciton recombination rate associated by fullerene
dimerization. This effect is not observed for the NP-OSC likely due
to longer exciton lifetimes.

The NP-OSC device experienced a greater amount of IPCE losses
due tooutdoor exposure than the referencedevice, as canbeverified
in Fig. 11. Losses were concentrated on the 350e450 nm range (ab-
sorption by fullerene) which is a strong indication of the occurrence
of dimerization. Losses also occurred on the 550e650 mn range
most likely due to P3HT photodegradation. Despite themore severe
relative losses, the NP-OSC device maintained a higher external
quantum efficiency throughout the test as can bee seen in Fig. 12.

It is important to point out that the IPCE reduction of the NP-
bearing device observed in Fig. 11 was more severe during the
first 10 days as compared to the last 11 days of test. The reference
device, on the other hand, experienced an almost linear decrease of
IPCE. This result indicates that the presence of NP in the active layer
led to faster degradation of the solar cell in the beginning of its
lifetime, achieving stabilization before the reference device and
maintaining a stronger IPCE after stabilization, which is desired in
the long term.

4. Conclusion

Bulk heterojunction organic solar cells were built doping the
P3HT:PCBM active layer with 10 at.% of Fe/SnO2 magnetic nano-
particles. Devices without NPs in the active layer were also pro-
duced to serve as reference. Slightly improved Jsc, together with a
broader IPCE spectrum, suggests that addition of NPs to the devices
contributed to the dissociation of photogenerated excitons into free
charge carriers. Measurements of photocurrent density vs. effective
bias voltage reinforces this suggestion. The increase of dissociated
charge carriers is attributed to the presence of a week effective
magnetic field in the active layer. This field increases the rate of
intersystem crossing thus increasing the concentration of longer
lived triplet excitons [6,7,14].

Stability studies following the ISOS-L-1 (indoors) and ISOS-O-2
(outdoors) protocols revealed an improved T80 for the NP-bearing
devices. Degradation mechanisms were found to be likely the
same for both reference and NP-doped cells, being mainly due to Jsc
losses, which are closely related to PCBM dimerization. NP-OSCs
experienced a strong initial drop in Jsc which was compensated
by small improvements in Voc and FF. It was shown that the



Fig. 11. ISOS-O-2 test: normalized IPCE measurements before the test, after 10 days of
exposure and after 21 days of exposure (end of test) for (a) ref-OSC and (b) NP-OSC
devices.

Fig. 12. ISOS-O-2 test: normalized IPCE normalized measurements for ref-OSC and NP-
OSC devices (a) before the test, (b) after 10 days of exposure and (c) after 21 days of
exposure (end of test).

M.S. Pereira et al. / Optical Materials 64 (2017) 548e556 555
presence of NPs in the active layer led to faster degradation of the
solar cell in the beginning of its lifetime, nevertheless achieving
stabilization before the reference device and maintaining a stron-
ger IPCE after stabilization.

Doping of the active layer of OSCs with magnetic nanoparticles
has been successfully used to modify the cells' electrical and optical
properties. Improvements have been observed in aspects such as
exciton dissociation and stability. The results obtained in this
research work provide subsidies that propitiate an understanding
of the effective action caused by the doping of the active layer of
OSCs with magnetic NPs, thus opening new improvement oppor-
tunities by means of the addition of a degree of freedom for spin
within the active layer. Using diluted magnetic semiconductor
nanoparticles instead of ferromagnetic nanoparticles offers a new
path of development for the field. The features shown by the NP-
doped devices offer advantages in the long term and, therefore,
the present work represents an evolution as it showed further
evidence that addition of magnetic nanoparticles to bulk hetero-
junction organic solar cells is a promising path to enhanced power
conversion efficiency and stability.
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