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ABSTRACT: Low efficiency and poor stability are two major obstacles limiting the
manufacturing of renewable and cost-effective polymer solar cell (PSCs). To address these
problems, solution-processed poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) doped with Fe3O4 magnetic nanoparticles ((PEDOT:PSS):Fe3O4), and
above (PEDOT:PSS):Fe3O4 thin film aligned by an external magnetostatic field
([(PEDOT:PSS):Fe3O4] W/H) were used as the anode buffer layer for PSCs, respectively.
As compared with PSCs with PEDOT:PSS as an anode buffer layer, 38.5% enhanced
efficiency and twice improved stability are observed from PSCs incorporated with
[(PEDOT:PSS):Fe3O4] W/H anode buffer layer. It was found that enhanced efficiency and
improved stability resulted from a combination of reduced acidity of PEDOT:PSS and
enhanced electrical conductivity that originated from generated counterions and the
paramagnetism of Fe3O4 magnetic nanoparticles by an external magnetostatic field.
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■ INTRODUCTION
Bulk heterojunction (BHJ) polymer solar cells (PSCs) have
shown great potential as one of the renewable and cost-effective
energy sources.1−3 BHJ PSCs are generally consisting of an
active layer of conjugated polymer blended with fullerene
derivative sandwiched by an indium tin oxide (ITO) anode and
a m e t a l c a t h o d e . T y p i c a l l y , p o l y ( 3 , 4 -
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) is used as an anode buffer layer to smooth the
surface of ITO and reduce the contact resistance between BHJ
composite active layer and the ITO anode.4 However, the
acidic PEDOT:PSS etches ITO substrate and thus degrades the
performance of BHJ PSCs.5−7 Moreover, the thin film of
PEDOT:PSS is unstable and possesses low conductivity (ca. <
1 S cm−1),8,9 which limits the development of PSCs with high
efficiency. In order to circumvent these problems, p-type metal
oxides such as MoO3, NiO, V2O5 were used to substitute
PEDOT:PSS buffer layer.8,10−12 The power conversion
efficiencies (PCEs) of PSCs incorporating with vacuum-
deposited metal oxide as a hole extraction layer were
comparable to those using PEDOT:PSS anode buffer layer,13

whereas the PCEs of PSCs incorporating with solution-
processed metal oxides were inferior than those with
PEDOT:PSS.14 Compared with p-type metal oxides, PE-
DOT:PSS shows advantages in fabrication simplicity and
device efficiency but disadvantages on stability due to its acidic
nature. Moreover, as anode buffer layer, the electrical
conductivity of PEDOT:PSS can be improved because of its

constitutional and structural characteristics. Therefore, reducing
the acidity and enhancing the electrical conductivity of
PEDOT:PSS is probably a promising approach to realize low-
cost manufacturing PSCs with high efficiency and good
stability.22−25

Several methods have been reported for enhancement of the
electrical conductivity of PEDOT:PSS, for example, PE-
DOT:PSS doped with an organic compound, or an ionic
liquid, or an anionic surfactant was used for minimizing its
acidity.15 Recently, Xie et al. observed a 50% enhanced PCE
from PSCs by using PEDOT:PSS doped with a cationic
surfactant as an anode buffer layer.16 Huang et al. reported
high-performance PSCs by using one-dimensional n-PEDOT as
an anode buffer layer.17 However, the improvements in PCEs
through these methods were still insufficient and new
approaches need to be explored.
Here, we report a facile method to enhance the efficiency and

improve the stability of PSCs. By using a thin film fabricated
from the solution of PEDOT:PSS doped with Fe3O4 magnetic
nanoparticles (MNP) (represented by (PEDOT:PSS):Fe3O4)
as an anode buffer layer, and above (PEDOT:PSS):Fe3O4 thin
film aligned by an external magnetostatic field (represented by
[(PEDOT:PSS):Fe3O4] W/H), as an anode buffer, respec-
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tively, significantly enhanced efficiency and improved stability
of PSCs were observed.

■ EXPERIMENTAL SECTION
Materials. The PBDTTT-C-T was synthesized by Yongfang Li’s

group and PC71BM was purchased from 1-Material Inc. The
PEDOT:PSS (Clevios HTL Solar) was purchased from Heraeus and
used as received. The Fe3O4 MNP H2O dispersion solution was
bought from Ocean Nano Tech LLC and used as received. All the film
of (PEDOT:PSS):Fe3O4) and [(PEDOT:PSS):Fe3O4] W/H were
casted from the solution of PEDOT:PSS doped with Fe3O4 MNP To
fabricate the film of [(PEDOT:PSS):Fe3O4] W/H, a magnetostatic
field with a magnetic induction intensity of 500 G was applied in
vertical direction during annealing process. The thickness of
PEDOT:PSS, (PEDOT:PSS):Fe3O4) and [(PEDOT:PSS):Fe3O4]
W/H are ∼40 nm.
Film Characterization. Tapping-mode atomic force microscopy

(AFM) images were obtained by using a NanoScope NS3A system
(Digital Instrument) to observe the surface morphologies and
thicknesses of various thin films. Bright-field TEM experiments were
carried out with a JEOL transmission electron microscope using an
accelerating voltage of 120 kV. XPS images were measured by a PHI
5000 Versa Probe II scanning XPS microprobe to identify the
components on the surface of all the films.
Electrical Conductivity of Thin Films. Four point probe method

was utilized to measure the electrical conductivity of the thin films.
The thin films of PEDOT:PSS, (PEDOT:PSS):Fe3O4, and [(PE-
DOT:PSS):Fe3O4] W/H were deposited on precleaned glass
substrates with an area of 1 × 1 cm2. The thicknesses of above
three different thin films are ∼40 nm. Aluminum contact was thermally
deposited on the four corners of the films. The electrical conductivities
of thin film were calculated as σ = 1/(RSt), where RS is the sheet
resistance of the films measured by the four-point probe method, and t
is the thickness of the films.
PSC Fabrication. The device structure of PSCs is ITO/anode

buffer layer/polymer:fullerene BHJ composite/Ca/Al, where the
anode buffer layer with a thickness of 40 nm (± 5 nm) is
PEDOT:PSS, (PEDOT:PSS):Fe3O4, and [(PEDOT:PSS):Fe3O4]
W/H, respectively. First, ITO coated glass slides were cleaned by
detergent, followed by ultrasonic washing in deionized water, acetone
and isopropanol, and subsequently dried in an oven overnight. After
that, the anode buffer layer, PEDOT:PSS or PEDOT:PSS doped with
Fe3O4 MNP (5% by volume), was spin-coated from the corresponding
solutions, respectively. The anode buffer layer, PEDOT:PSS and
(PEDOT:PSS):Fe3O4 layer coated ITO substrates were annealed at
150 °C for 10 min in air. For the anode buffer layer
[(PEDOT:PSS):Fe3O4] W/H, a magnet is directly put on the top
of the thin film during the thermal annealing process. After that, all the
anode buffer layer coated ITO substrates were transferred into the
glovebox with N2 atmosphere. BHJ composite of PBDTTT-C-
T:PC71BM (1:1.5, weight ratio) was spin-coated onto the top of
buffer layer from ortho-dichlorobenzene (o-DCB) solution. The
thickness of BHJ active layer was ∼140 nm. Finally, metal top
electrode, Ca and Al were sequentially deposited onto BHJ active layer
in vacuum onto with a pressure of ca. 4 × 10−6 mbar. The active area
of PSCs was measured to be 0.045 cm2.
PSC Characterization. The current-density versus voltage (J−V)

curves characteristics were measured using a Keithley 2400 Source
Measure Unit. The solar cells were characterized using a Newport Air
Mass 1.5 Global (Am 1.5G) full spectrum solar simulator with an
intensity of 100 mW cm−2. The light intensity was determined by a
monosilicon detector (with KG-5 visible color filter) calibrated by
National Renewable Energy Laboratory (NREL) to reduce spectral
mismatch. The incident photon-to-electron conversion efficiency
(IPCE) spectra of PSCs were measured by solar cell quantum
efficiency measurement system (QEX10) from PV Measurements.
The impedance spectra (IS) were obtained using a HP 4194A
impedance/gain-phase analyzer, all under illumination, with an
oscillating voltage of 10 mV and frequency of 1 Hz to 1 MHz.

PSCs were held at their respective open circuit potentials obtained
from the J−V measurements, while the IS spectrum was recorded.

■ RESULTS AND DISCUSSION

Sample Preparation and Characterization. Fe3O4 MNP
was selected to modify the electrical properties of PEDOT:PSS
because of its special electrical, chemical, magnetic, optical, and
anticorrosive properties.18 Moreover, it is expected that the
reaction between basic Fe3O4 MNP and acidic PEDOT:PSS
would reduce the acidity of PEDOT:PSS and simultaneously
generate Fe3+ ions, thus resulting in high electrical conductivity
and enhanced stability.
In order to verify whether the Fe3O4 MNP was doped into

PEDOT:PSS or not, pH value of the mixed solution of
PEDOT:PSS and Fe3O4 MNP was checked and compared with
that of pristine PEDOT:PSS. The pH value of the solution of
PEDOT:PSS became 5−6 from 1−219,20 after doping 5%
Fe3O4 MNP into the solution of PEDOT:PSS. The change of
pH value indicated that the sulfonic acid in PSS was reacted
with Fe3O4 MNP and generated the counterions, Fe3+, at the
same time. In order to confirm that Fe3+ was generated by
above reaction, the solution was further checked by a
coordination reaction between the Fe3+ ions and the
thiocyanate ions (SCN−). It was found that the color of
potassium thiocyanate solution quickly changed from colorless
to red upon addition of a few drops of the solution of
(PEDOT:PSS):Fe3O4. The red color originated from the iron
thiocyanate complex ([Fe(SCN)n]

3−n (n = 1−6)),21 which was
formed by the Fe3+ ions coordinated with SCN−. These results
demonstrate that Fe3O4 MNP reacted with PEDOT:PSS. As a
result, extra Fe3+ ions were generated and the acidity of
PEDOT:PSS was reduced. Therefore, with the introduction of
extra Fe3+ ions, the morphology of PEDOT:PSS film is
expected to be changed.22

Figure 1 presents the transmittance spectra of pristine
PEDOT:PSS, pristine Fe3O4 MNP, and (PEDOT:PSS):Fe3O4
thin films. The spectrum of pristine Fe3O4 MNP thin film
shows 97% transmittance from 400 to 1100 nm. The
transmittance of (PEDOT:PSS):Fe3O4 thin film is greater
than that of pristine PEDOT:PSS. The transmittance spectrum
of (PEDOT:PSS):Fe3O4 thin film is a superposition of pristine

Figure 1. Transmittance spectra of thin films of PEDOT:PSS, Fe3O4
magnetic nanoparticles, and (PEDOT:PSS): Fe3O4 magnetic nano-
particles.
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PEDOT:PSS and Fe3O4 MNP. Good transmittance from 400
to 1100 nm indicates more visible light is able to pass through
the (PEDOT:PSS):Fe3O4 thin film into the BHJ active layer.
As expected, the morphology of PEDOT:PSS film would

change with introduction of extra Fe3O4 MNP into
PEDOT:PSS.22 The thin film morphologies were investigated
by transmission electron microscopy (TEM). A comparison of
bright field TEM images of pristine PEDOT:PSS, pristine
Fe3O4 MNP and (PEDOT:PSS):Fe3O4 thin films is shown in
Figure 2. The thin film of pristine PEDOT:PSS is uniform and
homogeneous. The thin films of pristine Fe3O4 MNP and
(PEDOT:PSS):Fe3O4 are uniform as well. However, the Fe3O4
MNP is clearly observed from the latter two samples.
Interestingly, the mean sizes of Fe3O4 MNP presents in
PEDOT:PSS thin film were evidently smaller than those of
pristine Fe3O4 MNP and the shape of Fe3O4 MNP became
irregular. The spherical particles look like to have been “bitten”
by PEDOT:PSS, as shown in Figure 2c. This is attributed to
partially etched Fe3O4 MNP by sulfonic acid groups. All these
results provide further evidence suggesting that Fe3O4 MNP
was reacted with PEDOT:PSS, generating extra counter Fe3+

ions and reducing acidity of PEDOT:PSS. Thus, we expect high
electrical conductivity from thin film of (PEDOT:PSS):Fe3O4.
Because of the generation of Fe3+ ions, the space between

PEDOT and PSS chains could be changed by the screen
effect.22,23 To confirm this hypothesis, the thin film
morphologies of PEDOT:PSS, (PEDOT:PSS):Fe3O4 and the
[(PEDOT:PSS):Fe3O4] W/H were further investigated by
AFM. AFM images of PEDOT:PSS, (PEDOT:PSS):Fe3O4 and
[(PEDOT:PSS):Fe3O4] W/H are shown in Figure 3. As
compared with pristine PEDOT:PSS (Figure 3a), aggregated
PEDOT and voids in the images of (PEDOT:PSS):Fe3O4

(Figure 3b) and [(PEDOT:PSS):Fe3O4] W/H (Figure 3c)
suggested that the film morphology of PEDOT:PSS was
changed after the doping of PEDOT:PSS with Fe3O4 MNP.
Moreover, because of the screen effect from the generated Fe3+

ions, larger PEDOT domains were formed, which would
facilitate hole transport through the thin film.22,23 As shown in
Figure 3, the domain size of PEDOT is enlarged after doping
with Fe3O4 MNP. After above thin film aligned by an external
magnetic field, the PEDOT domain becomes even larger. All
these imply that enhanced electrical conductivities are expected
from PEDOT:PSS):Fe3O4 and [(PEDOT:PSS):Fe3O4] W/H
thin films.
Figure 4 shows the current density−voltage (J−V) character-

ization of the diodes with a structure of ITO/anode buffer
layer/Al, where anode buffer layers are PEDOT:PSS,
(PEDOT:PSS):Fe3O4 and [(PEDOT:PSS):Fe3O4] W/H,
respectively. The different slopes of J−V curves indicate that
these thin films possess different electrical conductivities.
Greater slop indicates better conductivity. Thus, at the same
biased voltage, the electrical conductivity of [(PEDOT:PSS):-
Fe3O4] W/H is the largest, followed by (PEDOT:PSS):Fe3O4,
whereas PEDOT:PSS is the least conductive. To further
confirm it, we utilized the four-point probe method to measure
the electrical conductivity of the thin films. The electrical
conductivity of PEDOT:PSS thin film is 2.00 ± 0.09 S/cm,
which is a little bit lower than the value from the
manufacturer.8,9,24 However, the electrical conductivities of
(PEDOT:PSS):Fe3O4 and [(PEDOT:PSS):Fe3O4] W/H thin
films are 3.00 ± 0.08 S/cm and 4.16 ± 0.08 S/cm, respectively.
The electrical conductivity of (PEDOT:PSS):Fe3O4 is higher
than that of PEDOT:PSS, which is consistent with H. S. Liu et
al.’s report.25 The latter is 2 times higher than that of

Figure 2. TEM bright-field images of (a) pristine PEDOT:PSS, (b) pristine Fe3O4 magnetic nanoparticles, and (c) (PEDOT:PSS):Fe3O4 magnetic
nanoparticles.

Figure 3. AFM phase images on 2 μm × 2 μm: (a) PEDOT:PSS; (b) (PEDOT:PSS):Fe3O4; and (c) [(PEDOT:PSS):Fe3O4)] W/H.
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PEDOT:PSS. These results indicate that the electrical
conductivityof the [(PEDOT:PSS):Fe3O4] W/H thin film is
higher than that of (PEDOT:PSS):Fe3O4 thin film, which is
higher than that of the PEDOT:PSS thin film.
To further confirm such conductivity difference, we

measured the surface electrical conductivity of PEDOT:PSS,
(PEDOT:PSS):Fe3O4 and [(PEDOT:PSS):Fe3O4)] W/H by
peak force tunneling AFM (PFTUNA).26 The peak current
images of these thin films are presented in Figure 5. The peak
current for each measurement is set to 2.0 pA. It is found that
the number of highly conductive domains for PEDOT:PSS
(Figure 5a) is the smallest, whereas for (PEDOT:PSS):Fe3O4
(Figure 5b) is moderate. Thus, surface conductivity of
(PEDOT:PSS):Fe3O4 is larger than that of PEDOT:PSS.
Remarkably, a significant enhancement in surface conductivity
was observed from [(PEDOT:PSS):Fe3O4)] W/H thin film.
Highly conductive domains, which are largest in size among
these three samples and well-distributed throughout the whole
thin film, were observed from [(PEDOT:PSS):Fe3O4)] W/H
as shown in Figure 5c. Therefore, the surface electrical
conductivity of [(PEDOT:PSS):Fe3O4)] W/H is larger than
that of (PEDOT:PSS):Fe3O4 which is larger than that of
PEDOT:PSS. These results are in good agreement with the
observation from Figure 4 and four-point probe measurement.
This high surface electrical conductivity would facilitate charge

transport through the thin film toward the ITO anode, resulting
in large JSC in PSCs.2 Consequently, enhanced device
performance is expected from PSCs with [(PEDOT:PSS):-
Fe3O4)] W/H as an anode buffer layer.22,23

Solar Cell Performance. Figure 6 shows a schematic
illustration of fabrication procedure of anode buffer layers,

(PEDOT:PSS):Fe3O4 and [(PEDOT:PSS):Fe3O4] W/H,
device structure of PSCs, and molecular structures of the
electron donor, PBDTTT-C-T (a low bandgap polymer
derived from the thienothiophene (TT) and benzo[1,2-b:4,5-
b]́dithiophene (BDT) alternating units),27 and the electron
acceptor, PC71BM ([6,6]-phenyl-C71-butyric acid methyl ester).
The thin film of (PEDOT:PSS):Fe3O4 was casted from the
solution of (PEDOT:PSS):Fe3O4 (Fe3O4: 5% by volume)
followed with thermal annealing at 150 °C for 10 min. The thin
film of [(PEDOT:PSS):Fe3O4] W/H was casted from the
solution of (PEDOT:PSS):Fe3O4 (Fe3O4: 5% by volume)
followed with an external magnetostatic field alignment during
the thermal annealing treatment. After that, BHJ composite of

Figure 4. Current−voltage characteristic of a diode with a structure of
ITO/anode buffer layer/Al, where anode buffer layer is PEDOT:PSS,
or (PEDOT:PSS):Fe3O4 or [(PEDOT:PSS):Fe3O4)] W/H.

Figure 5. Peak force tunneling AFM phase images on 2 μm × 2 μm: (a) PEDOT:PSS, (b) PEDOT:PSS: Fe3O4, and (c) [(PEDOT:PSS):Fe3O4)]
W/H.

Figure 6. Schematic illustration of (a) fabrication procedure for anode
buffer and (b) PEDOT:PSS:Fe3O4 buffer layer, (c) conventional
device structure of PSCs, and (d) molecular structures of PBDTTT-C-
T and PC71BM.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503041g | ACS Appl. Mater. Interfaces 2014, 6, 13201−1320813204



PBDTTT-C-T:PC71BM (1:1.5 by weight) was spin-coated on
the top of either (PEDOT:PSS):Fe3O4 or [(PEDOT:PSS):-
Fe3O4] W/H thin films. Finally, the top electrode (Ca coated
with Al) was sequentially thermally deposited onto BHJ layer in
vacuum. PSCs with pristine PEDOT:PSS anode buffer was also
fabricated as a control device.
The J-V characteristics of PSCs with PEDOT:PSS as an

anode buffer layer (represented by PSCs-PEDOT:PSS), PSCs
with (PEDOT:PSS):Fe3O4 as an anode buffer layer (repre-
sented by PSCs-(PEDOT:PSS):Fe3O4) and PSCs with
[(PEDOT:PSS):Fe3O4] W/H as an anode buffer layer
(represented by PSCs-[(PEDOT:PSS):Fe3O4] W/H), meas-
ured under a simulated sun light with air mass 1.5 global (AM
1.5 G) at the light intensity of 100 mW cm−2, are shown in
Figure 7a. PSCs-PEDOT:PSS exhibits an VOC of 0.79 V, a
short-circuit current density (JSC) of 10.79 mA cm−2 and fill

factor (FF) of 58.0%, yielding a corresponding PCE of 4.94%.
Where PSCs-(PEDOT:PSS):Fe3O4 exhibits VOC of 0.78 V, JSC
of 12.99 mA cm−2, and FF of 58.0%, yielding a corresponding
PCE of 5.85%. This value is about 18% larger than that from
PSCs-PEDOT:PSS. PSCs-[(PEDOT:PSS):Fe3O4] W/H exhib-
its VOC of 0.78 V, JSC of 14.78 mA cm−2, and FF of 59.3%,
yielding a corresponding PCE of 6.84% which is about 38%
higher than those from PSCs-PEDOT:PSS. More than 100
devices were fabricated and less than 5% deviations in PCEs
were observed.
We also investigate the PEDOT:PSS doped with different

concentrations of Fe3O4 MNP. We found that for the large
volume percentage of Fe3O4 MNP, there would exist insoluble
sedimentation in the PEDOT:PSS solution. For the small
volume percentage of Fe3O4 MNP, the enhancement in PCEs
is less than those with 5% Fe3O4 MNP.

Figure 7. (a) J−V characteristics of PSCs measured under 100 mW cm−2 AM 1.5 G illumination, and (b) IPCE spectra of PSCs versus wavelength.

Table 1. Device Performance of PSCs with Three Types of Hole Extracting Layers

polymer solar cells VOC (V) JSC (mA cm−2) FF (%) RS (Ω cm2) RSH (Ω cm2) PCE (%)

PSCs-PEDOT:PSS 0.79 10.79 58.0 13.5 625 4.94
(PEDOT:PSS):Fe3O4 0.78 12.99 58.0 7.8 649 5.85
[(PEDOT:PSS):Fe3O4] W/H 0.78 14.78 59.3 5.9 426 6.84

Figure 8. (a) XPS spectra of thin films of PEDOT:PSS, (PEDOT:PSS):Fe3O4 and [(PEDOT:PSS):Fe3O4] W/H, and (b) partial enlarged spectra.
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We also estimated the series resistance (RS) and shunt
resistance (RSH) from the slope of J−V curves at 0 mA cm−2

and 0 V, respectively. The RS and RSH values from these three
PSCs are summarized in Table 1. A low RS from
[(PEDOT:PSS):Fe3O4] W/H is due to the small contact
resistance and bulk resistance of the photoactive material,
indicating that high currents will flow through the cell at low
applied voltages. The large RSH indicates that shorts or leakages
of the photocurrent are minimal in the device.
The PSCs were further characterized by the incident photon

to charge carrier efficiency (IPCE) spectroscopy. The IPCE
spectra of PSCs are shown in Figure 7b. Apparently, the IPCE
values, ranged from 400 to 800 nm for PSCs-[(PEDOT:PSS):-
Fe3O4] W/H are higher than those of PSCs-(PEDOT:PSS):-
Fe3O4 and PSCs-PEDOT:PSS. The calculated JSC based on
IPCE spectra are 10.36, 12.47, and 14.10 mA cm−2 for PSCs-
PEDOT:PSS, PSCs-(PEDOT:PSS):Fe3O4, and PSCs-[(PE-
DOT:PSS):Fe3O4] W/H, respectively. All these calculated JSC
are consistent with the JSC values obtained from J−V
characteristics of PSCs.
It is found that all PSCs possesses a similar VOC, but with

significantly difference in JSC. In these PSCs, the only difference
is in the anode buffer layer. Therefore, it is reasonable to
conclude that both Fe3O4 MNP and an external magnetostatic
field have significant influences on JSC.
To investigate enhanced JSC from PSCs-(PEDOT:PSS):-

Fe3O4 and PSCs-[(PEDOT:PSS):Fe3O4] W/H, we carried out
X-ray photoelectron spectroscopy (XPS) to characterize the
surface properties of PEDOT:PSS, (PEDOT:PSS):Fe3O4 and
[(PEDOT:PSS):Fe3O4] W/H thin films. As shown in Figure
8a, the major components of the surface of all the three-type-
films are the same. The partial enlarged Figure 8b shows that all
these three thin films exhibit no typical peaks of Fe3O4 (Fe
2p1/2 and 2p3/2 peaked at 723.6 and 710.4 eV, respectively).
These results indicate the Fe3O4 MNP are frozen inside the
PEDOT:PSS thin film. Therefore, the possibility that the
migration of Fe3O4 MNP into BHJ composite layer to enhance
JSC can be ruled out.
In PSCs, separated charge carriers have to be transported

through the buffer layer to the respective electrodes. Thus, the
anode buffer layer with high electrical conductivity is favorable
to offer direct pathways for separated holes to be transported to
the ITO anode. As described above, the electrical conductivity
of the (PEDOT:PSS):Fe3O4 thin film is higher than that of
PEDOT:PSS. Therefore, JSC observed from PSCs-(PE-
DOT:PSS):Fe3O4 is higher than that of PSCs-(PEDOT:PSS).
For PSCs-[(PEDOT:PSS):Fe3O4] W/H, in addition to the
high electrical conductivity of (PEDOT:PSS):Fe3O4, the
external magnetostatic filed probably also plays an important
role in enhancing JSC. In the presence of an external
magnetostatic field, Fe3O4 MNP exhibits superparamagnetism
at room temperature.18 The randomly distributed Fe3O4 MNP
within the PEDOT:PSS thin film could be self-assembled by
the dipole−dipole interaction among Fe3O4 MNP.28−30 This
self-assembled Fe3O4 MNP certainly will enhance the electrical
conductivity of (PEDOT:PSS):Fe3O4 thin film. Moreover, it
has been reported that weak magnetic field can increase the
dissociation ratio of triplet excitons, yielding a positive
magnetoconductance and increasing the current through
PSCs because of the long lifetime of the triplet excitons
compared to that of the singlet excitons in conjugated
polymers.31,32 All these effects arouse from the addition of
Fe3O4 MNP into PEDOT:PSS, followed with an external

magnetostatic filed alignment, result in ∼38.5% enhancement
in JSC.
In order to further verify the electrical conductivities of these

three thin films, the internal series resistances (RS) of these
three PSCs were investigated by impedance spectroscopy (IS).
The IS analysis enables us to monitor the detailed electrical
properties of the interface that cannot be determined by direct
current measurements. The RS is composed of the sheet
resistance (RSh) of the electrodes, the charge-transfer resistance
(RCT) at the interfaces between the ITO anode and buffer layer,
and the anode buffer and BHJ active layer, inside of BHJ active
layer.33 For these three PSCs, the only difference is the RCT at
the interfaces between the ITO anode and buffer layer, between
the anode buffer and BHJ active layer. Figure 9 shows the

Nyquist plots of PSCs measured under the light intensity of
100 mW cm−2 and at the applied voltage of 0.78 V. From the
plots, RCT of 13, 19, and 25 kΩ are observed from PSCs-
[(PEDOT:PSS):Fe3O4] W/H, PSCs-(PEDOT:PSS):Fe3O4
and PSCs-PEDOT:PSS, respectively. These results indicated
that electrical conductivity of [(PEDOT:PSS):Fe3O4] W/H
thin film is indeed higher than that of (PEDOT:PSS):Fe3O4
thin film, which is higher than that of PEDOT:PSS thin film.
Therefore, the magnetostatic field can induce rearrangement of
film morphology of (PEDOT:PSS):Fe3O4 at nanoscale,
resulting in not only enhanced charge transport inside the
buffer layer, but also reduced interfacial series resistance.34 As a
result, enlarged JSC is observed from PSCs-[(PEDOT:PSS):-
Fe3O4] W/H.
The stabilities of all three PSCs were also studied. The

stability was tested from the devices that are encapsulated
under an inert atmosphere with a glass lid, and epoxy glue
Figure 10 compares the shelf-stabilities of PSCs-PEDOT:PSS,
PSCs-(PEDOT:PSS):Fe3O4 and PSCs-[(PEDOT:PSS):Fe3O4]
W/H, respectively. Because PSCs have a conventional
architecture of ITO/buffer layer/BHJ active layer/Ca/Al, the
degradation is caused by hygroscopic and acidic erosion caused
by PEDOT:PSS, and oxidation of top metals (Ca coated by
Al).35−37 To compare the stability influenced by the anode
buffer layer, we encapsulated all PSCs to minimize contribution

Figure 9. Nyquist plots of PSCs measured under 100 mW cm−2 AM
1.5 G illumination.
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of oxidation of the top metal electrode. PCE of PSCs-
[(PEDOT:PSS):Fe3O4] W/H remains approximately 55% of
the original value after 90 days; the PCE of PSCs-
(PEDOT:PSS):Fe3O4 remains approximately 55% of the
original value after 85 days, while the PCE of PSCs-
PEDOT:PSS degrades evidently after only 12 h and remains
50% of the original value after 5 days. These results
demonstrate that the stability of PSCs by using the thin films
of (PEDOT:PSS):Fe3O4 and [(PEDOT:PSS):Fe3O4] W/H,
respectively, are significantly improved as compared with those
by using PEDOT:PSS thin film as an anode buffer layer.

■ CONCLUSIONS
In conclusion, we have successfully demonstrated that
enhanced efficiency and improved stability of PSCs can be
realized by using a thin film fabricated from the solution of
PEDOT:PSS-doped Fe3O4 magnetic nanoparticles, and the
above thin film aligned by an external magnetostatic field as an
anode buffer layer, respectively; 38.5% enhanced efficiency and
twice improved stability resulted from a combination of
reduced acidity of PEDOT:PSS and enhanced electrical
conductivity, which originated from generated counterions
and the paramagnetism of Fe3O4 magnetic nanoparticles by an
external magnetostatic field. Our results certainly inspire a new
approach toward the low-cost manufacturing of polymer
(organic) solar cells with both high efficiency and good
stability.
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