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a b s t r a c t

An electropolymerized layer of a C60 fullerene derivative was successfully used as selective contact and
electron transport layer in perovskite solar cells. The electropolymeric film was formed over FTO elec-
trodes by an electrochemical methodology in just one step. The light emission of perovskite films formed
over the electropolymer was quenched, confirming an efficient electron transfer from the perovskite to
the electropolymerized C60 layer. Solar cells constructed with C60 polymer layer showed a much better
performance compared with the same cell without the fullerene containing electropolymer layer. The
best non-optimized device presented an efficiency of 11.0%, with an open circuit voltage of 969mV, a
short circuit current of 17mA/cm2, and a fill factor of 65%. These results demonstrated that the use of an
electrochemical methodology in the formation of an organic electron transport layers as replacement of
metal oxides in perovskite solar cells opens a new approach in the fabrication of efficient energy con-
version systems.

© 2018 Published by Elsevier Ltd.
1. Introduction

Solar cells based on hybrid organic-inorganic materials with
perovskite (PS) crystallographic structure have attracted extensive
attention that has exponentially grown since their first introduc-
tion in 2009 [1e4]. The “newwave” of this emerging technology [5]
has been motivated by the potential to obtain efficient and cost-
effective solar energy conversion devices [6]. Metal-halide ABX3
perovskite based solar cells can be classified into mesoscopic (MHJ)
and planar heterojunction (PHJ) configurations [7e9]. In MHJ de-
vices the perovskite is formed onto a scaffold that is prepared under
high temperature conditions, usually above 450 �C, and composed
typically by nanostructured titanium, aluminum or zinc oxide [8,9].
On the contrary, in the PHJ configuration the metal-halide perov-
skite active layer is sandwiched between two planar charge selec-
tive contacts [10e12]. In this respect, for the development of
efficient and stable PHJ devices, the hole extraction and transport
, mgervaldo@exa.unrc.edu.ar
layers (HTL), and the electron extraction and transport layers (ETL)
need to fulfill a range of stringent requirements, including an
adequate energy level alignment [13]. In general, PHJ solar cells are
less efficient than the mesoscopic counterpart but their perfor-
mances are approaching [14]. On the other hand, the PHJ configu-
ration simplifies the fabrication process in comparison with MHJ,
avoiding the use of a high temperature step for the sintering of the
mesoporous metal oxides. Thus, low temperature methods allow
the fabrication of large area and flexible perovskite solar cells, using
techniques compatible with industrial requirements [15].

Several ETL have been used in perovskite based solar cells with
chemical structures derived from those used in organic solar cells
[16]. In this frame, in planar and mesoscopic perovskite solar cells
[17e19], C60 fullerene has shown to be a strong electron acceptor
useful not only as selective contact, but also as passivation agent for
the charge traps at the grain boundaries of perovskite surface [20].
This effect largely reduces the current-voltage hysteresis in the
device, and has increased the power conversion efficiency [21]. The
material is typically deposited by spin coating either on the top of
the perovskite or on a transparent conductive substrate as thin
layer of about 20e50 nm [22]. Unfortunately, spin coating is not
compatible with industrial production requirements, and for the
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Fig. 1. Chemical structure of EDOT-C60 monomer.
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manufacture of large areas devices. In addition, in various reports
the fullerene is introduced between a compact or nanostructured
oxide layer and perovskite film, which precludes the advantage of
avoiding high temperature steps [23]. Also, the presence of a
metallic oxide catalytic surface can induce device photo-
degradation [24]. Furthermore, until now discrete fullerene mole-
cules have been used mostly with no chemical bonds involved in
the layers generation, which could be useful to lock the film
morphology and to reduce fullerene solubility against subsequent
processing solvents. For this reason, fullerene layers can uninten-
tionally be dissolved during perovskite layer deposition or during
addition of the HTL layer by percolation from the edge of the
perovskite layer or via pinholes. In order to avoid dissolution of the
fullerene layer Wojciechowski et al. [19] showed that insoluble
films could be obtained by the use of cross-linking units, improving
in this way the n-type charge collection contact with efficiencies in
the range of 12e16%. However, spin coating was needed for
deposition of fullerene and the crosslinker. More importantly,
discrete fullerene materials frequently suffer aggregation during
the lifetime of the device, affecting the long term stability [25].
Thus, the evolution of PHJ solar cells using fullerene based selective
contacts requires the development of alternative methods to spin
coating, whilst obtaining adequate efficiency and stability of the
devices. As a new approach, in this work we use an electro-
polymerized layer of a C60 fullerene generated in one single step at
room temperature, which showed relatively high efficiency and
stability during device fabrication and illumination. Recently, Yan
et al. [26,27] demonstrated in a pioneer work the use of electro-
polymerized organic films as HTLs in inverted perovskite solar cells
with efficiencies in the range of 12e16%. The used methodology
provides a practical way to obtain HTLs using large-scale produc-
tion methods for efficient perovskite solar cells. It is necessary to
point out that the HTL or ETL layers where the perovskite layer will
be deposited need to possess high uniformity, high stability, and
well-controlled thickness, all goals that can be reached by elec-
trochemical polymer generation [28,29]. In addition, contrarily to
thermal evaporation of organic materials used for the assembly of
optoelectronic devices, electrochemical polymerization does not
require expensive vacuum equipment and high running costs. Also,
in comparison with low-cost solution processes (i.e. spin or dip
coating) electrochemical polymeric film generation does not
necessitate polymers with intrinsic high solubility, and does not
produce large amounts of pollutant solvent waste.

In the present report we extend the use of electrochemical
deposition of polymeric films for the production of ETLs by using
3,4-ethylenedioxythiophene (EDOT) units containing C60 pendant
moieties as electron acceptors for PHJ perovskite solar cells. The
new C60 monomer derivative was designed in order to allow its
electropolymerization over conductive substrates (Fig. 1). The
polymer containing C60 units was generated over FTO electrodes by
a simple electrochemical methodology in one single step.
2. Experimental section

2.1. Materials

All materials were used as received. FTO glasses (25� 25mm,
Pilkington TEC15, ~15U/sq resistance), CH3NH3I (MAI, DYESOL),
PbI2 (TCI, 99.99%), Spiro-OMeTAD (Merck). The perovskite precur-
sor solution was prepared by reacting DMF solutions (50wt %)
containing MAI and PbI2 (1:1mol %) and MAI, PbI2 and DMSO
(1:1:1mol %). The spiro-OMeTAD solution was prepared by dis-
solving in 1mL of chlorobenzene 72.3mg of (2,20,7,70-tetrakis(N,N0-
di-p-methoxyphenylamine)-9,90-spirobifluorene), 28.8 mL of 4-tert-
butylpyridine, and 17.5 mL of a stock solution of 520mg/mL of
lithium bis- (trifluoromethylsulfonyl) imide in acetonitrile.
2.2. Device fabrication

All the process was carried out outside the glovebox in ambient
conditions at relative humidity close to 35%. Photovoltaic devices
were prepared over FTO glasses, which were partially etched with
zinc powder and HCl (2M). The substrates were cleaned with soap
(Hellmanex) and rinsed with Milli-Q water and ethanol. Then, the
substrates were sonicated for 15min in a solution of acetone:iso-
propanol (1:1 v/v), rinsedwith ethanol andMilli-Qwater, and dried
with compressed air. After that, the substrates were treated in a
UV�O3 chamber for 15min. EDOT-C60 was obtained from fullerene
C60 and (2,3-dihydrothieno[3,4-b] [1,4]dioxin-2-yl)methyl 6-
azidohexanoate according with the procedure previously re-
ported [30]. Poly-EDOT-C60 layers were fabricated on the cleaned
mentioned FTO electrodes by cycling a 0.5mM EDOT-C60 solution
containing 0.1M TBAPF6 as support electrolyte in dichloroethane,
in the�0.50e1.30 V vs SCE range. The electrochemical responses of
the Poly-EDOT-C60 films were obtained in dichloroethane con-
taining only support electrolyte. All measurements were carried
out in a conventional three electrode cell, using a Pt counter elec-
trode, an Ag wire as pseudoreference electrode, and Pt or FTO as
working electrode. The potential axis was calibrated vs the formal
potential for the Saturated Calomel Electrode (SCE), using Ferro-
cene as an internal standard.

The perovskite precursor solution (50 mL) was spin-coated at
4000 rpm for 50 s. DMF is selectively washed with non-polar
diethyl ether while one-step spin-coating at 4000 rpm is carried
out. After deposition, the substrate was annealed at 100 �C for
3min. Then, the perovskite films were covered with the hole-
transporting material (HTM) by dynamically spin coating at
4000 rpm for 30 s, using 50 mL of spiro-OMeTAD solution. Finally,
60 nm of gold was thermally evaporated on top of the device to
form the electrode contacts using a commercial Univex 250
chamber, from Oerlikon Leybold Vacuum.
2.3. Film and device characterization

Ultravioletevisible absorption spectra were recorded by a Cary
500 Scan VARIAN spectrophotometer in the 250e800 nm



Fig. 2. a) First anodic and cathodic scan of EDOT-C60 monomer. b) Five consecutive
cyclic voltammograms of EDOT-C60 monomer. c) Cyclic voltammograms at different
scan rates of a Poly-EDOT-C60 film deposited on a Pt electrode.
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wavelength range. Scanning electron microscopy (SEM) images
were obtained with a field emission scanning electron microscope
FE-SEM, Sigma Zeiss working at 3 kV. AFM images were recorded
with a JSPM-5200 JEOL Scanning Probe Microscope. AFM images
were obtained in contact mode using n-type silicon probes with a
spring constant of z0.18 N/m and a typical resonance frequency of
z13 kHz (HQ:CSC17/AL BS, MikroMasch). X-ray diffraction (XRD)
patterns were obtained in a Philips PW1800/10 diffractometer
operated at 40 kV and 30mA with a Cu-Ka radiation source.
Emission spectra were obtained with a spectrofluorometer (Fluo-
roMax-4, Horiba). Photovoltaic devices were characterized using an
Abet Solar simulator equipped with 1.5 AM filter. The light intensity
was adjusted to 100mWcm�2 using a calibrated Si solar cell. De-
vices were measured using a mask to define an active area of
0.11 cm2. Devices were measured under reverse bias at a low
50mV/s scan rate to minimize the effect of hysteresis. The polymer
structure was obtained by the relaxation of all the atomic positions
in a unit cell containing four EDOT-C60 monomers (a total of 316
atoms) to emulate the Poly-EDOT-C60 structure. The structure
relaxation was obtained using molecular mechanics and force field
calculations MMFF94s [31] as implemented in the Avogadro pack-
age [32]. The algorithm is based on a gradient descendant calcu-
lation to minimize the energy of the whole system, with an energy
convergence value of 1� 10�7 kJ/mol.

3. Results and discussion

3.1. Electrochemical polymeric film formation and characterization

Cyclic voltammetry was used in order to know the redox po-
tentials of the monomer and to find the adequate conditions for
electrochemical polymerization and film formation. Fig. 2a shows
the first voltammetric scan of C60monomer at a platinum electrode,
where the cathodic and anodic processes are evidenced. An anodic
current (which is not detected in a blank anodic scan) with an onset
at around 1.20 V is observed, while in the cathodic direction two
reduction peaks at �0.67 and �1.07 V are detected. The increasing
anodic current and the cathodic peaks are assigned to oxidation of
the EDOT units, and to the formation of the C60 radical anion and
dianion respectively [30]. Cycling of the electrode in the monomer
solution between �0.60 V and 1.3 V, conducts to increases in the
oxidation-reduction currents after each new cycle, indicating the
formation of an electroactive product adsorbed over the electrode
surface (Fig. 2b) [33,34]. After five cycles, the electrode was
removed from the monomer solution and placed in a solution
containing only support electrolyte (see experimental section). The
electrochemical responses of the film at different scan rates are
shown in Fig. 2c. The film (called onwards as Poly-EDOT-C60) shows
anodic processes at around 0.10 and 1.2 V, and the corresponding
complementary reduction process (peak at �0.46 V), typically
found in the electrochemical response of PEDOT (Poly(3,4-
ethylenedioxythiophene)) containing films [35]. On the other
hand, two bell shaped cathodic peaks at �0.71 and �1.18 V, and
their complementary reversible anodic processes are clearly
distinguished. The cathodic peaks of Poly-EDOT-C60 occur at similar
potentials than those observed for the monomer in solution, being
possible to assign these two peaks to the first and second reduction
of the C60 units. Also, the observed cathodic peaks confirm that the
C60 units are still present in the film after the electropolymerization
process, and retain their electrochemical properties. The anodic
and cathodic peak currents present a lineal relation with the scan
rate, typical of an electroactive product irreversibly adsorbed on the
electrode surface [36]. It must be remarked that no film formation
is observed if the scanned potential range does not include the
anodic peak related to oxidation of the EDOT units. It has been
demonstrated that oxidation of EDOT monomer conducts to the
formation of PEDOT during anodic cycling [35]. The EDOT mono-
mer was also electropolymerized on FTO electrodes in order to
allow spectroscopic, morphologic and photovoltaic studies. The
electrochemical responses of the polymeric films on FTO substrates
were very similar to those obtained on Pt electrodes.



Fig. 3. a) AFM Topography image of Poly-EDOT-C60 film deposited on a FTO substrate
(5 mm� 5 mm). b) Naked FTO substrate (2 mm� 2 mm). c) FTO/Poly-EDOT-C60
(2 mm� 2 mm). Images obtained by Atomic Force Microscopy working in contact mode
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3.2. AFM

Atomic Force Microscopy analysis (Fig. 3a) shows that the Poly-
EDOT-C60 film presents a homogenous surface free of pinholes. The
polymer topography closely follows the one observed for the FTO
layer as it can be seen in Fig. 3b and c. In fact, the calculated
roughness of the film (RMS¼ 3e5 nm) seems to be determined by
the roughness of the FTO (RMS¼ 3e5 nm). This low roughness is
very important in the posterior deposition of the perovskite layer,
because rough surfaces could lead to the formation of pinholes and
uneven films. It has been demonstrated that the use of electro-
chemical techniques with an appropriate control of the deposition
parameters allows the formation of homogenous and pinhole free
organic polymeric films with low roughness values [34,37,38]. Also,
electrogenerated films have successfully been used as selective
contact in perovskite solar cells with good efficiencies [26,27,39].

3.3. UVevis spectroscopy

The transmission spectra of Poly-EDOT-C60 films show that
these are semitransparent with bands at 330, 390, 470, and 630 nm
(Fig. 4a). The intensity of all these bands increases with the number
of polymerization cycles, indicating that the films become thicker
with every new polymerization cyclic scan. From Fig. 4b the sem-
itransparency and the increase in the intensity of the absorption
bands of Poly-EDOT-C60 films can be clearly seen These bands are
assigned to electronic transitions due to the presence of C60 ag-
gregates in the films, as it has been previously reported for C60
layers deposited by physical vapor deposition [40e42]. On the
other hand, after formation of perovskite films on top of the
different Poly-EDOT-C60 layers the electrodes show a transmission
close to 0 in the range 300e800 nm (Fig. 4a), with an on-set at
788 nm (measured at Abs¼ 0 by extrapolating the linear part of the
absorption profile [43,44]), which corresponds to a band gap of
1.57 eV, typical of CH3NH3PbI3 perovskites. These results demon-
strate that Poly-EDOT-C60 thin films deposited over FTO semi-
transparent electrodes do not interfere in the PS light harvesting
processes.

Taking into account the electrochemical and spectroscopic data,
a polymer structure where the fullerene units are hanging from the
PEDOT backbone is proposed (Fig. 5a). Molecular mechanics and
force fields calculations were used to obtain more information
about the spatial geometry of the polymer (see experimental sec-
tion for details). Fig. 5b shows a three-dimensional structure, where
it can be seen that the EDOT units are connected one to the other
forming the principal backbone, while the fullerenes attached to
these EDOTs are pointing out to opposite directions. Also due to the
steric hindrance between adjacent fullerenes, these are twisted by
90� every two EDOT units. As a result a “helix” type polymer is
formed.

3.4. Perovskite film formation and characterization

CH3NH3PbI3 perovskite films were deposited over naked FTO
and over FTO/Poly-EDOT-C60 electrodes by the methodology
described in the experimental section. Fig. 6a shows SEM images
with different magnification scales of PS films deposited over FTO,
and FTO/Poly-EDOT-C60 substrates. As it can be seen, both films are
almost indistinguishable with a very similar morphology, which
consist of grains with sizes ranging from 100 to 400 nm. Also both
surfaces are very homogeneous and uniform, without pinholes or
cracks.

Fig. 6b shows a cross-section SEM image of a full device fabri-
cated with Poly-EDOT-C60 (five polymerization cycles of EDOT-C60
monomer), which can be seen as a very thin dark layer with a
(512� 512 pixels, imaging speed: 1 line/s).



Fig. 4. a) Transmission spectra of electropolymerized films of Poly-EDOT-C60 on FTO electrodes (thick lines), and transmission spectra of perovskite films deposited on top of Poly-
EDOT-C60 polymer (thin lines). b) Photographic images of films obtained by different number of polymerization cycles.
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thickness of about 20 nm on the top of the FTO. Also, a thickness of
around 300 nm is determined for the PS layer.

XRD was used to study the effect of the Poly-EDOT-C60 layer on
the PS formation and phase composition. Fig. 7 shows a XDR dif-
fractogram of PS deposited over FTO (top). The diffractogram pre-
sents peaks at 14.2�, 28.4�, 31.9�, 40.6�, and 43.2�, which are
consistent with the (110), (220), (310), (224), and (314) planes of
tetragonal CH3NH3PbI3 phase [26,45e47]. Also minor peaks at 2q
values of 19.9�, 23.5�, 24.5�, 34.9�, 50.2�, and 52.5� associated to
planes (226), (200), (211), (202), (312), (404), (226), and related also
to tetragonal CH3NH3PbI3 phase, clearly indicate that the perovskite
film is high phase purity. When the PS is formed over FTO/Poly-
EDOT-C60, the diffractogram (Fig. 7 bottom) shows the same peaks
pattern observed for PS deposited over naked FTO, demonstrating
that both films crystallized in the same single phase. The SEM and
XRD results demonstrate that the presence of the Poly-EDOT-C60
layer does not affect the PS formation process, and that both PS
films are formed over both substrates (FTO and FTO/Poly-EDOT-C60)
in the same way.

In order to investigate the ability of the Poly-EDOT-C60 films as
electron extraction and transport layer, the steady-state photo-
luminescence (PL) of the PS films was studied. It can be seen from
Fig. 8a (full lines) that FTO/Poly-EDOT-C60/PS film as well as FTO/PS
film present a PL band centered at around 765 nm. It is also evident
that the PL of FTO/Poly-EDOT-C60/PS film is quenched in 85%
respect to the PL of FTO/PS film. The PL quenching effect by the
different FTO/Poly-EDOT-C60 films is very similar for all of them,
independently of the Poly-EDOT-C60 thickness. Moreover, irradia-
tion of the films for 3min leads to an increase (around two times) in
the PL of FTO/PS film, but the PL of FTO/Poly-EDOT-C60/PS films are
not altered after the illumination process (Fig. 8a dotted lines). The
quenching effect can be attributed to an efficient charge transfer
between the PS and Poly-EDOT-C60 layers. The process is explained
taking into account the energies of Poly-EDOT-C60 LUMO (obtained
using the redox reduction potential of Poly-EDOT-C60 [48]) and
perovskite conduction band. The correct alignment makes ener-
getically possible the electron transfer from the perovskite con-
duction band to the Poly-EDOT-C60 layer (see diagram in Fig. 8b).
This result indicates that Poly-EDOT-C60 films can be used as se-
lective electron extraction and transport layer in PS solar cells.

3.5. Photovoltaic characterization

Fig. 9 shows the J-V response after different illumination times
of a solar cell device with a Poly-EDOT-C60 layer obtained by one
polymerization cycle. Before light exposure fresh devices present
very low performance with the following photovoltaic parameters:
open circuit potential (Voc) of 554mV, short circuit current (Jsc) of
13.7mA/cm2 and Fill Factor (FF) of 43%, and power conversion ef-
ficiency (PCE) of 3.3%. Interestingly, the performance of the device
progressively increases with the illumination time until all the
photovoltaic parameters reach almost constant values after five
minutes of light soaking, even more, J-V curves taken at 30, 60 and
120min practically fully overlap. However, during the five first
minutes under illumination, the Voc and the FF are the two most
affected parameters, increasing the PCE to 8.0% (Voc¼ 875mV,
Jsc¼ 14.54mA/cm2, FF¼ 62.7%). The results above clearly show that
activation of the ETL is required by light soaking treatment leading
to important improvement of the performance with illumination.
This effect has been observed previously for some perovskite de-
vices and has been attributed to different causes, which may not be
related to our case of study due to the novelty of our new system.



Fig. 5. a) Proposed structure of Poly-EDOT-C60 polymer. b) Three dimensional structure of Poly-EDOT-C60.
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For example, Shao et al. reported the use of a fullerene derivative
with a high dielectric constant which suppressed both, the trap
assisted recombination at interface between the perovskite and the
C60, and the light soaking effect [49]. It has also been proposed by
Zhao et al. that the photogenerated charges neutralize the charges
localized at the electrode interface, increasing the Voc and FF [50].
In both studies they used an inverted configuration where the C60
layer was spin coated over the perovskite. The surface traps in TiO2
electron transport layer have also been the cause of the light
soaking [51,52]. In our system this layer is not present and we
propose that during the light soaking experiments ions are pene-
trating into the organic layer increasing the conductivity of the
layer and reducing its resistance and recombination processes. This
would be in good agreement with different proves that suggest that
iodine ions migrate to the contacts under the effect of light and
applied bias [53e55].

The effect of the light soaking and stability of the devices were
studied as a function of the Poly-EDOT-C60 layer thickness
(different number of polymerization cycles) as it is shown in
Fig. 10a. Except for the device constructed with a Poly-EDOT-C60
layer of five polymerization cycles which presents an increase in
PCE% after three days and a very small decrease after thirteen days
(but still higher than the first day), the remaining devices present
continuous increases in the PCE% after three and thirteen days of
dark storage and test. The rise in PCE% for solar cells with two,
three, and four Poly-EDOT-C60 polymerization cycles is principally
due to a growth in the Jsc and FF values, since the Voc slightly
changes during the thirteen days (largest change is 10%). In the case
of the device with five polymerization cycles the decrease in PCE%
between three and thirteen days is because of a reduction in the FF.
The lack of a trend is probably relatedwith the variability of kinetics
in ions penetrating into the Poly-EDOT-C60 layer, but in all cases the
results clearly demonstrate that devices present adequate stability
over the time.

In order to demonstrate the effect of the Poly-EDOT-C60 layer as
electron transport layer in perovskite solar cells, reference devices



Fig. 6. a) Top view SEM images of PS films deposited over FTO (left), and over a FTO/Poly-EDOT-C60 layer with five polymerization cycles (right). b) Cross sectional SEM image
showing the device architecture.
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without a Poly-EDOT-C60 layer were also fabricated. Fig. 10b shows
stabilized efficiency of the best devices after 13 days as a function of
the number of polymerization cycles of Poly-EDOT-C60 layer. All
devices with a Poly-EDOT-C60 layer present higher photovoltaic
parameter values than the cell without a polymer layer. The PCE %
for cells with Poly-EDOT-C60 layers obtained by one, two, three, and
four, polymerization cycles, after thirteen days, are 9.5,11.0, 9.0, and
10.0% respectively. All these values are similar and remarkably
higher than the cells without Poly-EDOT-C60 layer, which typically
lead to devices with very low efficiency (average values of ~3%).
This result is in agreement with the observed perovskite PL
quenching by the Poly-EDOT-C60 layer. However the cell with five
polymerization cycles presents a low PCE % (6.1%) but still higher
than the cell without Poly-EDOT-C60 layer. As it is shown in Fig. 10a,
the low PCE % for the cell with 5 polymerization cycles is mainly
due to the low FF % that could be associated to a high resistance of
the polymeric film that requires very thin layers.

Therefore, the beneficial effect of the Poly-EDOT-C60 layer as
electron selective contact in perovskite solar cells is clearly
demonstrated. Further improvements in the device performances
are possible by optimization of the ETL formation conditions, like
monomer concentration, support electrolyte and/or electro-
chemical deposition method. In addition, modification in the
monomers structure is possible and may lead to significant effi-
ciency improvements.

4. Conclusions

In summary, a new C60 derivative monomer was designed,
synthesized and polymerized on FTO electrodes. The Poly-EDOT-



Fig. 7. X-ray diffractograms of CH3NH3PbI3 perovskite layers deposited over FTO (top), and over a FTO/Poly-EDOT-C60 layer with five polymerization cycles (bottom). (The FTO peaks
are marked with black asterisks).

Fig. 8. a) Photoluminescence spectra of PS films deposited over FTO and over FTO/
Poly-EDOT-C60 layers, before (full lines) and after (dotted lines) irradiation for 3min. b)
Schematic diagram of energy levels of the device.

Fig. 9. J-V characteristics under after zero, one, three, and five illumination minutes of
a device with a Poly-EDOT-C60 layer obtained by one polymerization cycle.

M.B. Su�arez et al. / Electrochimica Acta 292 (2018) 697e706704
C60 electropolymeric films were easily obtained by a simple elec-
trochemical methodology in one single step, avoiding the use of
high temperatures which are employed in the formation of TiO2
layers. Films were very smooth, conformal with the FTO substrate,
highly transparent and were obtained with accurate thickness
control. CH3NH3PbI3 perovskite crystals were successfully grown
over the electropolymeric films and their light emission was
quenched by the presence of the organic polymer. Solar cells were
constructed with the configuration FTO/Poly-EDOT-C60/PS/spiro-
OMeTAD/Au, which showed light soaking effects, reaching constant
photovoltaic parameters after five illumination minutes. Measure-
ments carried out as a function of the time showed that the effi-
ciency evolves with time increasing to nearly stable values after
thirteen days. Best devices exhibited an energy conversion effi-
ciency of 11.0%, around four times higher than cells without Poly-
EDOT-C60 layer. These results demonstrated that the use of a simple
electrochemical methodology in the formation of organic electron
transport layers as replacement of metal oxides in perovskite solar



Fig. 10. Photovoltaic parameters (of five averaged devices), measured at different days, of devices with a Poly-EDOT-C60 layer obtained by one, two, three, four, and five poly-
merization cycles. b) J-V characteristics of the best devices with a Poly-EDOT-C60 layer obtained by one, two, three, four, and five polymerization cycles, and without a Poly-EDOT-C60
layer, after thirteen days.
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cells opens a new approach in the fabrication of efficient energy
conversion systems.
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