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ABSTRACT: 

Fullerenes are efficient electron extraction materials (ETL) in perovskite solar cells typically 

deposited by methods that are non-scalable (i.e. spin coating) or expensive (i.e. vacuum 

evaporation). In this work we electropolymerize films of a simple 3,4-ethylenedioxythiophene-

C60 fullerene monomer as scalable and inexpensive alternative process. The technique enables 

the robust formation of organic layers with a precise thickness control avoiding the use of high 

temperatures (i.e. TiO2 requires temperatures >450 C). The electropolymerized films are highly 

homogenous, conformal with the FTO substrate and insoluble avoiding undesired dissolution. 

Electropolymerization of this simple monomer as ETL shows promising efficiencies of 11.0 % 

after 13 days under operation conditions. The efficiency increases with time and/or by light 

soaking clearly pointing to increased stability in comparison to the use of discrete fullerenes. The 

structural versatility of this type of monomers opens a promising avenue for further improvement 

by chemical modification.  
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Solar cells based on hybrid organic-inorganic materials with perovskite crystallographic 

structure have attracted extensive attention that has exponentially grown since their first 

introduction in 2009.1- The “new wave” of this emerging technology has been propelled by the 

promise of efficient and cost-effective solar energy conversion devices.4 Perovskite solar cells 

can be classified into mesoscopic (MHJ) and planar heterojunction (PHJ) configurations.6 In 

MHJ devices the perovskite is formed onto a scaffold prepared under high temperature 

conditions, usually above 450 C, composed typically by nanostructured titanium, aluminum or 

zinc oxide.6 On the contrary, in the PHJ configuration the metal-halide perovskite active layer is 

sandwiched between two planar charge selective contacts.78 In this respect, for the development 

of efficient and stable devices the hole extraction/transport layers (HTL) and the electron 

extraction/transport layers (ETL) need to fulfill a range of stringent requirements.9 In general, 

PHJ solar cells are less efficient than the mesoscopic counterpart but efficiencies are approaching 

those of MHJ. On the other hand, the PHJ configuration simplifies the fabrication process 

compared to MHJ avoiding the use of a high temperature step for the sintering of the mesoporous 

metal oxides enabling the fabrication of large area and flexible perovskite solar cells.10  

Buckminsterfullerene derivatives with chemical structures derived from those used in 

organic solar cells have demonstrated to be efficient ETL in planar and mesoscopic perovskite 

solar cells. 1112-14 In this sense, 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.15,16 The material is typically deposited as thin layer of about 

20-50 nm by spin coating either on the top of the perovskite or onto a transparent conductive 

substrate. Unfortunately, spin coating is not compatible with industrial processes and alternative 

cost effective methods are required that accounts for thickness control and high reproducibility. 

In addition, in many reports the fullerene is used in combination with an metal oxide ETL, not 
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avoiding the use of high temperature steps or reducing the photodegradation associated to the 

metal oxide.17,18 Discrete fullerenes can be dissolved during processing of the subsequent layers. 

Wojciechowski et al.14 showed that insoluble films could be obtained by the use of cross-linking 

units improving the n-type charge collection contact with efficiencies in the range of 12-16 %. 

However, spin coating was still needed for deposition of fullerene and crosslinker. More 

importantly, discrete fullerene materials frequently suffer from aggregation during the lifetime of 

the device as observed in organic photovoltaic devices affecting the long term device stability.19 

Thus, development of PHJ solar cells using fullerene based selective contacts is required to go 

through alternative methods to spin coating whilst obtaining adequate efficiency and stability of 

the devices.  

Recently, Yan et al. 2021 demonstrated the use of electropolymerized organic films as 

HTLs in inverted perovskite solar cells with efficiencies in the range of 12-16 %. 

Electrochemical synthesis enables generation of polymers with high uniformity, high stability, 

and well-controlled thickness.22,23 In addition, the methodology is scalable at low-cost and does 

not produce large amounts of pollutant solvent waste. For these reasons in the present report we 

extend the use of electrochemical deposition of polymeric films at low temperatures for the 

production of ETLs by using a monomer composed by 3,4-ethylenedioxythiophene (EDOT) 

units containing C60 pendant moieties (Figure 1a). Solar cells fabricated with this simple 

monomer show remarkable stabilized efficiencies of 11.0 % after 13 days under operation 

conditions. 

The polymer containing C60 units (Figure 1b) was generated over FTO electrodes in one 

single step by cyclic voltammetry in the range of -0.50 to 1.30 V vs SCE, see supporting 

information for details. Thickness control of the ETL layer was obtained by modifying the 

number of polymerization cycles. i.e. 5 polymerization cycles lead to 20 nm. The electrical 
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properties of electropolymerized films were also characterized by cyclic voltammetry in a 

dichloromethane solution only containing supporting electrolyte (Figure 2a). The electrical 

response of the PEDOT-C60 film as a function of the scan rate is very different to the response 

reported for PEDOT, where a large capacitive current is observed in the -0.4 to 1.0 V range. 

PEDOT-C60 shows one anodic peak at around 1.2 V, one very sharp peak at -0.46 V, and two 

bell shaped cathodic peaks at -0.71 and -1.18 V (Figure 2a). The peak currents present a lineal 

relation with the scan rate, typical of an electroactive product irreversibly adsorbed on the 

electrode surface. The cathodic peaks at -0.71 and -1.18 V are assigned to first and second 

reduction of the C60 units, while the anodic peak is attributed to oxidation of the PEDOT units. 

The observed cathodic peaks confirm that the C60 units are still present in the film after the 

electropolymerization process, and retains its electrochemical properties. By using the oxidation 

and reduction redox potentials the polymer HOMO and LUMO levels are estimated at energies 

of -5.98 and -4.09 eV, respectively.24 

The transmission spectra of PEDOT-C60 films (Figure 2b) show that the films are highly 

transparent with bands at 330, 390, 470, and 630 nm. The intensity of all bands increases with 

the number of polymerization cycles, indicating that the films become thicker with every new 

polymerization cycle. These bands are assigned to electronic transitions due to the presence of 

C60 aggregates in the films, as it has been previously reported for C60 layers deposited by 

physical vapor deposition.25-27 Taking into account the electrochemical and spectroscopic data, a 

polymer structure where the fullerenes units are pending from the PEDOT principal chain is 

proposed (Figure 1b). Stacks containing FTO/ PEDOT-C60/perovskite show transmission close 

to 0 in the range 300-800 nm (Figure 2b) due to the absorbance of the CH3NH3PbI3 films, with 

an on-set at 792 nm (1.56 eV). Figure 2c shows the energy diagram of the device, the correct 
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alignment of the perovskite conduction band with the PEDOT-C60 LUMO makes possible the 

electron transfer process from the perovskite to the PEDOT-C60 layer. 

 A back-scattering cross-section scanning electron microscopy (SEM) image of the 

complete device is shown in Figure 3a for a device fabricated with five polymerization cycles of 

PEDOT-C60. A thickness of about 20 nm is estimated for the PEDOT-C60 layer as observed by 

the dark conformal layer present on the top of the FTO layer. It is observed that the perovskite 

deposits uniformly on the top of the PEDOT-C60 layer leading to adequate morphologies. Atomic 

Force Microscopy analysis (Figure 3b) shows that the PEDOT-C60 film is free of pinholes and 

homogenous, and follows the topography of the FTO layer (see supporting information). The 

roughness of the film is very low (RMS=3-5 nm), similar to those observed for PEDOT:PSS 

films. 

 Regarding the J-V response, Figure 4a shows the illumination effect on the performance 

of a solar cell device with a PEDOT-C60 layer obtained by one polymerization cycle. Devices are 

measured under reverse bias at a low 50 mV/s scan rate to minimize the effect of hysteresis 

which is still observed. Before light exposure fresh devices presents very low performance with 

the following photovoltaic parameters: open circuit potential (Voc) of 554 mV, short circuit 

current (Jsc) of 13.7 mA/cm2 and Fill Factor (FF) of 43 %, and power conversion efficiency 

(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. During this period of time the Voc and the FF are the two parameters most affected 

increasing the PCE to 8.0 % (Voc= 875 mV, Jsc=14.54 mA/cm2, FF= 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 devices and has been attributed to different causes which may not 
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be related to our case of study due to novelty of our new system. 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.28 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.29 In both 

studies they used an inverted configuration and 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.30,31 In our system this layer is not present and we propose that during the light soaking 

experiments ions are penetrating 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.32-34 Further studies to clarify the mechanism in which light soaking modifies the 

device performance are required but these are beyond the scope of this work. 

The effect of the light soaking and stability was studied as a function of the PEDOT-C60 

layer thickness as shown in the supporting information. A marked relationship between thickness 

of PEDOT-C60 layer and efficiency evolution is not observed but the Jsc and PCE slowly 

increases with the time and after thirteen days the PCE is still increasing. The lack of a trend is 

probably related with the variability of kinetics in ions penetrating into the PEDOT-C60 layer but 

in any case the results clearly demonstrate that devices present adequate stability with the time. 

Figure 4b shows stabilized efficiency of representative devices after 13 days as a function of the 

number of polymerization cycles of PEDOT-C60 layer. Performance of the devices increases 

with the number of cycles up to 2 cycles leading to PCE values of 11.0 %. Then, as the thickness 

is further increased the efficiency decreases with lowest values for 5 polymerization cycles. We 

attribute these results to the low conductivity of the material that requires very thin layers. 
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Importantly, cells without the PEDOT-C60 typically lead to devices with very low efficiency 

(average values of 3 % out of 80 samples). Therefore, the beneficial effect of the PEDOT-C60 

layer as electron transport layer in perovskite solar cells is demonstrated. Further improvements 

in the ETL are possible by further optimization the deposition conditions like monomer 

concentration, support electrolyte or electrochemical deposition method. In addition, 

modification in the monomers structure is simple and may lead to significant efficiency 

improvements. 

In summary, a new C60 derivative monomer was electropolymerized on FTO electrodes 

and used as a ETM in perovskite solar cells using a method that is compatible with industrial 

requirements. The PEDOT-C60 electropolymer was easily obtained by a simple electrochemical 

methodology in one single step, avoiding the use of high temperatures which are employed in the 

formation of TiO2 layers. Films are very smooth, conformal with the FTO substrate, highly 

transparent and are obtained with accurate thickness control. The devices constructed with the 

PEDOT-C60 electropolymer showed light soaking effects, reaching constant photovoltaic 

parameters after five illumination minutes. Measurements carried as a function of the time 

showed that the efficiency evolves with time increasing with nearly stable values after thirteen 

days. Best devices show a promising efficiency of 11.0%. Further improvements in the ETL are 

foreseen by further optimization of the layer and by modification in the monomers structure. The 

use of a simple electrochemical methodology in the formation of organic electron transport 

layers as replacement of metal oxides in perovskite solar cells using low temperature conditions 

opens a new approach in the fabrication of efficient energy conversion systems. 
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Captions for Figures. 

 

Figure 1: a) Chemical structure of EDOT-C60 monomer and b) proposed structure of PEDOT-

C60 polymer. 

 

Figure 2: a) Cyclic voltammograms at different scan rates of a PEDOT-C60 film deposited on 

FTO electrodes, in a solution containing only a support electrolyte. b) Transmission spectra of 

electropolymerized films on FTO electrodes (thick lines), and transmission spectra of perovskite 

films deposited on top of PEDOT-C60 polymer (thin lines). c) Proposed energy level diagram by 

using literature values and those calculated for PEDOT-C60 from data in Figure 2a. 

 

Figure 3: a) Back-scattering cross sectional SEM image showing the device architecture. b) 

Atomic Force Microscopy image of a PEDOT-C60 film deposited on a FTO substrate. 

 

Figure 4: Characteristic J-V response of devices measured under 1 sun light intensity and at 50 

mV/s. a) Fresh device containing one polymerization cycle of PEDOT-C60 as a function of the 

light soaking time and b) Stabilized efficiency after 13 days under storage of devices fabricated 

with different PEDOT-C60 layer  thickness by modification of the number polymerization cycles.   
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Figure 1. 
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Figure 2. 
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Figure 3.  
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Figure 4  
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