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In this work, we describe a room-temperature, solution-processable organic electron extraction layer (EEL) for high-

performance planar heterojunction perovskite solar cells (PHJ PVSCs). This EEL is composed of a bilayered 

fulleropyrrolidinium iodide (FPI)-polyethyleneimine (PEIE) and PC61BM, which yields a promising power conversion 

efficiency (PCE) of 15.7 % with insignificant hysteresis. We reveal that PC61BM can serve as a surface modifier of FPI-PEIE to 

simultaneously facilitate the crystallization of perovskite and the charge extraction at FPI-PEIE/ CH3NH3PbI3 interface. 

Furthermore, the FPI-PEIE can also tune the work function of ITO and dope PC61BM to promote the efficient electron 

transport between ITO and PC61BM. Based on the advantages of room-temperature processability and decent electrical 

property of FPI-PEIE/PC61BM EEL, a high-performance flexible PVSC with a  PCE ~10% is eventually demonstrated. This 

study shows the potential of low-temperature processed organic EEL to replace transition metal oxide-based interlayers 

for highly printing compatible PVSCs with high-performance.  

Introduction 

To meet the continually growing global energy demand, the 

development of new photovoltaic materials with high light-to-

energy conversion efficiency and sustainability has attracted 

significant attention from both researchers and commercial 

sectors.1-5 Since the first perovskite solar cell (PVSC) reported 

in 2009, the hybrid organic-inorganic lead halide perovskites 

(CH3NH3PbX3, X = Cl–, Br– or I–) have emerged as a new class of 

light harvesters for solar energy generation.6 It was unveiled 

that perovskites possess superior optoelectronic properties 

such as intense broad-band absorption, small exciton binding 

energy, high charge carrier mobility, and long charge diffusion 

length.7-10 Due to these appealing features, the PVSC with a 

power conversion efficiency (PCE) exceeding 20.0 % has been 

realized recently, which is comparable to the performance of 

inorganic copper-indium-gallium-selenide (CIGS)- or silicon (Si)-

based photovoltaics.11-17 Moreover, perovskites possess simple 

solution-processability, showing great potential for low-cost, 

mechanically flexible, and light-weight solar cell applications. 

In general, a PVSC consists of a perovskite light absorber 

sandwiched between selective electron- and hole-transporting 

layers (ETLs and HTLs). To find a simple and efficient way to 

process these charge-transporting interlayers is one of the 

main technical challenges impeding roll-to-roll printing of 

flexible devices.18 For example, the most widely used inorganic 

titanium dioxide (TiO2) ETL usually requires high-temperature 

(400-500oC) sintering after deposition to achieve high 

crystallinity.13,19 Although several low-temperature processed 

TiO2, zinc oxide (ZnO), or cadmium selenide (CdSe) 

nanostructures have been exploited to circumvent this 

problem,20-22 synthesis of these materials often involves long 

reaction time and solvent washing process. These problems 

combined with difficulty in getting precise thickness control 

upon deposition pose the challenges for mass production.23,24 

Besides, potential variations in nanocrystal sizes also create 

discrepancies in the resultant photovoltaic performance. All 

these challenges might hinder the technology translation of 

PVSCs, in particular for printable flexible solar cells. 

Compared to the inorganic ETLs, the low-cost, decent 

flexibility, and versatile deposition methods of organic 

semiconductors are advantageous to address the 

abovementioned challenges for achieving better printing 

compatibility. However, there are only very few suitable 

organic ETLs for high-performance PVSCs due to the lack of 

materials with high electrical conductivity, low-temperature, 

orthogonal solvent processability, and proper energy levels for 
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efficient electron extraction and cathode optimization. 

Therefore, it is imperative to develop rationally designed 

organic ETLs featuring these desirable properties for realizing 

low-cost printable PVSCs. 

Among current state-of-the-art organic ETLs, fullerene 

derivatives have attracted the most attention.25-27 In 

particular, fulleropyrrolidinium iodides (FPIs) have been 

effectively utilized as efficient cathode interfacial layers for 

tuning electrode work function (WF) and electron extraction in 

the solar cell devices. Due to their decent solution-

processability and exceptionally high electrical conductivity, 

they can replace conventional cathode interfacial layers such 

as LiF, which usually requires high vacuum thermal 

evaporation process. 25-27 Most recently, Jen et al. have further 

blended a novel FPI derivative (Bis-OMe FPI) containing 

compact ammonium and methoxybenzene units with a very 

small amount of polyethyleneimine (PEIE) to form a stable and 

thickness-insensitive cathode interfacial layer, denoted as FPI-

PEIE (Bis-OMe:PEIE = 125:1 w/w ratio). This layer has enabled 

an inverted organic solar cell to yield a high PCE of 9.6 %. More 

importantly, its self-doping character allows FPI-PEIE to 

maintain exceptionally high electrical conductivity for its 

efficient operation across a broad thickness range (16-50 nm), 

which is superior than the commonly used insulating 

polyelectrolyte interlayers such as PEIE or polyfluorene 

derivatives (PFNs) that can only be operated in thin thickness.  

Furthermore, the FPI-PEIE can also dope the adjacent [6,6]-

phenyl-C61-butyric acid methyl ester (PC61BM) in the bulk 

heterojunction (BHJ) layer to create highly conductive ETL/BHJ 

interface to enable efficient electron extraction in device.28 It 

is worthwhile to note that the energy level between the FPI-

PEIE-modified ITO (-3.91 eV, c.f. WFs are -4.07 and -3.84 eV for 

FPI/ITO and PEIE/ITO, respectively) and the conduction band 

(CB) of CH3NH3PbI3 (-3.93 eV) is well aligned to minimize 

potential energy loss across the interface.28,29 This combined 

with its facile room temperature solution-processability 

suggests that the conductive FPI-PEIE might also serve as an 

efficient electron extraction layer (EEL) for high-performance 

printable PVSCs. 

In this study, we demonstrate a high-performance (PCE >15%) 

planar heterojunction (PHJ) PVSC by using a bilayered FPI-

PEIE/PC61BM EEL. We reveal that a thin (50 nm) organic 

surface modifier, PC61BM, is critically required, which not only 

facilitate the crystallization of atop perovskite thin films but 

also promote the charge extraction at the FPI-PEIE/CH3NH3PbI3 

interface. Meanwhile, the FPI-PEIE can simultaneously tune 

the WF of ITO and dope the PC61BM modifier to enable 

efficient electron transport between ITO and PC61BM. As a 

result, the PHJ PVSC based on this EEL shows a promising PCE 

of 15.7 %. More importantly, the room-temperature 

processability and decent electric property of FPI-PEIE/ PC61BM 

EEL can also afford a flexible PVSC to show an impressive PCE 

of 10%. This study shows the potential of low-temperature 

processed organic EEL to replace transition metal oxide (TMO)-

based interlayers for highly efficient PVSCs with better printing 

compatibility, representing an important step for the 

fabrication of low-temperature printable PVSCs. 

 Experiments 

Materials 

Methylammonium iodide (MAI) and Bis-OMe FPI were 

synthesized according to reported procedures [28,30]. Lead 

iodide (PbI2), (2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenyl-

amine)-9,9’-spirobifluorene (Spiro-OMeTAD), and PC61BM 

were purchased from Alfa Aesar, Borun Chemical and 

American Dye Source Inc, respectively. 

Fabrication and characterization of perovskite solar cells 

ITO-coated substrates (15 and 70 Ω/sq for glass and PET 

substrates, respectively) were used for the perovskite solar 

cells. Before device fabrication, the substrates were rinsed by 

sonication in detergent and deionized water, acetone and 

isopropyl alcohol for 10 min in sequence. After drying in a N2 

stream, the substrates were further cleaned by a plasma 

treatment for 30 s. Then the FPI-PEIE (Bis-OMe (2 mg/ml in 

methanol), Bis-OMe:PEIE=125:1 w/w ratio), PC61BM (10 mg/ml 

in chloroform) layers were sequentially spin-coated. 

Afterwards, the perovskite layer was spin-coated using 1.0 M 

CH3NH3PbI3 solution in the mixed solvent of γ-butyrolactone 

and dimethyl sulfoxide (7:3, v/v ratio), followed by annealing 

on a hot plate at 100oC for 10 min (prior to spin-coating 

perovskite layer, the PC61BM surface was treated with 2-

methoxy ethanol (4000 rpm, 30 s) to enhance its wettability 

with perovskite precursor solution). We have adopted the 

solvent-washing method reported by Seok et al. to optimize 

CH3NH3PbI3 deposition.14  

Spiro-OMeTAD (100 mg/mL) in chlorobenzene with 10 µL of 4-

tert-butylpyridine and 42.9 µL of lithium-

bis(trifluoromethylsulphonyl)imide (Li-TFSI, 0.61 M in 

acetonitrile) was spin-coated on top of perovskite film and 

then 100 nm-thick gold electrodes were thermal evaporated 

under a vacuum pressure of 5.0 × 10-7 Torr (with an 

evaporation rate of 0.5 Å s-1) for hole extraction. The effective 

area of solar cells is 3.14 mm2 defined by a mask. All the J-V 

curves in this study were measured using a Keithley 2400 

source meter unit. The hysteresis of organic EEL-based solar 

cell was examined with a scan rate of 0.05 Vs-1. The 

photocurrent of device was measured under the AM 1.5G 

illumination condition at an intensity of 100 mW cm-2. The 

illumination intensity of the light source was accurately 

calibrated with a standard Si photodiode detector equipped 

with a KG-5 filter, which can be traced back to the standard 

cell of the National Renewable Energy Laboratory (NREL). A 

mask was used to define the effective illuminated area. The 

EQE spectra were obtained from incident photon-to-current 

conversion efficiency (IPCE) setup consisting of a Xenon lamp 

(Oriel, 450 W) as a light source, monochromator, a chopper 

with a frequency of 100 Hz, a lock-in amplifier (SR830, Stanford 

Research Corp), and Si-based diode (J115711-1-Si detector) for 

calibration. 

Fabrication and characterization of field-effect transistors 

PC61BM field-effect transistors were fabricated based on the 
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Figure 1. (a) Energy level diagram of the ITO/FPI-PEIE/PC61BM/CH3NH3PbI3/Spiro-
OMeTAD/Au

[27-29]
 and (b) device structure of perovskite solar cell based on FPI-

PEIE/PC61BM electron extraction layer. 

top-contact and bottom-gate geometry, with the configuration 

of p++Si/SiO2/divinyltetramethyldisiloxane- 

 bis(benzocyclobutene)(BCB)/PC61BM/CH3NH3PbI3/silver (Ag). 

Heavily doped p-type silicon substrates with a 300 nm-thick 

oxide layer were rinsed by sonication in acetone and isopropyl 

alcohol in sequence for 10 min and then treated by plasma for 

1 min. After cleaning, the oxide dielectric was passivated with 

a cross-linked BCB layer to avoid electron trapping caused by 

surface hydroxyl groups. Afterward, PC61BM layers were spin-

coated, followed by spin-coating of the CH3NH3PbI3 layer. 

Finally, source and drain electrodes (channel width (W) = 1000 

µm and channel length (L) = 50 µm) were defined by 

evaporating 50 nm-thick Ag layer through a shadow mask 

under vacuum pressure of 5.0 × 10-7 Torr with an evaporation 

rate of 2.0 Å s-1. Transistors characterization was performed 

using an Agilent 4155B semiconductor parameter S6 analyzer. 

Electrical conductivity was derived from two-terminal 

measurement at zero gate voltage with the equation of σ = 

(L/A)(IDS/VDS), where L (cm) and A (cm2) are the channel length 

and cross-sectional area of the devices, respectively.28 

Results and Discussion 

The multi-functions of FPI-PEIE interfacial layer in the solar cell 

device have been reported in our previous work. It can modify 

the WF of ITO from 4.60 eV to 3.91 eV to result in the well-

aligned energy level with the CB (-3.93 eV) of CH3NH3PbI3. Also, 

it can dope adjacent PC61BM to form Ohmic contact at the 

corresponding interface for better charge extraction 

efficiency.28 Here, a PC61BM layer is sequentially spin-coated 

on top of this layer to constitute a bilayered EEL. This PC61BM 

layer was revealed to promote the perovskite crystallization 

and facilitate efficient electron extraction from the perovskite 

absorber due to its effective electronic coupling with 

perovskite. Note that the pristine electrical conductivity of 

PC61BM (1.98 x 10-9 Scm-1) can be largely enhanced to 1.1 x 10-

4 Scm-1 while using a bilayered FPI-PEIE/PC61BM due to the 

doping effects introduced by FPI-PEIE.28 It is expected that this 

enhancement can facilitate the efficient charge extraction 

from perovskite when the FPI-PEIE/PC61BM serves as an EEL in 

the solar cell devices. In addition, by coating this PC61BM layer 

on top of FPI-PEIE, it allows orthogonal solvent to be used for 

processing perovskite film due to its resistance against polar 

solvents. The following section will elucidate the roles of this  
 

 

Figure 2. Scanning electron microscopy images of CH3NH3PbI3 perovskite on FPI-
PEIE (a) and on FPI-PEIE/PC61BM (b) (scale bars: 2 µm (1 µm for insets)). (c) X-ray 
diffraction spectra of CH3NH3PbI3 perovskite layer on FPI-PEIE/PC61BM and FPI-
PEIE. 

FPI-PEIE/PC61BM EEL in enhancing device performance of 

PVSCs. It has been reported in the literature that crystal 

formation and perovskite surface morphology are strongly 

correlated with the surface energy and roughness of the 

underlying layers, which will have a significant influence on the 

ultimate performance of fabricated devices.31,32 Similarly, the 

different surfaces of FPI-PEIE and FPI-PEIE/PC61BM EELs 

influences the  perovskite crystallization and results in 

distinctly different surface morphologies of perovskite thin 

films, as can be seen in the scanning electron microscopy 

(SEM) images in Figure 2a,b. As discussed, this discrepancy 

might stem from the differences of surface morphology and 

roughness of the employed EELs. The images from atomic 

force microscopy (AFM) in Figure S1 clearly show different 

surface structures and roughness of the employed EELs. 

Despite the relatively rough surface of FPI-PEIE/PC61BM layer, 

the perovskite on top of it clearly exhibits better grain 

coarsening compared to that grown directly on top of pristine 

FPI-PEIE. The perovskites deposited on top of FPI-PEIE/PC61BM 

showed much larger crystalline domains with grain size around 

1 µm while perovskites grown on pristine FPI-PEIE exhibited 

relatively small crystalline domains of around 200 nm. Intense 

X-ray diffraction (XRD) signals also confirm the formation of 

crystalline CH3NH3PbI3 films on both FPI-PEIE/PC61BM and FPI-

PEIE, as shown in Figure 2c.32,33 

Besides the influence from surface roughness, matched 

surface energy also plays an important role in forming proper 

perovskite films. Having a decent surface coverage of 

perovskite thin-film is a prerequisite for enhancing device 

performance, while the pinholes in the films will create 

electrical shorting and deteriorate device performance. In 

principle, the polar surface of ionic FPI-PEIE has a better 

compatibility with the perovskite precursor solution in the 

mixed solvent of γ-butyrolactone and dimethyl sulfoxide 

compared to the hydrophobic surface of PC61BM. The 

incompatibility between perovskite and PC61BM will create an  
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Figure 3. Photoluminescence spectra of CH3NH3PbI3 perovskite films on top of 
bare glass (diamonds), FPI-PEIE (triangles) and FPI-PEIE/PC61BM (circles). 
Perovskite excitation wavelength was at 600 nm. 

inferior surface coverage of perovskite layer. However, this 

issue can be effectively mitigated by pre-treating the surface 

of PC61BM with a polar solvent (2-methoxy ethanol) to 

facilitate the formation of highly uniform perovskite thin-films 

with larger crystalline domains (Figure 2b) for device 

investigation. 

In order to investigate the photo-generated charge extraction 

efficiency of the FPI-PEIE/PC61BM layer from perovskite, 

photoluminescence (PL) quenching of the perovskite emission 

was measured. For fair comparison, PL quenching of FPI-

PEIE/CH3NH3PbI3 and FPI-PEIE/PC61BM/CH3NH3PbI3 films were 

measured and compared at the same time. As shown in Figure 

3, the CH3NH3PbI3 film shows a significant degree of PL 

quenching on FPI-PEIE/PC61BM compared to that on pristine 

FPI-PEIE, indicating enhanced electron extraction/transport 

efficiency of the FPI-PEIE/PC61BM layer. This demonstrates 

better viability of FPI-PEIE/PC61BM relative to FPI-PEIE as an 

effective EEL in PVSCs.31 

In order to explore the efficacy of these EELs in PVSCs, devices 

with the configuration of ITO/organic EEL/CH3NH3PbI3/Spiro-

OMeTAD/Au were fabricated as depicted in Figure 1b. The 

current density-voltage (J-V) characteristics of devices under 

AM 1.5 G conditions (100 mW cm-2) are shown in Figure 4a, 

and their relevant photovoltaic parameters are summarized in 

Table 1 (average values with standard deviations were 

obtained from seven tested devices). As shown, the FPI-

PEIE/PC61BM-derived PVSC delivers a promising PCE of 15.7 %  

 

Table 1 Summarized solar cell parameters of perovskite solar cells (average values with 

standard deviation (maximum values are indicated in the parentheses) 

 
 

Figure 4. (a) J–V characteristics of CH3NH3PbI3 solar cell based on FPI-
PEIE/PC61BM (diamonds) and FPI-PEIE (squares). (b) Absorbance spectra of 
CH3NH3PbI3 on FPI-PEIE/PC61BM (squares) and external quantum efficiency 
spectra of the corresponding device (diamonds).  

with an open circuit voltage (VOC) of 1.10 V, a short circuit 

current density (JSC) of 19.5 mA cm-2 and a fill factor (FF) of 

0.73 while the FPI-PEIE-derived PVSC only shows an inferior 

PCE of 2.62 % with much lower photovoltaic parameters. This 

difference can be clearly interpreted as a consequence of the 

increased perovskite crystallinity and enhanced charge 

extraction capability as abovementioned. Impressively, the 

high PVSC shows there is only minor potential loss since the 

optical badgap (Eg) of perovskite is around 1.51 eV. This affirms 

that FPI-PEIE/PC61BM can minimize photo-voltage loss 

pathways across the EEL/perovskite interface due to a 

synergetic result of effective ITO WF tuning by FPI-PEIE and 

enhanced charge transfer by PC61BM. The external quantum 

efficiency (EQE) spectrum plotted in Figure 4b shows very high 

photon-to- electron conversion efficiency in the PVSC 

employing the FPI-PEIE/PC61BM layer, in which the maximum 

EQE peak reaches over 85% (The photocurrent value estimated 

from the EQE spectrum is 18.9 mA cm-2, comparable to the 

value obtained from J-V curve with 3.08 % deviation). This 

result combined with the panchromatic absorption over the 

visible range (Figure 4b) features efficient light harvesting and 

charge extraction in PVSCs using organic EEL. 

We have further examined the electrical property at the 

PC61BM/CH3NH3PbI3 interface using organic field-effect 

transistors (OFETs) to elucidate the role of PC61BM on the 

enhanced charge transfer observed at this corresponding 

interface. We first examined the n-type semiconducting 

characteristics of pristine PC61BM and then studied the 

bilayered PC61BM/CH3NH3PbI3 (FET based on pristine 

CH3NH3PbI3 was also fabricated as a reference device, as 

presented in Figure S2). As shown in Figure 5, the electrical 

characteristics of PC61BM were dramatically changed after 

depositing perovskite on top of it. Originally, PC61BM exhibited 

typical n-type behavior with an off-current of ~10-11 A and an 

on/off ratio of 106. Its electrical conductivity at zero gate 

voltage was estimated to be 2.2 × 10-9 S cm-1. However, after 

depositing a perovskite layer on top of PC61BM, the device 

showed a considerable increased off-current and decreased 

on/off ratio, indicating an increased carrier concentration in 

the bulk film after PC61BM contacted with CH3NH3PbI3. The 

electrical conductivity of the PC61BM/CH3NH3PbI3 bilayer at 

zero gate voltage was significantly improved to 4.0 × 10-5 S cm-

1, suggesting the formation of metallic electrical contact at the 

PC61BM/perovskite interface.28,34 This significantly enhanced 

electrical conductivity shows that the interfacial interactions  

 VOC 

[V] 

FF JSC 

[mAcm-2] 

PCE 

[%] 

FPI-PEIE 

 

0.70 ± 0.03 0.24 ± 0.02 14.1 ± 0.40 2.34 ± 0.22 

(2.62) 

FPI-PEIE/ 

PC61BM 

1.09 ± 0.01 0.70 ± 0.02 19.2 ± 0.40 14.7 ± 0.65 

(15.7) 

Flexible Cell 1.07 ± 0.01 0.53 ± 0.01 17.8 ± 0.15 9.96 ± 0.06 

    (10.0) 
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Figure 5. (a) Transfer characteristics of field-effect transistors based on pristine 
PC61BM (circles) and PC61BM/CH3NH3PbI3 (diamonds), and (b) output 
characteristics of field-effect transistors based on pristine PC61BM (circles) and 
PC61BM/ CH3NH3PbI3 (diamonds) at zero gate voltage. 

between PC61BM and CH3NH3PbI3 play an important role in 

optimizing the electrical contact (or electronic coupling) and 

electron extraction (or charge transfer) at the FPI-

PEIE/CH3NH3PbI3 interface. The possible interactions might 

result from the passivation function of fullerene or the 

effective electronic coupling between them.35-37 The detailed 

discussion regarding the correlation between fullerene-based 

interlayers and perovskite in PVSC based on X-ray 

photoelectron spectroscopy (XPS) and FET analyses has been 

reported elsewhere.37 

Recently, the hysteresis found in PVSC devices has raised 

critical concern for the accuracy in device performance, 

especially for those employing the TMO-based ETLs. One of 

the possible causes for hysteresis might come from the 

interfacial trap states at the perovskite/interfacial layers. As 

shown in Figure S3, the device employing FPI-PEIE/PC61BM 

layer exhibits insignificant hysteresis, which is consistent with 

the general observation of reduced hysteresis found in 

conventional perovskite solar cells when highly conductive 

poly(3,4-ethylene-dioxythiophene):poly(4-styrenesulfonate) 

(PEDOT:PSS) HTL is used.38 This result signifies the importance 

of the conductive FPI-PEIE interlayer, which can dope the 

adjacent PC61BM layer to enhance the overall conductivity of 

this bilayered EEL and reduce the trap states simultaneously to 

inhibit device hysteresis.28  

Considering the roles of the components in this studied EEL, 

PC61BM layer indeed is the most crucial factor to achieve the 

high PCE, as discussed above. However, the interface between 

PC61BM and ITO also plays an important role in the resultant 

device performance. It has been revealed that the photovoltaic 

performance and hysteresis of the device might be closely 

correlated with the electric properties of this corresponding 

interface.39 For example, it has been reported that n-i-p 

heterojunction perovskite solar cell using ZnO/PC61BM 

bilayered EEL shows improved device performance compared 

to the devices only using a PC61BM layer due to the better 

energy level alignment at the ITO/PC61BM interface.40 Because 

of this energy level mismatch at the ITO/PC61BM interface, our 

control solar cell device using a single PC61BM layer as an EEL 

shows an inferior photovoltaic performance as shown in Figure 

S4. This result is in good accordance with the results reported 

in the literature,40 which affirms the importance of the 

bilayered FPI-PEIE/PC61BM EEL. In addition, it has been shown 

that perovskite solar cell based on a bilayered PEIE/PC61BM 

EEL exhibits significant hysteresis despite  

Figure 6. J–V characteristics (a) and external quantum efficiency spectrum (b) of 
CH3NH3PbI3 solar cell based on PET/ITO substrate.  

exhibiting high PCE.41 Intriguingly, our device using FPI- 

PEIE/PC61BM EEL exhibited comparable high PCE to the value 

of this PEIE/PC61BM-based PVSC but showed a greatly reduced 

hysteresis, revealing the significant role of FPI-PEIE in yielding 

reliable device performance. 

All these results combined with its room-temperature and 

solution processability greatly reveal the promising advantages 

of organic EEL. It not only can replace the TMO-based ETL to 

simplify the device fabrication but also have a better 

compatibility with roll-to-roll printing technique. 

Two challenging issues mainly encountered in developing high-

performance flexible PVSCs are to reduce the processing 

temperature of charge transport layers (CTLs) because of the 

instability of the plastic substrates at high temperatures and to 

achieve uniform CTL’s morphologies and its decent electrical 

performance. Efforts have been made to address these issues 

to achieve efficient flexible PVSCs by a few groups. At present, 

6.3~9.2% PCEs were accomplished in the PEDOT:PSS-based p-i-

n configurations, for which 120~150oC annealing processes are 

still required.42,43 Meanwhile, n-i-p structured cells based on 

low-temperature processed inorganic nanocrystals exhibited 

2.62~10.2% PCEs; however the performance of these cells are 

sensitively influenced by the thickness or morphology of the 

crystals.44,45 Considering the exceptional advantages of FPI-

PEIE/PC61BM EEL such as low-temperature solution 

processability and superior electrical properties, this layer is 

highly feasible to meet all these challenging requirements for 

developing high-performance flexible PVSCs. To test this, we 

fabricated PVSC using the FPI-PEIE/PC61BM EEL on ITO-coated 

poly(ethylene terephthalate) (PET) substrate (PET/ITO), and its 

J-V and EQE curves are shown in Figure 6. Encouragingly, a 

promising PCE of 10.0% (VOC: 1.07V, JSC: 17.7mA cm-2 and FF: 

0.53) was achieved, which is comparable to the high PCEs of 

flexible PVSCs reported to date. Compared to the glass/ITO 

device, the PET/ITO device possessed lower JSC and FF, which is 

apparently attributed to the higher sheet resistance of the 

flexible substrates.28,46 Studies on further improving flexible 

PVSCs by using ITO-free, low-sheet resistance ultrathin metal 

electrodes are in progress.47 

Conclusions 

In summary, we have demonstrated a simple but efficient 

organic bilayered FPI-PEIE/PC61BM EEL with facile room-

temperature solution-processability, which can successfully 

replace the conventional TMO-based ETL in n-i-p PHJ PVSCs. 
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We revealed that the PC61BM serves as a surface modifier of 

FPI-PEIE to simultaneously facilitate the crystallization of atop 

perovskite thin films and the charge extraction at FPI-

PEIE/CH3NH3PbI3 interface. Meanwhile, the FPI-PEIE can tune 

the work function of ITO and dope PC61BM. As a result, the 

PVSC using this unique organic EEL yields a promising PCE of 

15.7%. Moreover, providing its room-temperature 

processability and decent electrical property, a high-

performance flexible PVSC with a PCE of 10 % is also achieved. 

This study demonstrates a new and simple platform for room-

temperature, printable perovskite solar cells. 
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