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Abstract 

Although C60 is usually the electron transport layer (ETL) in inverted perovskite solar cells, 

its molecular nature of C60 leads to weak interfaces that lead to non-ideal interfacial electronic and 

mechanical degradation. Here, we synthesized an ionic salt from C60, 4-(1',5'-dihydro-1'-methyl-

2'H-[5,6] fullereno-C60-Ih-[1,9-c]pyrrol-2'-yl) phenylmethanaminium chloride (CPMAC), and 

used it as the electron shuttle in inverted PSCs. The CH2-NH3
+ head group in the CPMA cation 

improved the ETL interface and the ionic nature enhanced the packing, leading to ~3-fold increase 

in the interfacial toughness compared to C60. Using CPMAC, we obtained ~26% power conversion 

efficiencies (PCEs) with ~2% degradation after 2,100 hours of 1-sun operation at 65C. For 

minimodules (four subcells, 6 centimeters square), we achieved the PCE of ~23% with <9% 

degradation after 2,200 hours of operation at 55C.   

 

One-Sentence Summary 

Using C60-based ionic salt electron shuttle enhanced the interfacial toughness of the electron 

transport layer for efficient and stable inverted perovskite solar modules.  
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Organic-inorganic hybrid metal halide perovskite materials have successfully been used as light 

absorbers in efficient photovoltaic devices (1-16). The inverted p-i-n perovskite solar cell (PSC) 

structure is attractive for commercialization because of its easy fabrication, low-temperature 

processability, and suitability for tandem cells (17-31). The power conversion efficiency (PCE) of 

single-junction inverted PSCs has exceeded 26% through advances in solvent engineering, 

compositional tuning, interface optimization, and defect passivation strategies (32-37). However, 

challenges related to scalability and long-term operational stability are obstacles to their 

commercialization.  

C60 is almost exclusively used in the electron transport layer (ETL) structure for high-

performance inverted PSCs, as C60/bathocuproine (BCP) or C60/SnOx (22). The latter with the 

SnOx deposited through atomic layer deposition (ALD) has become the preferred approach for 

better stability and compatibility with tandems. However, the molecular nature of the C60 layer 

leads to a weak interface and loose packing, and in turn non-ideal interfacial properties and 

challenges for ALD-SnOx coating. These issues inevitably limit the device performance, especially 

the long-term stability (38-42).  

For example, the ALD-SnOx precursor is known to be reactive with the perovskite surface 

or even penetrate into the bulk material (43, 44). A C60 layer of around 20 nm (or thicker) is 

normally needed to support ALD-SnOx coating (32, 43, 45). Efforts have been made to address the 

C60/perovskite interface challenges, such as interlayer strategies and C60 functionalization (46-50). 

However, these strategies focus on perovskite surface defect passivation, interfacial energetics 

adjustment, or both, whereas the ETLs in these studies still rely on C60 molecules. Thus, these 

efforts do not address the fundamental issue of the molecular nature of the C60 ETL. 

In this study, we use N-methylglycine, and tert-butyl 4-formylbenzylcarbamate molecules 

and hydrochloric acid to react with C60, to form an ionic salt, 4-(1',5'-dihydro-1'-methyl-2'H-[5,6] 

fullereno-C60-Ih-[1,9-c]pyrrol-2'-yl)phenylmethanaminium chloride (referred to as CPMAC). We 

further use CPMAC salt as the electron shuttle in inverted PSCs and minimodules. This ionic salt 

layer fundamentally addressed the disadvantages of molecular C60 layer. Density functional theory 
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(DFT) calculation revealed that it is energetically preferred for the CH2-NH3
+ heads in the 

phenylmethanaminium (PMA) units to fill in formamidinium (FA) vacancies or replace FA ions 

on perovskite surfaces, enabling ionic bonding between CPMA and the perovskite surface. The 

ionic nature of CPMAC strengthens its interface and packing. The strong electron withdrawing 

C60 unit in the CPMA cation helps ensure the CPMAC is an effective electron conductor. As a 

result of these physical and chemical characteristics, a thin CPMAC layer was used to support 

ALD-SnOx coating to construct an effective ETL. The corresponding PSCs and minimodules using 

CPMAC show improved PCE and stability compared with those using the conventional C60 layers. 

 

Design concept 

 

Fig. 1. Design concept. (A) Comparison of C60 and CPMAC on their different interactions with 

the perovskite surface. (B) Synthetic route of 4-(1',5'-dihydro-1'-methyl-2'H-[5,6] fullereno-C60-

Ih-[1,9-c]pyrrol-2'-yl)phenylmethanaminium chloride (CPMAC).  

 

An ionic salt layer would need the same electron-withdrawing ability but have enhanced 

ETL interface properties and packing. In our designed CPMAC compound, the CPMA+ cation 
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contains a CH2-NH3
+ head with a structure similar to the methylammonium (MA+) cation. Our 

DFT calculations showed that CPMAC reaction with FA-rich perovskite surface by replacing an 

FA+ cation with CPMA+ cation lowered the surface energy by 0.375 eV. In comparison, CPMAC 

reacting with MA+ would lower surface energy by 0.181 eV, whereas reacting with Cs+ would 

increase the surface energy slightly by 0.003 eV. Thus, FA+ would be replaced preferably by 

CPMAC for mixed-cation perovskites.  

In comparison to C60, two interactions between CPMAC and perovskite were expected. 

First, the CH2-NH3
+ head could fill a FA+ vacancy, and the Cl- anion could occupy an I vacancy, 

providing double defect passivation. Second, the CPMA+ cation could replace a FA+ cation on the 

surface as expected from our DFT calculation, and FA+ and Cl- would form a FACl molecule, 

which could escape the perovskite during annealing.  

A comparison of C60/perovskite and CPMAC/perovskite interfaces is shown in Fig. 1A. In 

both cases (filling a FA+ vacancy or replacing a FA+ cation), the CH2-NH3
+ head in the CPMA+ 

cation would introduce ionic bonding with the surrounding I anions on the surface. Thus, the ionic 

nature of CPMAC could strengthen the CPMAC/perovskite interface. It could also enable stronger 

packing of the CPMAC layer on the perovskite and the use of a thinner CPMAC layer (~10 nm) 

versus ~20 nm typically used for C60. In addition, the C60 unit in CPMA+ facilitates electron 

transport, making the CPMAC layer both a strong and conducting bridge to transfer electrons from 

the perovskite to external electrodes in a device. 

To synthesize CPMAC, we used the Prato reaction of C60 with N-methylglycine and tert-

butyl 4-formylbenzylcarbamate to form the intermediate (compound 1), which then reacted with 

hydrochloric acid in a tert-butyl carbamate deprotection reaction to achieve the final CPMAC 

compound (Fig. 1A and fig. S1). Both 1 and final CPMAC compound were characterized by 1H 

nuclear magnetic resonance (NMR), 13C NMR, and high-resolution mass spectrometry (figs. S2 

to S5). Note that the ionic interaction between CPMAC and the perovskite surface is consistent 

with the x-ray photoelectron spectroscopy (XPS) measurements in which the Pb 4f peaks of the 

treated perovskite film shifted toward a lower binding energy (by about 0.33 eV) compared to the 
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control film (fig. S6).  

 

Structural and optoelectronic properties 

 

Fig. 2. Structural and optoelectronic properties. (A) and (B) Photoluminescence (PL) imaging 

of perovskite films without and with CPMAC. (C) and (D) Kelvin probe force microscopy (KPFM) 

surface potential images for the control and target perovskite films. (E) Comparison of time-

resolved microwave conductivity (TRMC) of C60 films and CPMAC films, respectively. (F) 

Comparison of fracture energy (GC) of devices to quantify ETL for C60 or CPMAC. (G) Cross-

sectional high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) images of the Ag/ALD-SnOx/CPMAC/perovskite. (H) Electron energy loss spectroscopy 

(EELS) analysis of element mapping for silver (Ag), tin (ALD-SnOx), oxygen (ALD-SnOx), 

carbon (CPMAC), and iodine (perovskite).  
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We compared the grazing-incident wide-angle x-ray scattering (GIWAXS) studies of the 

perovskite films without and with CPMAC coating, respectively (fig. S7). No additional Laue 

rings were observed, indicating that the introduction of CPMAC did not induce perovskite phase 

change. However, the apparent changes in diffraction intensity and growth orientation of the 

perovskite from the existing Laue rings indicated interactions between CPMAC and the perovskite 

components. The one-dimensional (1D) GIWAXS results demonstrated a decreased scattering 

vector q value, corresponding to an increased lattice d-spacing of perovskite (fig. S7). These results 

were consistent with the chemical interaction between CPMAC and perovskite in the surface 

region. 

Photoluminescence (PL) mapping images of perovskite films without and with CPMAC 

(Fig. 2, A and B, respectively) showed that the CPMAC-treated perovskite film was more uniform 

and has a reduced PL intensity compared to the pristine perovskite film. We used Kelvin probe 

force microscopy (KPFM) to investigate the spatial variations in the surface potential of perovskite 

films with and without CPMAC. As shown in Fig. 2, C and D, the perovskite/CPMAC film 

exhibited a more uniform potential distribution than the pristine sample, which suggested that 

CPMAC effectively mitigates surface defects (51-54). In addition, cyclic voltammetry (CV) 

measurement of C60 and CPMAC, with ferrocene as the reference, showed lowest unoccupied 

molecular orbital (LUMO) levels of −4.20 and −4.09  eV against vacuum (fig. S8), respectively. 

In comparison to C60, the reduced conduction band offset between the CPMAC and perovskite 

(−3.92 eV) should result in a better energy alignment at this interface and a reduced voltage loss 

in the corresponding device (fig. S8). 

We measured the time-resolved microwave conductivity (TRMC) transients for both C60 

and CPMAC thin films over a range of excitation intensities. The yield-mobility products were 

plotted as a function of excitation intensities (Fig. 2E). The mobility in CPMAC was about 30% 

higher than that in C60
 measured at the lowest excitation intensity.  

We further examined the fracture energy (GC) of devices with C60 or CPMAC by using 

force-displacement measurements with a double cantilever beam test following a reported 
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methodology (55). The fracture path of all samples involved the ETL layer and the average GC 

values changed by about a factor of 3, increasing from about 0.50±0.07 J m–2 for C60 to 1.43±0.03 

J m–2 for CPMAC (Fig. 2F). Glow-discharge optical emission spectroscopy (GDOES) on the 

delaminated samples further supports the improved fracture toughness within the CPMAC layer 

as compared to C60 as well improved adhesion at the CPMAC/perovskite interface (fig. S9). These 

results were consistent with stronger mechanical stability for CPMAC. These values are above the 

empirical threshold of 1 J m−2 that limits the susceptibility of the perovskite device to delaminate 

in operation (56).  

To directly visualize the distribution of CPMAC on the perovskite layer, we performed 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

measurements. Cryogenic focused ion beam (cryo-FIB) was used to prepare the STEM specimen 

without damaging the inherent structures of the perovskite layer. The cross-sectional HAADF-

STEM images in Fig. 2G revealed a dark layer sandwiched between the brighter ALD-SnOx and 

perovskite layers. This layer corresponded to the CPMAC layer and is discernible because of the 

contrast in atomic number. The CPMAC layer is ~ 10 nm thick and is amorphous (fig. S10). To 

further investigate the elemental distribution, we performed electron energy loss spectroscopy 

(EELS) coupled with cryogenic-high-resolution transmission electron microscopy (cryo-HRTEM) 

experiments on cross sections of the device (Fig. 2H). The distributions of silver, tin, oxygen, 

carbon, and iodine were consistent with the distributions of the Ag, ALD-SnOx, ALD-SnOx, 

CPMAC, and perovskite layers. EELS also revealed the uniform and compact presence of the 

CPMAC layer atop perovskite through the detection of the carbon element. 

 

Device characteristics 
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Fig. 3. Perovskite solar cell characteristics. (A) and (B) The current density-voltage (J-V) 

characteristics of the p-i-n perovskite solar cells with various device configurations (including 

FTO/HTL/perovskite/C60/ALD-SnOx/Ag (A) and FTO/HTL/perovskite/CPMAC/ALD-SnOx/Ag 

(B), and the corresponding photovoltaic parameters under simulated AM 1.5 G illumination 

(insets). Device areas were 0.059 cm2 as defined by a metal aperture. (C) Comparison of 

operational stability of devices under 1-sun maximum power point tracking (MPPT) following the 

ISOS-L-1 protocol (65°C, N2 atmosphere). HTL was MeO-2PACZ/Me-4PACZ mixture in (A–C). 

The initial PCEs of C60- and CPMAC-based devices were 24.9% and 25.8%, respectively. (D) 

Comparison of operational stability of unencapsulated PSCs measured by MPPT under continuous 

1-sun illumination (85C, N2 atmosphere). For this test, PTAA was used as the HTL. The initial 

PCEs of C60- and CPMAC-based devices were 24.3% and 25.5%, respectively. 

 

The current density-voltage (J-V) curves and photovoltaic (PV) performance parameters of 

the champion devices under standard AM 1.5 G illumination are shown in Fig. 3, A and B. The 
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PSC with the configuration of FTO/HTL/perovskite/ALD-SnOx/Ag (where FTO is fluorine-doped 

tin oxide and HTL is hole transport layer) showed a negligible PCE of 0.07% (fig. S11), which we 

ascribed to the degradation of the perovskite layer during the ALD-SnOx coating (43, 44). The 

incorporation of a standard C60 layer between perovskite and ALD-SnOx ameliorated this 

degradation, achieving a PCE of 25.5% (reverse scan) with a short-circuit current density (Jsc) of 

26.0 mA cm−2, open-circuit voltage (Voc) of 1.16 V, and fill factor (FF) of 84.9% (Fig. 3A). 

Remarkably, replacing C60 with CPMAC further improved the PV performance to a PCE of 26.1% 

(reverse scan) with a Jsc of 26.0 mA cm−2, Voc of 1.18 V, and FF of 85.5% (Fig. 3B). The increase 

in Voc for the CPMAC-based PSC is consistent with its higher photoluminescence quantum yield 

(PLQY) than the C60-based cell (fig. S12). Note that both C60- and CPMAC-based PSCs exhibited 

minimal hysteresis between forward and reverse J-V scans.  

The improved PV parameters achieved by using CPMAC to replace C60 were further 

verified based on statistical results from 20 devices of each device type (fig. S13). The PSCs with 

the CPMAC layer processed over a range of CPMAC solution concentrations all exhibited similar 

PCEs (fig. S14), which would provide a favorable processing window for solution deposition of 

the CPMAC layer. Note that the measured Jsc (26.0 mA cm−2) was consistent with the integrated 

current density (25.9 mA cm−2) from the external quantum efficiency (EQE) spectra (fig. S15). It 

is also noteworthy that CPMAC-based PSCs do not require additional perovskite surface treatment 

as is often the case for C60-based PSCs (fig. S16). The ideality factors (nid) of control and target 

devices were calculated from the dependence of Voc on the light intensity (fig. S17). The nid 

decreased from 1.77 to 1.41 after substituting the C60 layer with CPMAC, which could be attributed 

to reduced trap-assisted non-radiative recombination (57, 58). 

The operational stability of PSCs with C60 and CPMAC was evaluated to investigate the 

impact of CPMAC on device stability (Fig. 3, C and D). The unencapsulated device with CPMAC 

exhibited only about a 2% efficiency loss after 2,100 hours of continuous maximum power point 

tracking (MPPT) under an N2 atmosphere at about 65°C with 1-sun illumination. In contrast, the 

C60-based devices showed a ~6% drop in PCE.  
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We further tested the operational stability at 85C. For this test, PTAA was used as the HTL 

as we showed previously the mixed SAM HTL was prone to degradation at 85C (19). Note that 

the operational stability at 85C for the CPMAC-based device was substantially better than the 

standard C60-based device, maintaining ~95% of its original efficiency over 1,500 hours of MPPT 

under N2 (Fig. 3D). When tested under damp-heat conditions (85°C and 85% relative humidity), 

the encapsulated CPMAC-based device retained 94.3% of its initial PCE after 2,000 hours, 

whereas the C60-based device exhibited a 16% PCE loss (fig. S18). Thus, replacing C60 with 

CPMAC increased device stability under various testing conditions. Note that the improved 

stability with CPMAC is also consistent with the time-of-flight secondary ion mass spectroscopy 

(ToF-SIMS) measurement of aged PSCs (fig. S19).  

 

 

Fig. 4. Perovskite solar module characteristics. (A) Schematic illustration for blade-coating the 

perovskite films. (B) J-V curves of a representative PSM with C60 and CPMAC (the inset shows a 

photograph of a typical PSM). (C) Quasi-steady-state (QSS) and J-V results of a representative 

CPMAC-based device measured by the NREL PV Performance Group. (D) Operational stability 

of the encapsulated PSMs under 1-sun MPPT following the ISOS-L-1 protocol at ~55°C in air 
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with 40%–60% relative humidity. The initial PCEs of C60- and CPMAC-based devices were 20.2% 

and 21.5%, respectively. 

 

Furthermore, we fabricated minimodules with four subcells (6 cm2) by blade-coating the 

perovskite layer (Fig. 4A and fig. S20). The representative current density–voltage (J-V) curves 

of perovskite solar minimodules (PSMs) are compared in Fig. 4B. The CPMAC-based PSM 

exhibited a PCE of 23.2% with a Jsc of 6.01 mA cm−2, Voc of 4.81 V, and FF of 80.3%. In 

comparison, C60-based PSM exhibit a PCE of 21.8%, a Voc of 4.7 V, an FF of 78.6%, and a Jsc of 

5.95 mA cm−2. No discernible difference (hysteresis) in J-V curves under different scanning 

directions were observed for the CPMAC-based PSM (fig. S21). The corresponding stabilized 

PCEs of the PSMs based on C60 and CPMAC are 21.2% and 22.7%, respectively (fig. S22).  

We provided one such device to an accredited PV laboratory (NREL PV Performance 

Group), obtaining the certified quasi-steady-state (QSS) PCE of 21.6±0.2% with a corresponding 

backward-scan J-V PCE of 22.6% (figs. S23 and S24 and Fig. 4C). Importantly, the efficient 

PSMs with CPMAC on blade-coated perovskite demonstrated that CPMAC could effectively 

integrate with perovskite processed at scale. We also investigated the operational stability of the 

encapsulated PSM under continuous light illumination at ~55°C in ambient air (Fig. 4D). After 

2,200 hours, the CPMAC-treated PSM maintained 91.5% of its initial PCE, whereas the control 

sample lost >30% of its initial PCE. Our results suggest that using CPMAC to replace C60 is an 

effective approach to improve the PCE and operational stability of p-i-n PSCs and PSMs. 

 

Discussion 

We showed that an ionic salt, CPMAC, can address the mechanical instability associated 

with the molecular C60 in inverted PSCs. In comparison to C60, the ionic nature associated with 

CPMAC strengthened the ETL/perovskite interface region. A thin CPMAC layer was sufficient 

for effective device operation. The use of CPMAC boosted device efficiency and stability. We 

further demonstrated that CPMAC is suitable for developing minimodules, reaching a PSM 

efficiency and operational stability that is among the best in the literature. Taken together, our 
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results point to a promising approach to advance perovskite PV technology toward 

commercialization.  
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