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ABSTRACT: The emergent perovskite photovoltaics technol-
ogy faces challenges like the long-term durability combining
moisture, thermal, and photo stresses that prevents them from
competing with established technologies. Here, we introduce a
series of new fluorinated fullerenes as an electron-transporting
layer (ETL) for robust perovskite photovoltaics that deliver a
high power conversion efficiency of 21.27% with substantially
improved durability against environmental stressing. The
hydrophobic nature of the new fullerene protects the
unencapsulated perovskite cell with stability over 1400 h in
85% relative humidity. Notably, the unencapsulated device
maintained 80% of their original performance (T80) after being
immersed in water for over 10 min. Detailed characterizations
suggest that the fluorinated fullerene can immobilize the cations in perovskites and passivate the surface traps. Therefore, the
T80 lifetime of the devices under constant illumination reached 1920 h. On the basis of the accelerated test, we estimate a
lifetime approaching 10 years with encapsulation. The successful demonstration of the new ETL can stimulate further research
and momentum for future photovoltaic technology development.

Organic−inorganic halide perovskite photovoltaic
technologies have demonstrated an unprecedented
progress in less than a decade1 with power

conversion efficiency (PCE) of 25.5%, approaching the record
of monocrystalline silicon devices.2 Interests have arisen in the
commercialization as well as the extension of the perovskite
photovoltaic technologies for a new scope of green energy
utilization and storage.3 For example, the proposed concept of
using perovskite solar cells (PSCs) to drive water splitting
reactions for oxygen or hydrogen generation has opened up a
new route toward efficient solar energy conversion into fuels
that are easier for storage.4−6 However, to fulfill the needs of
the above-mentioned applications, the PSCs still lack the long-
term operational stability under harsh environmental con-
ditions.7 Extensive studies have shown that moisture,8−12

oxygen,13 and high energy ultraviolet (UV) light14,15 are the
main factors governing the device lifetimes. External engineer-
ing controls can be employed, such as physical encapsula-
tion16−18 or UV filtration, to extend the devices’ lifetimes.
Whereas instability upon heat19−23 and illumination24−28 are
inevitable for PSCs, even light-soaking can trigger device
degradation29,30 in an inert atmosphere. However, the

protections may not be always feasible for cases like solar-
chemistry reactions where the cell has to make direct contact
with water or aqueous media to donate/transfer electrons. It is
therefore highly desirable to engineer the internal layers (i.e.,
electron or hole transporting layers) that can protect the cell
from degradation while maintaining their electronic properties
to deliver high power conversion efficiency.
Among various device architectures for thin-film PSCs, the

inverted p-i-n structure that contains [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) as the electron-transporting layer
(ETL) is highly attractive because it shows a promising
hysteresis-free current−voltage (I−V) characteristic,31−33

efficient defect passivation,34 and the ability to be processed
under low temperature. However, the thin fullerene layer is not
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sufficient to protect the perovskite active layer from moisture
damage, and the fullerene molecules can undergo light-
activated dimerization, thereby deteriorating the cell perform-
ance.35 Promising strategies to tackle the stability issues have
been reported;36,37 for example, Chen et al. introduced an
inorganic Ti(Nb)Ox buffer layer on top of the PCBM that
pushed the 3D perovskites device operational stability over
1000 h with external encapsulation.38 Bai et al. developed a
water-resistant cross-linkable silane-functionalized fullerene
ETL in p-i-n PSCs, which helped to maintain almost 90% of
the original PCE after one month of storage in an ambient
environment, but the efficiency dropped rapidly to 70% of its
initial value after 168 h under light-soaking in humid air.39

Therefore, it is still essential to develop a novel material
enhancing the humidity resistance and improving the thermal

and photo instability of perovskite devices without sacrificing
photovoltaic performance. A well-known approach to
effectively reduce the surface energy of an organic material is
to incorporate fluorine atoms into the molecular structure.
Such compounds are generally highly hydrophobic, which
impart a repulsive property to water molecules. Bella et al.
demonstrated a multifunctional fluoropolymer (Lumogen F
Violet 570) to obtain considerably higher stability in PSCs
without compromising the initial PCE.40 Recently, fluorinated
compounds as additives at the grain boundaries or surface of
the perovskite have been widely used for passivating defects or
suppressing halide anion vacancies as well as improving
thermal and moisture stability, which should be a novel and
effective approach for enhancing the device performance and
long-term stability of PSCs.41,42 Li et al. demonstrated that an

Figure 1. Device characterization. (a) Schematic illustration of the device architecture and associated energy band diagrams with each
component. (b) The relative hydrophobicity of pristine PCBM and its new fluorinated derivatives. (c, d) J−V characteristic curves for the
champion MAPbI3 and triple-cation (CsFAMA) perovskite devices that contain either 5F-PCBP (red) or PCBM (blue) as the ETL. (e−h)
Statistics of PSCs for MAPbI3 and CsFAMA as light absorbers with controls (PCBM) and fluorinated fullerene (5F-PCBP) over 12 different
devices. (i) Normalized PCE of the CsFAMA device with 5F-PCBP vs storage time in the inert conditions at different temperatures. (j)
Estimated device lifetime from Arrhenius fitting with T80 of the CsFAMA device with 5F-PCBP as a function of the reciprocal of the testing
temperature.
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addition of NaF to the perovskites had a positive effect on
passivating both the organic cation and halide anion vacancies,
where the strong hydrogen bonding of N−H···F can
immobilize organic cations (MA/FA) and consequently
improves the thermal stability and photostability of the
PSCs.42

Despite the initial promising demonstrations, an alternative
efficient approach is to introduce a hydrophobic top contact
layer while maintaining their transport properties.40 Here, we
synthesize a new series of ETL materials by strategically
replacing the methyl-ester group in PCBM with a various
number of fluoroalkyl segments (3F, 5F, and 7F) in the ester
group in PCBM, which forms a compact layer and repulses
water molecules from the PSCs by increasing surface
hydrophobicity (see Note S1 and Figures S1 and S2). Our
new ETL works well on the commonly used perovskites like
triple-cation (CsFAMA) and methylamine lead triiodide
(MAPbI3) as well as 2D perovskites and delivers a champion
efficiency of 21.27% with excellent thermal and humidity
resistance as well as photostability without the need for
encapsulation. Specifically, MAPbI3 devices maintain 80% of
their original performance (T80) for >3000 h under a humid
environment (relative humidity, RH = 50%) and >1000 h with
thermal stability at 65 °C without a sign of degradation.
Similarly, unencapsulated CsFAMA perovskites devices were
evaluated under RH of 85% at room temperature and 85 °C in
an inert atmosphere and maintained over 80% of the initial
efficiency after >1440 and >1050 h of aging, respectively. We
have further tested the devices by directly immersing them
under water, and they maintained their performances at 90%
for 120−300 s, whereas the pristine PCBM device degraded
instantaneously. Surprisingly, the CsFAMA devices with 5F-
PCBP sustained 70% PCE for >600 s. Detailed time-of-flight
secondary ion mass spectroscopy reveals that the 5F-PCBP
layer can immobilize the ions in the perovskite layer, which
resolves the problem of mobile ion-induced instability under
constant light. Supported by the coupled experimental
characterizations and computational modeling, we found that
the fluorinated fullerene increases the surface hydrophobicity,
passivates the iodine vacancy, and immobilizes the organic ions
on the perovskite surfaces. The most stable PSCs exhibit an
PCE of ∼21% along with extrapolated T80 lifetime of over
92 700 h when they are properly encapsulated, which would
lead to shelf life testing approaching 10 years. Our study opens
up a new vista for perovskite PV technologies to evolve toward
commercialization as well as to a broad range of green energy
applications.
We first synthesized a series of fullerene derivatives (3F-

PCBE, 5F-PCBP, and 7F-PCBB) with different lengths of
fluorocarbon chains to improve the hydrophobicity in
comparison to the conventional PCBM ETL (the structures
are shown in Figure 1a,b). The processing solvents were
engineered to optimize the crystalline packing in the fullerene
layer to achieve an ideal contact angle and surface morphology
(see Note S2, Figures S3 and S4, and Table S1). Note that the
crystalline packing of the ETL enhances the surface hydro-
phobicity of the fluorinated-ETL (F-ETL) by solvent
engineering. We first probe the surface energies of the F-
ETLs by the contact angle method using deionized water; the
results are shown in Figure 1b. The contact angle for the
pristine PCBM surface is 81°, and as the number of fluorines
incorporated into the PCBM increases, this angle increases to
up to 104°, suggesting improved hydrophobicity.

To investigate the photovoltaic device performance using
the modified fullerenes, we further fabricated a p-i-n device in
the architecture of indium tin oxide (ITO)/hole transporting
layer (HTL)/perovskite layer/f ullerene/polyethylenimine/Ag
(Figure 1a). Here, we use poly[3-(6-carboxyhexyl) thio-
phene-2,5-diyl] (P3HT-COOH) as the HTL43 and classical
methylammonium lead triiodide (MAPbI3) and commonly
s t u d i e d t r i p l e - c a t i o n s p e r o v s k i t e s
(Cs0.05FA0.78MA0.17PbI2.53Br0.47, CsFAMA) as the light absorb-
er (see the basic characterizations of the perovskite layer in
Note S3 and Figures S5 and S6). From the current density−
voltage (J−V) curves, the efficiency decreases with an increase
in the number of fluorine atoms. After considering the surface
energy (Figure 1b) and layer coverage (Figure S3), we decided
to proceed with 5F-PCBP as the ETL for detailed performance
testing. According to the cross-sectional scanning emission
microscopy (SEM) image in Figure S7, the thickness for the
ETL is 70 nm. The J−V characteristic curves obtained from
the p-i-n photovoltaic devices under simulated AM1.5G white
light illumination with 1-sun equivalent intensity are plotted in
Figure 1c,d. The devices with PCBM and 5F-PCBP ETLs have
comparable performances for both the MAPbI3 device
(PCBM: 20.67%; 5F-PCBP: 20.35%) and the CsFAMA device
(PCBM: 21.82%; 5F-PCBP: 21.27%), as shown in Figure 1e−
h, while Table S2 summarizes the corresponding figure-of-
merit parameters (see details in Note S4 and Figures S8−S10).
The external quantum efficiency (EQE) for the CsFAMA
device is shown in Figure S11. Furthermore, the hysteresis
effects are negligible in both cases when scanning the voltage in
different polarities (Figures 1c,d and S12). We also extend the
study using our 5F-PCBP ETL on two-dimensional (2D)
Ruddlesden−Popper PSCs (PEA2MA4Pb5I16) (Figures 1e−h
and S13 and Table S1) that show 12.05% efficiency. These
results suggest that 5F-PCBP maintains the favorable energy
band alignment similar to PCBM, which generally applies to
single junction perovskites cells and tandem devices without
sacrificing the performance. The energy alignments for PCBM
and 5F-PCBP were further determined by photoelectron
spectroscopy in the air (Figures 1a and S14) and supported by
computational simulations (Figure S15). Interestingly, the
incorporation of fluorine atoms in 5F-PCBP does not have a
huge impact on the energy level, as shown in Figure S15,
because both the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of PCBM
and 5F-PCBP are delocalized over the C60 moiety, as revealed
by the charge density plots. In addition, the electron mobilities
of PCBM and 5F-PCBP were obtained from the space-charge
limited current (SCLC) measurement resulting in 4.19 ± 0.51
× 10−4 and 2.27 ± 0.75 × 10−4 cm2 V−1 s−1 values, respectively
(Figure S16). The electron mobility of PCBM is comparable to
the reported value,44 while that for 5F-PCBP is slightly lower,
and can likely be further improved by optimizing the molecular
packing.
In order to assess the operational stability of the device

fabricated with PCBM and 5F-PCBP as the ETL, we designed
a series of environmental stressing conditions to age the device
without additional encapsulations. This includes heat stress
(65−85 °C), moisture exposure (RH = 50−85%), water
immersion, and constant illumination (100 mW/cm2). We test
each condition separately in order to understand the
degradation mechanisms; all data were collected over 20
devices in several batches for statistics. First of all, many studies
have suggested that perovskites containing methylamine are
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thermally unstable even in an inert environment45 and can
back convert into PbI2 and release CH3I or NH3 gases.46

However, the solar modules should also sustain a high
temperature while generating energy. Therefore, we first
investigate the 5F-PCBP and PCBM devices under constant
heat stress in an inert atmosphere; the results are plotted in
Figures 1i,j and S17. Figure 1i shows the industrial standard
thermal stability test (85 °C) for the CsFAMA perovskites
devices in nitrogen. The CsFAMA/5F-PCBP device shows a
prolonged T80 of 1050 h, two times longer than that of the
CsFAMA/PCBM device (T80 = 432 h as shown in Figure

S17b). To understand the mechanism of the thermal
instability, the photovoltaic device parameters of the PCBM
and 5F-PCBP cells were extracted (Figure S18). Interestingly,
the rapid performance decay in the first 300 h (MAPbI3
device) and 576 h (CsFAMA device) of the PCBM cell
mainly comes from the decrease of VOC, whereas its JSC
remains unchanged. The decay of fill factor (FF) in the
PCBM cell is associated with the decrease in shunt resistance
(Rsh) (see J−V curves in Figure S18a). We use atomic force
microscopy (AFM) and the cross-sectional SEM images
(Figures S19−S20) to investigate the morphology change

Figure 2. Moisture testing. The normalized PCE as a function of (a) 50% and (b) 85% humidity exposure time. (c) The photos of the full
MAPbI3 and CsFAMA PSCs taken after various immersion times in water for 5F-PCBP (top) and PCBM (bottom) devices. Normalized PCE
of (d) MAPbI3 and (e) CsFAMA devices as a function of water immersion time. The optimized structure of the (f) perovskite/PCBM and
(g) perovskite/5F-PCBP interface with the iodine vacancy on the surface of the perovskite. Key colors: hydrogen (white), carbon (pale
cyan), oxygen (red), nitrogen (blue), iodine (purple), and lead (dark gray). The approximate iodine vacancy site has been marked with a
pale orange sphere.
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after thermal stress. From the AFM images (Figure S19), both
PCBM and 5F-PCBP layers in the freshly-prepared devices are
smooth and uniform with a roughness of 1.59 and 1.76 nm,
respectively. After heat treatment at 65 °C for 600 h, the 5F-
PCBP layer remains uniform and the roughness slightly
increases to 1.93 nm, which indicates the absence of substantial
changes in the subnanometer scale (Figure S19a, bottom
right). However, we observed a serious layer deformation in
the annealed PCBM layer (Figure S19a, bottom left, and
Figure S20) with much higher surface roughness (4.96 nm)
than freshly-prepared PCBM film (1.59 nm). This is mainly
attributed to the PCBM molecule aggregation into crystalline
clusters upon the high-temperature treatment (Figures S20 and
S21) as also observed in previous reports.37,47 These results
suggest that the relative bulky pentafluoropropyl ester group
may act as an aggregation inhibitor to suppress the thermal
coagulation in 5F-PCBP through the π−π interaction between
C60 cages, largely improving the morphological stability under
a high temperature (see Note S5 and Figure S22). Therefore,
the PCBM aggregation-induced roughness change further
increases the carrier recombination and consequently deteri-
orates the Rsh and VOC in the J−V curves (Figure S23).
Furthermore, the deformation layer of PCBM also expedites
the AgI formation, which will alter the work function and
reduce the charge-carrier collection efficiency of the electrode
(see Note S6 and Figures S24 and S25).
In addition, one of the most popular methodologies to

extrapolate the organic solar device lifetime is based on the
Arrhenius relationship,48,49 which assumes that a material
degradation process is controlled by a degradation rate (kd)
and proportional to exp(−Ea/kBT), where Ea is the activation
energy of a failure condition and kB and T are the Boltzmann
constant and the temperature in Kelvin, respectively.
Accordingly, we employ the Arrhenius equation to estimate
the storage lifetime of the CsFAMA/5F-PCBP device at inert
conditions. The normalized PCEs of the PSCs with 5F-PCBP
versus storage time in the glovebox at 65, 75, and 85 °C are
plotted in Figure 1i. The T80 lifetimes of the PSCs with 5F-
PCBP at 65, 75, and 85 °C were estimated to be 3919, 2323,
and 1050 h, respectively. This result suggests that, by the
calculation, the lifetime (shelf life test) of the PSCs with 5F-
PCBP at room temperature (298 K) can be estimated to be
over 92 700 h, or approximately over 10 years, as shown in
Figure 1j. These impressive results unveil that using the 5F-
PCBP ETL can largely improve device long-term thermal
stability to a practical level.
Apart from the impact of the thermal stability, we stress the

cells under moisture exposure and water immersion; the device
performances are summarized in Figure 2. We first characterize
the devices being stored in an ambient environment with RH
of 50% and 85% (Figures 2a,b and S26), and the J−V curves
are shown in Figure S27a. Under RH = 50%, the PCE for the
unencapsulated CsFAMA/5F-PCBP device in Figure 2a
exhibits a substantially improved stability with T80 = 5040 h.
In sharp contrast, the normalized PCE for the unencapsulated
CsFAMA/PCBM device undergoes rapid degradation of T80 in
2160 h and losses its function within 3000 h. We further
evaluated the unencapsulated CsFAMA/5F-PCBP device in
industrial standard humidity conditions (RH = 85%); the cell
T80 is 1440 h (Figure 2b). In striking contrast again, the
CsFAMA/PCBM devices quickly decrease to 80% of their
initial PCE after 540 h. When taking a closer look at the
evolution of photovoltaic parameters for the PCBM device in

Figure S27b, the JSC drops concomitant to an increase in series
resistance (RS), while its VOC is maintained relatively longer.
The fast decrease in JSC and increase in RS suggest that high
humidity has converted part of the perovskite material back
into the insulating PbI2 precursor phase48 that mitigates the
charge collection. On the other hand, the moisture resistance
nature of 5F-PCBP (Figure 1b) can protect the photoactive
layer much better over time. To testify the photovoltaic
performance of the PSCs under much harsher moisture
conditions, we immersed the unencapsulated PCBM and 5F-
PCBP devices into a deionized water bath at room temperature
and tested the device performance as a function of immersion
durations. The images and normalized PCE of the devices
obtained from 5F-PCBP and PCBM as a function of the
immersion time period are shown in Figure 2c−e. For the
device with 5F-PCBP after 300 s under water, the CsFAMA
device showed no sign of degradation, whereas the MAPbI3
device had a slight decomposition (Figure 2c, MAPbI3-top).
However, the MAPbI3/PCBM device (Figure 2c, MAPbI3
bottom) starts the degradation immediately after immersion
and completely turns into palm yellow after 30 s. In addition,
the CsFAMA/PCBM device maintains most of its color in
water in the same period (Figure 2c, CsFAMA bottom) and
initiates the degradation process after 60 s. From the time
evolution as a function of the device PCE plot in Figure 2d, we
find that the MAPbI3/5F-PCBP device performance retains
over 90% of its initial performance after 120 s of immersion
and shows an impressive T80 = 170 s. On the contrary, the
MAPbI3/PCBM device degrades immediately with T80 of 20 s
and becomes nonfunctional in less than 60 s of immersion
(Figure 2d). More impressively, the CsFAMA/5F-PCBP
device (Figure 2e) shows an encouraging lifetime over 600 s,
maintaining over 70% of its initial peak PCE. The CsFAMA/
PCBM device completely degraded with T80 of 95 s. In
addition, we have also tested the 2D (PEA2MA4Pb5I16)
perovskite device stability with the protection of the 5F-
PCBP layer under water; the 2D devices maintained 80% of
their initial PCE after 510 s, which is three times longer than
the PCBM device (T80 = 140 s) shown in Figure S28. These
demonstrations suggest that 5F-PCBP ETL can be widely
applicable to protect all popular perovskite absorbing layers.
Multiple characterizations including X-ray diffraction (XRD),
ultraviolet−visible (UV−vis) spectroscopy, and EQE data (see
Notes S7 and S8 and Figures S29−S36) exhibited good
agreement with our finding; i.e., the incorporation of F atoms
onto the fullerene-based ETL can effectively protect the cell
from moisture degradation.
To gain deeper insight into the protection mechanism from

5F-PCBP, we computationally model to the perovskites/ETL
interfaces and simulate possible interactions between the
perovskite defect surface and the C60-based molecules (Figure
2f,g). From the simulation results, the PCBM molecule mostly
retains its geometry as found on the pristine perovskite surface
(Figure 2f, Notes S9 and S10 and Figures S37−S40). In the
case of the 5F-PCBP molecules, on the other hand, we found
that, along with the fact that it increases the hydrophobicity, it
also acts as a partial defect passivating agent. Optimized
geometry exhibits that the end F atom of the fluorinated
butyric acid group orients toward the surface and that in turn
passivates the iodine vacancy sites (Figures 2g and S40)
commonly present on the MAPbI3 surface. The iodide vacancy
induced surface defects are commonly observed in hybrid
perovskites due to their low formation energies.50 Although the
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perovskites have high tolerance to those defects in the
electronic properties, the iodine vacancy can play a central
role in initiating degradation in halide perovskites in the
presence of water.51−53 Mosconi et al. have shown that the
iodine vacancy on the surface forms undercoordinated Pb
atoms, which get dissolved in water at a much faster rate
compared to that for defect-free surfaces.51 Thus, the iodine
vacancy passivation has been one of the promising approaches
to enhance the halide perovskites stability under humidity.
Finally, the photostability of the unencapsulated devices is

investigated under constant 1 sun illumination with an
AM1.5G filter in an inert atmosphere. Figure 3a compares
the performance degradation curves of the MAPbI3 devices
with these two ETLs. Under constant light stress, the MAPbI3/
5F-PCBP devices are more stable with an impressive T80
lifetime of over 1800 h. In contrast, the MAPbI3/PCBM
device has a short T80 lifetime of lower than 20 h. We further
correlate the corresponding photovoltaic parameters with the
light irradiation time (Figure S41a). The MAPbI3/5F-PCBP
devices VOC, JSC, and FF are stable for over 1500 h with a slight
drop after 2000 h of constant illumination. For the MAPbI3/
PCBM cell, however, the performance decay is mainly
attributed to the fast drop in FF at the initial stage, leading
to a rapid deterioration of device performance. Moreover, we

also test the photostability of the CsFAMA devices; as shown
in Figure 3b, the CsFAMA/5F-PCBP device shows a T80
lifetime exceeding 1920 h, which is much longer than that of
the CsFAMA/PCBM device (765 h). In order to more
intuitively reflect the advancement of our strategy (fluorinated
fullerene) in stability design, the comparison of photostability
from the previous results has been conducted as shown in
Figure S42 (see the details in Note S11). We also performed
an accelerated test by monitoring the PCE under various light
intensities (1 to 5 sun illumination), as shown in Figure S43
(see the details in Note S12). It is explicit to see that our
simply modified ETL (5F-PCBP) sustains the device photo-
stability as well as those nontrivial instability-mitigation
approaches. Having demonstrated the improved photostability
of the 5F-PCBP device, we proceed to investigate the stability
of the complete photovoltaic cells under combined heat and
light stresses. We then test the stability of the unencapsulated
devices under full-spectrum sunlight at 65 °C and show the
evolution of the device performance in Figure 3c. We find a
very slow degradation of the PSCs based on the 5F-PCBP ETL
device, which retains about 70% of their initial performance
after 1000 h of aging. In contrast, the control device quickly
decreases to T80 after roughly 190 h and then degrades swiftly
to nil within ∼550 h. A further study is indeed needed to

Figure 3. Photoinduced ion migration and degradation mechanism. Photostability test of (a) MAPbI3 and (b) CsFAMA devices under
constant 1 sun illumination with a full-spectrum AM1.5G source. (c) Photostability performance of the unencapsulated CsFAMA devices
under full-spectrum sunlight at 65 °C. (d) Optimized geometries of the perovskite surface with PCBM and 5F-PCBP molecules. In both
structures, the C60 ring is on the top of the surface iodine atoms. ToF-SIMS depth profile across the whole device for freshly-prepared
devices and degraded devices after 200 h of constant AM1.5G 1 sun illumination in a nitrogen atmosphere with PCBM (e and g) and 5F-
PCBP (f and h).
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understand the degradation mechanism of the combined
environmental conditions.
We attribute the observed improvement in the photostability

to two origins: (1) steric hindrance in 5F-PCBP preventing
dimerization upon light exposure, which is commonly observed
in PCBM;54,55 (2) immobilized ions at the perovskite surface
by 5F-PCBP. To probe the first effect, the photo triggered
dimerization process of the PCBM and 5F-PCBP layers is first
examined using a UV−vis absorption (Figure S44), where the
gradual formation of dimers in the PCBM layer under constant
light irradiation corresponds to a concomitant increase of
absorbance at 320 nm.56 On the other hand, the decreasing FF
can also be attributed to the second effect, where the mobile
ion can corrode the Ag top electrode that forms AgI defects at
the interface, surfaces, and grain boundaries,57,58 consistent
with the observed trap-state density results (see Note S13 and
Figures S45 and S46). To provide an atomistic model for the
ion immobilization process by the F-ETL, we employ quantum
chemical calculations to construct the interface, particularly
focusing on the organic cations. Our simulation results show
that, apart from filling the iodine vacancy shown in Figure 2f,g,
the fluorine in 5F-PCBP near the perovskite surface can also
form a hydrogen bond (H-bond) with the surrounding MA
cations (Figure 3d) by facilitating different types of energeti-
cally stable local conformations. Such a noncovalent bond
formation with the perovskite surface further justifies the
favorable perpendicular orientation of the butyrate chain of the
5F-PCBP molecules. These intermolecular forces between 5F-
PCBP and the MA+ cation on the perovskites/5F-PCBP
interface stabilize the exposed MAI surface and further
suppress the ion migration from the surface to the 5F-
PCBP/Ag interface (see Note S14 and Figures S47 and S48).
Moreover, the strong H-bond formation between 5F-PCBP
and the surface MA+ cations further explains the better stability
in perovskite/5F-PCBP interfaces compared to perovskite/
PCBM interfaces under heat stress (see Note S15 and Figure
S49). The evaporation of surface MA+ molecules has been
attributed to the surface degradation induced by thermal stress
in perovskites.59,60 The H-bonds between 5F-PCBP and MA
certainly stabilize the surface of the perovskite and hinder the
escape of the organic cations (Figures 3d and S48).
Photoinduced ion migration in perovskite photovoltaics has

recently attracted enormous attention61,62 because it signifi-
cantly affects the device reproducibility and stability. As such,
we carefully examine the longitudinal distribution of elements
in devices using time-of-flight secondary ion mass spectroscopy
(ToF-SIMS), which exclusively probes the effect of ion
migrations. Figure 3e−h shows the ToF-SIMS depth profiles
of the entire device using PCBM and 5F-PCBP as the ETL
before and after 200 h of constant illumination. Here, each
layer component across the cathode (Ag) to the anode (ITO)
is labeled according to the intensity of ion counts. Compared
to the fresh device, the early appearing interface positions and
the migrated component signals (e.g., I in the Ag region, MA
and Pb in the PCBM region) indicate a reduced thickness and
a less well-defined layered structure of the degraded PCBM
device after the 200 h constant illumination (Figure 3g). On
the other hand, the 5F-PCBP device completely hinders the
component migration (Figure 3h), which is beneficial to
material and device operation stability. These results indicate
two important facts: (1) Upon photoexcitation, the Pb−I
bonds are subject to distortion and volatile organic cations may
escape out of the crystal lattice, resulting in the decomposition

of the perovskite crystals. (2) The Pb−I bond breaking on the
surface of the perovskite by light creates cation and anion
vacancies that facilitate the release of I− and MA+ from the
perovskite63 and the ion migration.
In summary, we demonstrate novel fluorinated fullerene-

based ETLs to enhance the materials and device stability
without sacrificing the performance. By detailed device
characterizations and theoretical modeling, we probed the
key factors governing the device operational stability, which
elucidated the origin of the degradation. Theses novel
fluorinated fullerene-based ETLs not only act as hydrophobic
protection layers but also can passivate the vacancy on the
interface, which prohibits the water molecule penetration as
well as the ion migration in the perovskite materials. As a
result, the unencapsulated 5F-PCBP devices exhibit a
remarkable photovoltaic operation lifetime under continuous
humidity conditions, heat stress, and illumination environ-
ments. Importantly, we demonstrated the greatly improved cell
stability under water, showing that the PSCs could potentially
be used in water and other aqueous media to facilitate the solar
driven electrical chemical reactions. These demonstrations also
showed that the perovskite photovoltaic technologies have the
potential to be commercialized and used in a broad range of
green energy and storage applications.
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