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ABSTRACT: We investigate the impact of employing fullerene
self-assembled monolayers (SAMs) in conjunction with SnO2 elec-
tron-transport layers (ETLs) in negative–intrinsic–positive (n–i–p)
perovskite solar cells. We compare the efficacy of the fullerene-SAM
surface-binding group—carboxylic or phosphonic acid—on the pas-
sivation, charge transport, and energetics of the modified-SnO2 sur-
face. Planar n–i–p perovskite solar cells with these SAM-modified
SnO2 exhibit significantly reduced hysteresis, and the steady-state
maximum power point tracked efficiencies (ηMPP) of the devices
improved from an average of 18.6–20.0% comparing devices with
neat SnO to the C -PA SAM inclusion, respectively. While
 3854
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C -PA SAM improved the initial solar cell efficiency, this benefit wa
41/​nz-
60 s not maintained during light exposure at elevated temperatures
as the fullerene SAM weakened adhesion at the perovskite/metal oxide interface in the aged devices. These results highlight the impor-
tance of improving the mechanical robustness of perovskite/charge-transport layer interfaces under operational aging conditions.
 2026-
0148
5n.​p
ingle-junction planar metal-halide perovskite solar cells positive–intrinsic–negative (p–i–n) PSCs, in place of the pre-
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S(PSCs) have achieved power conversion efficiencies
(PCEs) of 28%,1 on the verge of surpassing those of crystalline
silicon solar cells. However, improving operational stability
remains a major challenge for PSCs to be a highly
competitive commercial technology. In typical planar
negative–intrinsic–positive (n–i–p) PSCs, SnO2 can introduce
interfacial nonradiative recombination losses due to trap states
associated with undercoordinated Sn ions and/or oxygen
vacancies.2–5 Surface hydroxyl groups at the metal oxide surface
can also result in increased hysteresis and degradation in
devices.6 To overcome these issues, fullerene derivatives are
commonly applied to the SnO2/perovskite interface due to
their favorable n-type transporting properties and potential for
defect passivation.7,8 For instance, there have been many
reports of using C60 and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) as interface modifications for SnO2 in n–i–p
devices to improve the open-circuit voltage and reduce hystere-
sis in the current–voltage curves.6,9–12 While C60 and PCBM on
SnO2 form a physisorbed passivation layer, C60 derivatives bear-
ing an “oxide-binding group” can form so-called self-assembled
monolayers (SAMs), i.e., chemisorbed layers, chemically
bonded to the surface, which can improve electron injection
and reduce nonradiative recombination.13,14

Over the last few years, SAM-based hole-transport
layers (HTLs) have driven efficiency advances in
viously employed polymeric hole conductors, contributing to
the current world-record PCEs now being achieved with the
p–i–n architecture.15–20 Notably, these SAM-forming HTLs
almost ubiquitously employ phosphonic acid (PO(OH)2,
PA) binding groups rather than carboxylic acids (COOH,
CA). Similarly, for electron-transport layer (ETL)-SAMs,
changing the functional group of the C60-SAM to PA may
potentially improve binding at the surface and passivate more
defect sites on the oxide surface.21 If we wish to form a C60
monolayer on the SnO2 surface, while both CA and PA can
bind to the SnO2 surface through covalent bonds, PA binds
more strongly to the metal-oxide surface.22 C60-PA was origi-
nally investigated as an ETL in polymer solar cells,23 and has
recently been used by You et al. in a blend with a perovskite.24

Herein, we compare neat-SnO2 to 4-(1′,5′-dihydro-1′-methyl-2′
H-[5,6]fullereno-C60-Ih-[1,9-c]-pyrrol-2′-yl)benzoic acid
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(C60-CA)- and 4-(1′,5′-dihydro-1′-methyl-2′H-[5,6]fullereno-
C60-Ih-[1,9-c]-pyrrol-2′-yl)phenylphosphonic acid (C60-PA)-
modified SnO2 layers as ETLs in n–i–p PSCs.

We performed contact-angle measurements on fullerene
SAMs deposited on fluorine-doped tin oxide (FTO) substrates
to assess the surface-energy modification and indicate the “wetta-
bility” of the perovskite solution for subsequent spin-coating
(Figure S4). For reference, the contact angle of water on FTO
directly after UV-ozone treatment is ∼15°. The water contact
angle of C60-CA-modified FTO increased dramatically to 95°.
In comparison, the contact angle of C60-PA modified FTO is
around 37°. Molecularly, the SAM molecules are identical apart
from the binding groups. However, these surface angle results
suggest that the packing of the SAMs and/or the precise chemical
surface presented to the water droplet are quite different, i.e.,
more unbound PA may be present at the exposed surface.

To understand these differences, we conducted X-ray photo-
electron spectroscopy (XPS) measurements on C60-PA and
C60-CA modified SnO2 compared to pristine SnO2
(Figures S5, S6, and Table S2). Although the phosphorus con-
tent was below detection limits for the C60-PA-modified sub-
strates, they have a much higher carbon content compared to
the control sample, coupled with the reduction in Sn 3d signal
and O 1s signal, which are consistent with attachment of the
carbon-rich fullerene to the substrate (see Figure 1a,b, C60-
SAM binding modes). Comparing C60-CA to C60-PA
(Table S3), we see that not only is there more reduction in
Sn and O signals, but also the C content is higher for the
C60-CA-modified substrate. This result, along with the signifi-
cant increase in the C60-CA surface contact angle, unexpectedly
indicates that there is higher SnO2 surface coverage with C60-
CA SAM. We also measured ultraviolet photoelectron spectros-
copy (UPS) of these C60-SAMs, and the results are shown in
Figure S7 and Table S4. The results show that the PA SAM-
modified surface has a slightly deeper work function than the
CA SAM-modified surface.

To rationalize our inferred binding and surface coverage dif-
ferences, we apply density functional theory (DFT) calculations
to investigate two surface coverage scenarios, hereafter referred
to as “half” and “full”, corresponding to 1 and 2 fullerene mol-
ecules adsorbed on the SnO2 surface per unit area, as shown
in Figure 1a,b, for C60, C60-PA, and C60-CA. The “full” coverage
represents the densest possible packing achievable on the spe-
cifically selected surface. As shown in Table S5, our calculations
reveal that the C60-PA exhibits the highest adsorption energies
among the three fullerenes, for both half and full coverage.
The relatively weak adsorption of the C60 arises from its inter-
action being dominated by van der Waals forces. In contrast,
C60-PA demonstrates significantly stronger binding due to the
presence of multiple hydroxyl (–OH) groups, which facilitate
both covalent and hydrogen bonding with surface Sn/O ions.
Meanwhile, the C60-CA, possessing only two potential binding
atoms, exhibits intermediate adsorption strength.

We computed the molecular electrostatic potentials (MEPs)
for both systems and the dipole moment component perpen-
dicular to the surface (μz), the only dipole component relevant
for shifting energy levels25 as shown in Figure 1c. Using the
convention that the dipole vector points from positive to nega-
tive charge, μz is larger (more negative) for C60-PA than for
C60-CA. As visualized from the MEPs, negative charge is con-
centrated on the CA/PA group, while the tertiary amine carries
the positive potential. Notably, the increase in μz not only
6178
corroborates the increase in the adsorption energy but also
helps rationalize the experimentally observed upshift in ioniza-
tion potentials from the UPS.
Moreover, by calculating the energy difference between full

and half coverage (Table S5), we can quantify the energetic
penalty associated with close packing. Our results indicate that
C60-CA shows an energy loss of only 0.37 eV per molecule
between half and full coverage, comparable to that of C60
(0.43 eV), while C60-PA close packing leads to a significantly
larger loss of 0.76 eV. Although adsorption at low coverage is
more exothermic for C60-PA than for C60-CA, the stabilization
gained when increasing coverage is smaller for PA than for CA,
indicating a weaker driving force for close packing in the PA
case. Consequently, we have revealed why the C60-PA results
in reduced surface coverage compared to C60-CA, despite hav-
ing a stronger binding group.
By examining the perovskite films grown on FTO/SnO2,

FTO/SnO2/C60-CA, and FTO/SnO2/C60-PA under the top
view SEM (Figure S9), we observe little difference in apparent
SEM grain size and morphologies (Figure S10 and Table S8).
The GIWAXS from different incident angles (Figure S11) and
corresponding integrated 1D patterns (Figure 1d) also show
that there is no improved crystallinity or preferred orientation
of the perovskite grown on either of the C60-SAMs compared
to that grown on bare SnO2.
To understand if there is an interfacial effect, we examine the

ETL/perovskite “half-stack” samples. Time-correlated single
photon counting (TCSPC) measurements of the samples
revealed shorter apparent carrier lifetimes for C60-PA-modified
interfaces as compared to SnO2 or C60-CA-modified SnO2
(Figure 1e), suggesting either enhanced extraction or increased
interfacial losses (see detailed discussion in Note S1 and fitting
in Figure S13). While photoluminescence quantum yield
(PLQY) measurements on those half-stacks follow the same
trend as the TCSPC results (i.e., shorter lifetimes correspond
to lower PLQY), the differences between samples are only
minor (Note S2 and Figure S14). Time-resolved surface photo-
voltage (SPV) measurements (Figure S15) revealed a notable
delay in the SPV rise time for the C60-PA-modified interfaces,
consistent with transient electron trapping and delayed electron
injection (see detailed discussion in Note S3).
To assess the impact of a C60-SAM modifying layer on the

device performance, we fabricate n–i–p PSCs on different
ETLs: directly on FTO-coated glass, FTO/SnO2, FTO/C60-
SAM, and FTO/SnO2/C60-SAM, as shown in Figure 2 and
Table 1. The device structure is Glass/FTO/ETL/Perovskite/
phenethylammonium iodide (PEAI)/Spiro-OMeTAD/Au. The
steady-state open-circuit voltage (Voc) of devices on FTO was
0.61 ± 0.09 V, which by itself is surprising that the devices do
work without a dedicated ETL. However, this was improved by
adding a C60-PA layer on top of the FTO (0.80 ± 0.05 V) and
also improved further by adding a SnO2 electron-extraction layer
either on its own (1.04 ± 0.01 V) or in combination with the C60-
SAMs. The combination of C60-PA on top of the SnO2 gives the
best average steady-state Voc (ssVoc) of 1.06 ± 0.01 V, which is
also surprising, since this gave the lowest PLQY in the half-
stack. The average maximum power point tracked efficiency
(ηMPP) of devices improved from 18.6 ± 0.7% for FTO/SnO2
to 19.5 ±0.05% (20.0 ± 2.1% from a separately fabricated batch
reported in Table S10) for FTO/SnO2/C60-PA. However, the
ηMPP of FTO/SnO2/C60-CA is slightly lower at 17.8 ± 1.4%.
The champion FTO/SnO2 device has an ηMPP of 21.1%, while
https://doi.org/10.1021/acsenergylett.6c01485
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Figure 1. Optimized geometries of the simulated interfaces of (a) “half” and (b) “full” coverage of C60, C60-CA, and C60-PA, respectively.
(c) Molecular electrostatic potential maps and calculated dipole moment perpendicular to the surface for the C60-CA and C60-PA, respectively.
The isovalue is set to 0.003 au–3. (d) X-ray diffraction (XRD) patterns of FAPbI3 with 35% MACl and 1% MAPbBr3 additive perovskite films on
SnO2, SnO2/C60-CA, and SnO2/C60-PA derived from grazing-incidence wide-angle X-ray scattering (GIWAXS). (e) Time-resolved photolumines-
cence (TRPL) of perovskite processed on three different ETL/perovskite half stacks. The excitation frequency is 300 kHz, 405 nm laser, with a flu-
ence of 196 nJ·cm–2, measured from the substrate side. See TRPL figures with fittings in the S.I.
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Figure 2. Statistical parameters of devices with structure Glass/
FTO/ETL/Perovskite/Spiro-OMeTAD/Au, without any ETL, or
SnO2, C60-CA, C60-PA, SnO2/C60-CA, and SnO2/C60-PA as ETLs.
(a) Box plot of steady-state open-circuit voltage. (b) Box plot of
steady-state short-circuit current density. (c) Box plot of steady-state
fill factor. (d) Box plot of maximum power point tracked efficiency.
The top and bottom edges of the boxes are the 1st and 3rd quartile,
the midline is the median, the top and bottom bars are the 1.5 IQR,
and the hollow circle is the mean. Forward and reverse scan J–V plots
of different SAMs as the interlayer (e) without SnO2 and (f) with
SnO2.

Table 1. Steady-State (ss) Statistical Parameters of n–i–p
Devices Made with Different ETL Modificationsa

Device ETL ssVoc (V)
ssJsc

(mA/cm2) ssFF (%) ηMPP (%)

FTO/SnO2 1.04 ± 0.01 23.15 ± 0.38 76.8 ± 2.1 18.6 ± 0.7
FTO/SnO2/C60-
CA

1.02 ± 0.01 23.51 ± 0.36 73.7 ± 5.2 17.8 ± 1.4

FTO/SnO2/C60-
PA

1.06 ± 0.01 23.42 ± 0.27 78.6 ± 1.8 19.5 ± 0.5

FTO 0.61 ± 0.09 19.54 ± 8.62 55.9 ± 25.5 6.8 ± 4.5
FTO/C60-CA 0.72 ± 0.07 23.32 ± 0.34 58.8 ± 6.7 9.9 ± 1.8
FTO/C60-PA 0.80 ± 0.05 23.74 ± 0.14 71.4 ± 8.2 13.5 ± 2.2

aAverage value ± standard deviation (8 devices per condition).
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the champion FTO/SnO2/C60-PA device reached an ηMPP of
21.9% (see Note S4, Figure S16, and Table S11).

The worsened device FF and Voc of the C60-CA-modified
devices could be due to the poor solvent wettability of
the perovskite solution ontop of C60-CA. Pinholes formed
in the subsequently processed perovskite layer can result in
reduced device shunt resistance and lower FF (Figure 2f).
Due to their superior solar cell performance, we continue to
investigate the SnO2/C60-PA devices, as compared to the
neat SnO2 devices in the remainder of the paper.

Although hysteresis per se is difficult to quantify since it is
J–V scan-frequency-dependent,26 performing J–V scans over a
broad range of frequencies can reveal information about the
ionic and electronic conductivity and the influence of ions
within the solar cell device. Vallés-Pelarda et al.27 have shown
that there is a scan-frequency-dependent capacitive component
6180
for n–i–p devices. To see if we can reveal any information about
the difference between our control SnO2 and C60-PA-treated
PSCs, we conduct “fast-hysteresis” measurements on the best
devices, with scan frequencies ranging from 0.03 to 100 Hz.
The applied voltage starts from forward bias near open-circuit
(OC) and sweeps to short-circuit (SC) and then back toward
and just past open-circuit again, as one cycle. The results of
the parameters extracted from the J–V curves are presented in
Figure 3.
The deviation of the Jsc, FF, and hence PCE values from

Figure 2 is discussed in detail (see Note S5). We can see
two features from the frequency-dependent J–V results.
(1) Both the SnO2 and the SnO2/C60-PA devices show a
general trend of much lower performance parameters under
the slowest frequency scans compared to the highest.
(2) There is more hysteresis in the SnO2 control device,
where a “peak hysteresis” is observed in the 2–5 Hz medium
frequency scan range. This is much less pronounced in the
SnO2/C60-PA cells and occurs at a frequency close to
10 Hz. This peak hysteresis has been interpreted to correlate
with the inverse of the average “drift-time” for ions across the
perovskite absorber layer,28,29 resulting in the maximum dif-
ference in ionic displacement between forward and reverse
scanning directions. Hysteresis is likely caused by a combina-
tion of ion migration, interfacial recombination,30,31 and
the redistribution of ions under short-circuit conditions
resulting in the inhibition of electronic charge extraction.
Given that all other conditions in the two device stacks are
identical, the results point to the improvement in the proper-
ties of the transport layer that reduces the impact of ionic
movement.
While there is a consistent drop in TCSPC lifetime, PLQY,

and SPV intensity for the device “half-stack” with C60-PA mod-
ification, there is an increase in ηMPP and reduced hysteresis,
indicating that the impact of ion diffusion and redistribution is
likely to dominate the differences in device operation. While
the slower surface photovoltage rise for the C60-PA-modified
samples may seem paradoxical with the reduced ionic losses
we infer from the frequency-dependent J–V scans, this may
originate from the nature of C60. The phenomenon of fuller-
enes reducing hysteresis in PSCs is often observed.27,32–34

Fullerenes are known to participate in halogen bonding,35,36

and Ren et al.37 have recently shown that fullerenes have the
ability to capture I3

– and I2 that arise from I– migration from
the perovskite into the contacts. In the case of n–i–p devices
where fullerene derivatives are processed on top of SnO2, once
I3
– and I2 have reached the C60-SAMs, they may be captured at
https://doi.org/10.1021/acsenergylett.6c01485
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Figure 3. J–V parameters derived from scan-frequency-dependent “fast-hysteresis” measurements, showing (a) open-circuit voltage (Voc), (b) short-
circuit current density (Jsc), (c) fill factor (FF), and (d) power conversion efficiency (PCE).
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the perovskite/C60-SAM interface, inhibiting their migration
back into the perovskite film when the electric field switches
direction during the J–V scan routine, which may be responsible
for the reduced negative impact from ion migration and device
hysteresis. However, due to this mechanism, fullerenes may
cause ion accumulation at the interface. Over time, fullerenes
may accept electrons from I– and reduce I– to I2 which could
then represent a degradation loss product.

On the other hand, You et al.24 suggested that when C60-PA
is mixed in the perovskite precursor solution and crystallized in
the bulk, it can prevent halide segregation by passivating the
grain boundaries through PA interacting with the perovskite
cation/halide and fullerene interacting with the halide.
Furthermore, You et al. also observed that moisture stability
of the perovskite was improved, inferred to be due to the hydro-
phobic C60-PA modification. Their modified perovskite was
able to resist degradation to δ-FAPbI3 and PbI2 under high
(70%) relative humidity.

To identify which effect may be dominating when we apply
C60-PA as an interfacial modification, we first study the effects
of aging on the charge-carrier extraction and mobility at the
ETL/FAPbI3 interface. We performed optical-pump terahertz-
probe (OPTP) photoconductivity to determine the sum of elec-
tron and hole mobilities38–41 (Figure 4a,b). Samples were aged
at 65 °C under full-spectrum AM 1.5G illumination (PMMA
encapsulation only) for up to ∼350 h, with OPTP measure-
ments acquired periodically throughout aging. We note that
the effective short-range THz mobility Σϕμ (where ϕ is the
photon-to-free-charge branching ratio) was determined imme-
diately following a 400-nm pulsed photoexcitation. Given the
steep Beer–Lambert profile upon the 400 nm excitation shown
in Figure S17, Σϕμ is therefore mostly probing the perovskite
near the ETL/perovskite interface, through which the pulse
6181
was incident. Figure 4a shows Σϕμ as a function of aging time.
The initial Σϕμ values before aging (0 h) are similar for perov-
skite, SnO2/perovskite, and SnO2/C60-PA/perovskite samples,
on the order of 60–70 cm2 V–1 s–1. With increasing aging time,
the mobilities decrease for all samples, but for the SnO2/C60-
PA/perovskite sample, a particularly accelerated decline is
observed. Given that their bulk properties are similar, the
observed decrease in the mobilities most likely arises
from extrinsic factors such as an increase in charge-carrier
scattering caused by a rise in the surface defect density at the
perovskite/ETL interface. This result is consistent with the
SPV results. While both the SnO2/perovskite and SnO2/C60-
PA/perovskite samples drop in SPV (Figure S15) after aging,
the peak SPV intensity of C60-PA-modified sample dropped
more than the control sample without C60-PA. In contrast to
our expectations, we thus show that the presence of C60-PA
accelerates degradation of the material quality at the C60-
PA/FAPbI3 interface, reducing the mobility experienced by
charge carriers.
To understand how aging can affect the full devices, we fab-

ricated n–i–p devices and aged them in the dark at 85 °C under
a nitrogen atmosphere for over 2800 h and then encapsulated
them and brought them into a light and elevated temperate
aging box (Suntest CPS Plus), and aged at 70 ± 5 °C under
AM 1.5G 76 mW/cm2 irradiance for another 1080 h
(Figure 4c,d). When the devices were brought into the light
and 70 °C environmental chamber, the devices were aged under
open-circuit conditions and brought outside periodically to test
their performance under MPP for 30 s. We note that this is an
especially harsh aging condition because the combination of
light, heat, and Voc creates the strongest driving force for ion
migration, interfacial charge accumulation, and electrochemical
instability.
https://doi.org/10.1021/acsenergylett.6c01485
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Figure 4. (a) Electron-hole sum mobility (Σϕμ) derived from OPTP spectroscopy of “half-stack” thin films aged in an aging box at 65 °C, AM 1.5G
light over time. The shaded region represents the standard deviation band of 3 measurements. (b) Schematic of half-stack devices made with different
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Figure 4. continued

ETL modifications. The thin films were illuminated from the quartz substrate side. (c) Average ηMPP of devices with different ETL modifications, first
aged under an 85 °C dark, nitrogen environment for 2800 h and then taken into 70 ±5 °C AM 1.5G light for 1084 h. The device reverse scan J–V
curves are shown at different stages of aging. (d) Normalized ηMPP (average of 8 devices) of devices normalized to the initial efficiency before any
aging and zoomed into the last 1084 h under light and temperature (70 ± 5 °C, 0.76 suns). The shaded area in (c) and (d) represents their respective
standard deviations. (e) and (f) photographs of ASTM peel-test samples, following the peel test before (left) and after (right) aging under 70 ± 5 °C
AM 1.5G 76 mW cm2 light for 24 h without encapsulation. (e) SnO2/perovskite bilayer samples on FTO and (f) SnO2/C60-PA/perovskite bilayer
samples on FTO.
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Although the device stack used before had high ηMPP, doped
Spiro-OMeTAD has been repeatedly observed to induce degra-
dation in perovskite solar cells 42,43 and Au from neat Au elec-
trodes can migrate into the device.44 To ensure we are
comparing the aging effects on the ETL/perovskite interface,
rather than the other interfaces, the device stack was modified
with more stable materials and passivation to test the long-
term stability of the C60-PA. The architecture used
was FTO/ETL/FA0.83Cs0.17Pb(I0.9Br0.1)3/n-octylammonium-
Br/PTAA/Cr/Au in which the ETL is either SnO2/C60-PA or
SnO2 with or without Al2O3 nanoparticles. Al2O3 was added
to some devices to investigate whether it can aid wetting of
the perovskite solution and improve the perovskite adhesion
on the substrate (see Figure S18-S20).45 1-Butyl-1-methylpiper-
idinium tetrafluoroborate (BMPBF4), an ionic stabilizing addi-
tive, is added into the perovskite to help stabilize it under
temperature and light.46

With this more stable device structure, the initial power con-
version efficiency was considerably lower, with an average just
over 10%. In the dark at 85 °C, the SnO2/C60-PA devices
appear to be more stable over the first thousand hours and even
improve in efficiency initially. However, after around 2500 h,
both types of cells have slowly degraded to between 8 and
9% efficiency. A closer inspection of the J–V curves evolution
(Figures 4c and S21) reveals that under dark aging, the fill fac-
tor decreases over time and “s-kinks” emerge.

Surprisingly, following this thermal aging and upon exposure
to light and temperature, the solar cells rapidly recover their FF
losses, and the overall efficiency of both types of cells increased
to values higher than their initial efficiency prior to any aging.
Most significantly, the average efficiency of the SnO2/C60-PA
devices increased to ∼15%. Surprisingly, the SnO2 cells, without
any Al2O3 were the most stable, exhibiting a T80, aging time to
80% of the peak performance, of 477 h (T80 of initial perfor-
mance is 670 h). This is a substantial lifetime for cells in the
n–i–p configuration, which are usually much less stable than
p–i–n cells.47 In contrast, the SnO2/C60-PA devices degrade
considerably faster, exhibit a T80 (80% of peak performance)
lifetime of around 84 h from the point of light exposure (T80
of initial performance was 205 h), and have completely
degraded in performance to ∼0% over the 1080 h aging under
light and temperature. Al2O3 addition slightly improved the sta-
bility of SnO2/C60-PA devices but not enough to compete with
SnO2 only devices.

Upon visual inspection of the solar cells at the end of the
entire 3900 h aging test (photographs in Figure S20), the
SnO2 devices (control devices) stayed much darker and
appeared more “intact” as compared to any other type of device,
including the SnO2/C60-PA and the SnO2 with Al2O3 nanopar-
ticles, which correlates with our performance degradation
results. Aside from appearing lighter in color, the aged cells
appeared hazy. This is likely to be due to partial delamination
6183
or voids forming at an interface between the ETL substrate
and the perovskite absorber layer, where the lower refractive
index “void-gaps” result in increased reflectivity and scattering.
As a first assessment of the “weakest interface” in these

post-aged cells, we broke off the encapsulation glass from the
SnO2 and SnO2/C60-PA cells, to observe which layers were
removed with the cover glass, and which remained adhered
to the glass/FTO substrate. We show photographs of decon-
structed cells in Figure S22. Quite convincingly, for the
SnO2 devices, the perovskite film remained predominantly
adhered to the glass/FTO substrate, whereas for the SnO2/
C60-PA devices, the perovskite layer was almost completely
removed from the substrates in the regions below the metallic
device electrodes. This is consistent with delamination occur-
ring at the C60-PA/perovskite interface and is the dominant
cause for device degradation.
Finally, to quantify the impact of the ETL/perovskite inter-

face upon adhesion following light and temperature aging, we
aged “half stacks” constructed of Glass/FTO/ETL/Perovskite
and performed an American Society for Testing and Materials
(ASTM) standard peel test. We made crosshatch scratching
patterns on these films and subsequently applied a standard
ASTM tape on the film and then peeled the tape off at a near
180° angle. As shown in Figure 4e (left) and f (left), very little
material is removed for both fresh films, which is encouraging
for the starting adhesion strength of these layers. However,
when we age these films in the 70 °C light aging box without
encapsulation for 24 h and then apply the peel test, a significant
amount of perovskite film is removed, especially for the SnO2/
C60-PA-modified sample Figure 4f (right) compared to the film
without C60-PA Figure 4e (right). This direct peel test further
confirms that the C60-PA addition weakens the ETL/perovskite
interface under the combined aging of light and heat. While the
phosphoryl and hydroxyl groups of the C60-PA binds strongly
to SnO2, the fullerene part of the C60-PA only interacts weakly
with the perovskite through halide–π or van der Waals interac-
tion. The J–V curve evolution in Figure S21b is consistent with
perovskite delaminating from the C60-PA because, compared to
the control device (Figure S21a), the C60-PA device loses Jsc
and FF over time while their Voc values remain approximately
constant throughout aging. This is consistent with a loss of con-
tact area between the perovskite film and the ETL.
Hence, we have found that the C60-PA SAM improves device

efficiency by mitigating ion-induced device hysteresis and cur-
rent loss, rather than enhancing charge transport. However,
we have revealed that, under combined light and heat stress,
the primary degradation of the C60-PA-modified device is
the (micro) delamination of the perovskite film from the ETL
layer. This may result from iodide adsorption and accelerated
I2 generation at this interface as a consequence of the presence
of C60, since SnO2 ETL-containing half-stacks and devices
remain much more intact after aging.
https://doi.org/10.1021/acsenergylett.6c01485
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Our findings also have implications for p–i–n perovskite
solar cells, which usually employ fullerene derivatives as the
ETLs. If we seek to employ organic electron-transport layers
in perovskite solar cells, and especially SAMs,48 then urgent
work is required to increase the physical adhesion at these
interfaces and inhibit weakening of these interfaces during
aging. This may, for instance, be achieved through bifunctional
SAMs that bind to both adjoining layers, with ETL-SAMs co-
assembled with adhesion-promoting molecules,49 or addi-
tional interfacial adhesion layers. However, if the mechanism
is driven by the specific interaction of the organic electron-
transport molecule with iodide, then this chemistry needs to
be understood and mitigated through molecular selection or
design.
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