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Fullerene-based carboxylic acids for improving performance
and stability of perovskite solar cells
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We report a family of fullerene-based carboxylic acids with
varied molecular structure affecting their ability to anchor
to the surface of metal oxides, in particular SnQO,, used as
electron-transport materials in n-i-p perovskite solar cells.
Compounds having the lowest solubility and/or increased
number of carboxyl groups per fullerene core tend to form
more robust passivation coatings over SnQ, and thus deliver
the highest solar cell efficiencies and the best device
operational stabilities. The results indicate the promise of
further rational design of the fullerene-based acids with
improved properties to achieve simultaneously a high solar
light conversion efficiency and a long-term stability.
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Organic and perovskite solar cells (OSCs and PSCs, respectively)
represent rapidly emerging photovoltaic technologies, which are
already entering the commercialization stage and can be not only
used in some niche applications, such as textile- or building-
integrated systems, but also finally compete with conventional
silicon panels in grid-connected solar power plants. The record-
breaking certified efficiencies of small-area OSCs and PSCs
approach 19.2 and 26.7%, respectively, which are very close to
those of the best crystalline Si solar cells (27.3%).! This rapid
progress in the efficiency of new photovoltaic technologies is
associated with innovations in materials, mainly new absorbers
for OSCs and charge-transport materials for PSCs.>3 However,
in the context of improving operational stability of both types of
devices, the development of new hole-transport and electron-
transport materials forming defect-free interfaces with absorber
layers is currently the major research paradigm.*>

Historically, titanium dioxide was one of the first electron-
transport layer materials stemming from research on dye sensitized
solar cells.® However, the high chemical activity of TiO, surface
leading to fast device degradation’ motivated an intense search for
more stable interfacial materials, mainly ZnO for organic solar
cells® and SnO, for perovskite devices.”!® The application of
these oxide electron-transport layers considerably enhanced the
efficiency and stability of OSCs and PSCs.*!! However, the
problem of interfacial degradation was not completely solved;
therefore, different passivation coatings deposited at the oxide
electron-transport layer (ETL)/absorber interfaces have been
intensively developed for both OSCs and PSCs.!21
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Fullerene derivatives'¢ are highly popular electron-transport
materials for organic and perovskite solar cells.!’2! Previously,
we used fullerene-based phenyl-Cg,-butyric acid (PCBA) as a
passivation coating for SnO,, which significantly enhanced
photovoltaic performance and also improved the stability of
n-i-p PSCs as compared to the devices based on bare tin dioxide
ETL.22 More recently, a broader range of fullerene-based acids
has been explored, and compounds with one or two carboxyl
groups attached to the fullerene cage within a single compact-
size organic addend were found to be the most promising.”
However, the operational stability of PSCs using all of the
designed fullerene-based passivation coatings was very similar
and not sufficient for practical implementation. Herein, we have
rationally designed three new fullerene-based carboxylic acids
in order to determine the effects of the molecular structure of
these compounds on the efficiency and, most importantly,
operational stability of PSCs.

Fullerene-based acids F1-F3 were synthesized with almost
quantitative yields starting from corresponding ester compounds
1-3%* using a mixture of acetic and hydrochloric acids for ester
group cleavage (Scheme 1). The molecular structures of the
fullerene derivatives were confirmed by MALDI ToF mass
spectrometry and 1D and 2D NMR spectroscopy (Online
Supplementary Materials, Figures S1-S18). The compounds
demonstrated very low solubility in organic solvents due to
intermolecular hydrogen bonding effects. F1 and F2 were
dissolved in chlorobenzene to form 0.1 mg ml~' solutions,
while F3, possessing two carboxyl groups, was solubilized
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Scheme 1 Synthesis of fullerene-based carboxylic acids F1-F3.

only in a CS,—THF mixture (83:17, v/v) to reach the above
concentration.

Compounds F1-F3 were deposited on the oxide electron-
transport layer either by spin coating of fullerene derivative
solutions at a high frequency (3000-3500 rpm) or by soaking the
SnO, films in solutions of the fullerene derivatives for 1 h. The
surface properties of SnO,/fullerene derivative films prepared by
the two different methods were comparable. The water contact
angle increased dramatically from 19.2° for unmodified SnO, to
55-65° after coating F1-F3 or even up to 74° when soaking in a
PCBA solution. Consequently, the total surface energy decreased
from about 74 to 53-58 mN m~' (Online Supplementary
Materials, Table S1). These results clearly indicate that the
surface of SnO, was modified by fullerene derivatives F1-F3
similarly to PCBA. Thus, the carboxyl groups enabled efficient
anchoring of the fullerene derivatives to the oxide surface.

The electrical performance of the SnO, films modified by the
fullerene derivatives has been explored in n-i-p perovskite solar
cells assembled in the glass/ITO/SnO,/fullerene derivative/
MAPDIL;/PTA/V,05_s/Ag configuration, where ITO is an
indium—tin oxide transparent electrode, MAPbI; is a
methylammonium iodoplumbate perovskite absorber, PTA is
poly[bis(4-phenyl)(4-methylphenyl)amine]? used as a hole-
transport layer material, and oxygen-deficient V,Os5_s forms an
electron-blocking and diffusion barrier coating under the top
metal electrode.?6 The silver top electrode was routinely used to
evaluate the device performance, whereas we applied aluminum
electrodes for stability tests since they have a reduced tendency
to diffuse into the inner part of the device under harsh solar cell
operational conditions. Figure 1(a) shows a schematic diagram
of the device.

Preliminary experiments showed that the performances of
PSCs with the fullerene-based passivation coatings deposited by
soaking and spin-coating are very comparable, with slightly
better results obtained using the latter approach. Therefore, we
continued device optimization using the spin-coating process for
the deposition. The results are presented in Table 1. The current—
voltage (J-V) characteristics of the best performing solar cells of
each type are shown in Figure 1(b), while their external quantum
efficiency (EQE) spectra are given in Figure 1(c).

The results emphasized the importance of the fullerene-based
passivation coatings since the PSCs fabricated using bare SnO,
showed very poor PCE values of <8% and extremely high
hysteresis in J-V characteristics. On the contrary, all PSCs with
the fullerene-based passivation coatings showed more than twice
higher efficiencies with negligible hysteresis. Fullerene
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Figure 1 (a) Schematic layout of the n-i-p PSC architecture. (b) Reverse
(solid lines) and forward (dashed lines) scan J-V curves and (c) EQE spectra

of PSCs assembled using bare or modified SnO, with fullerene-based
carboxylic acids.

Table 1 Characteristics of PSCs assembled using fullerene-based
passivation coatings.”
EQE
ETL Vpoc/mV rJnS/C\/cm*Z rJrié: émfz FF (%)" PCE (%)
F1 1011.5 23.3 23.1 77.6 18.3
(995.7+17.2) (22.8+0.5) (75.4+3.7) (17.2x1.1)
F2 1005.6 222 22.1 76.4 17.1
(1006.4+14.6) (21.5+0.8) (73.1£5.1) (15.8+1.2)
F3 1003.7 229 22.8 79.2 18.2
(991.2+15.3)  (22.6%0.5) (77.1£2.1) (17.3%£0.9)
PCBA 1044.1 22.3 222 75.7 17.6
(1033.2+10.8) (22.1+0.4) (73.4+2.9) (16.7+0.9)
SnO, 986.5 19.7 454 79

(906.4+80.1) (18.7%1.1)

2Data extracted from reverse-scan J-V characteristics. ?FF — fill factor of
the solar cell.

(37.2+8.2) (6.3x1.6)

derivatives F1 and F3 enabled the best performance
characteristics with power conversion efficiency (PCE) values of
>18% (see Table 1). The PSCs assembled with F2 delivered
slightly lower PCE values (17.1%) than reference devices
fabricated using PCBA (17.6%).

Note that fullerene derivatives F1 and F3 have the lowest
solubility in organic solvents and the highest tendency to
crystallize, which can be a prerequisite for their advanced
performance in PSCs. Indeed, the self-assembled monolayer of
a fullerene-based acid deposited on the SnO, surface should be
very compact and highly ordered to support efficient electron
extraction and transfer into the oxide-based ETL. Furthermore,
it should be resistant to solvent treatment and sustain
the deposition of a perovskite absorber layer from the
N,N-dimethylformamide (DMF)-N-methylpyrrolidone (NMP)
solvent mixture.

The operational stability of PSCs was investigated in an inert
atmosphere inside a glove box to simulate ideal device
encapsulation conditions. Therefore, all the observed aging
effects should be considered intrinsic and attributed to the
evolution of functional layers and interfaces under the light and
heat stress. The cells were illuminated with white light
(100 mW cm2) under open-circuit conditions to dramatically
accelerate the degradation of PSCs.?” The equilibrium surface
temperature of the devices was 40-50 °C, which means that
MAPDI; or other device components should not undergo heat-
induced degradation in the bulk.
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Figure 2 Evolution of the power conversion efficiency of PSCs using
different ETL materials and Al top electrodes under continuous exposure to
white light under open-circuit conditions. The statistics were obtained from
at least 25 cells in each series.

Figure 2 shows the evolution of the PSC characteristics within
500 h of continuous light exposure. The reference devices with
PCBA passivation coating were the least stable and lost >40%
of their initial PCE value by the end of the aging tests. The
highest stability was exhibited by PSCs assembled with F3 and
F1, whereas the devices using F2 as a passivation coating
behaved similarly to the reference cells with PCBA. Thus, there
was a clear relationship between the device efficiency and
operational stability. We believe that fullerene derivatives F1 and
F3 formed the densest and most robust self-assembled
monolayers on the surface of SnO,, making it inaccessible to
direct interactions with a perovskite absorber layer leading to the
interface failure. On the contrary, PCBA and F2 were more
labile on the SnO, surface and migrated into the bulk of the
absorber layer, thus facilitating perovskite/SnO, interface
degradation.

Thus, we synthesized a family of fullerene-based carboxylic
acids and evaluated their performance as passivation coatings for
SnO, ETLs in n-i-p PSCs. Two fullerene derivatives improved
photovoltaic performance and, most importantly, also operational
stability of PSCs in comparison with the reference cells using
PCBA as a passivation coating. The fullerene derivatives capable
of effective anchoring to the oxide surface and formation of
robust coatings can deliver simultaneously a high photovoltaic
efficiency and a long-term device operational stability. The
rational molecular engineering of the fullerene-based passivation
coatings should be focused on increasing their interactions with
the oxide surface and preventing degradation of self-assembled
monolayers during the subsequent deposition of the perovskite
absorber layer.
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Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7688.
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