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ARTICLE INFO ABSTRACT

Article history:

Fullerene-based electron-transporting layers (ETLs) significantly influence the defect passivation and
device performance of inverted perovskite solar cells (PSCs). However, the t-cage structures of fullerenes
lead to a strong tendency to self-aggregate, which affects the long-term stability of the corresponding
PSCs. Experimental results revealed that [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM)-based ETLs
exhibit a certain degree of self-aggregation that affects the stability of the device, particularly under con-
tinuous irradiation stress. To modulate the aggregation behavior, we replaced a methyl hydrogen of
PCBM with a phenyl group to yield [6,6]-phenyl-Cg;-butyric acid benzyl ester (PCBB). As verified through
X-ray crystallography, this minor structural modification results in more non-covalent intermolecular
interactions, which effectively enhanced the electron-transporting ability of the PCBB-based ETL and
led to an efficiency approaching 20%. Notably, the enhanced intermolecular forces of PCBB suppressed
its self-aggregation, and the corresponding device showed significantly improved stability, retaining
approximately 90% of its initial efficiency after 600 h under one-sun irradiation with maximum power
point tracking. These findings provide a viable approach for the design of new fullerene derivatives to
tune their intermolecular interactions to suppress self-aggregation within the ETL for high-
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1. Introduction

Organic and inorganic lead halide perovskites are excellent pho-
tovoltaic materials owing to their exceptional physical and chem-
ical properties [1-7]. As a result of extensive research efforts to
understand the underlying working mechanisms, the development
of new materials, and the progress made in interface optimization
[8-10], the power conversion efficiency (PCE) of a single-junction
perovskite solar cell (PSC) has soared to over 25% in the past dec-
ade [11], which is comparable with the value for single-crystal sil-
icon solar cells. Fullerene compounds are widely used as electron-
transporting layers (ETLs) in inverted planar PSCs, and they have
received considerable attention because of their simple device
architecture, hysteresis-free performance, scalable preparation
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processes, and compatibility with flexible substrates and tandem
photovoltaic devices [12-16].

In 2013, [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) was
first introduced as an ETL into an inverted PSC architecture, and the
unique features of fullerenes, such as high electron affinity, high
electron mobility, and well-matched energy levels with the per-
ovskites, were successfully verified [17]. Thereafter, Huang and
co-workers [18] demonstrated that fullerene derivatives can not
only serve as ETLs but also contribute by passivating the trap states
at the surfaces and grain boundaries of perovskite layers, which can
efficiently suppress the undesirable hysteresis and increase the PCE
of the PSCs. A series of fullerene derivatives functionalized with
cross-linkable groups [19], ester [20-23], amino [24-26], and pyri-
dine groups [27,28] were designed and used in inverted PSCs as ETLs
to enhance the electron extraction and passivation of fullerene/per-
ovskite interface defects to achieve high efficiencies [29,30]. The
PCEs of inverted devices have been greatly improved by tuning
the interface through the optimization of the composition of the
perovskite layers and using novel fullerene derivatives [31-34].
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The role of fullerene compounds in device stability remains
unclear. Although the stability of inverted PSCs has been greatly
improved by modifying interfaces and using stable inorganic
hole-transporting materials [35-37], fullerene-based ETLs must
be thoroughly investigated to further extend the lifetimes of the
PSCs. The self-aggregation behavior of fullerenes is believed to
affect the long-term stability of inverted PSCs [38]; therefore, this
process should be inhibited. Adding aromatic functional groups
such as phenyl to fullerene derivatives enhances their intermolec-
ular interactions [39,40], leading to the suppression of self-
aggregation and resulting in more stable films that would improve
the stability of inverted PSCs.

In this study, we found that the commonly used PCBM layer
exhibited self-aggregation behavior under continuous irradiation,
which resulted in reduced device stabilities and loss of perfor-
mance. To further understand and control the influence of the
molecular structure of the functionalized fullerene on the aggrega-
tion behavior, [6,6]-phenyl-Cg;-butyric acid benzyl ester (PCBB)
with one extra phenyl group was synthesized and incorporated
into inverted PSCs as an ETL. Crystal structural analyses revealed
that PCBB showed significantly enhanced intermolecular interac-
tions, including m-7 interactions between the Cgo cages and CH-wt
interactions between functional groups, as compared with PCBM.
These interactions could suppress aggregation within the
fullerene-based ETLs. As a result, a champion device with PCBB
as an ETL yielded a PCE of 19.84%. PCBB-based devices showed
excellent long-term stability at the maximum power point (MPP)
aging for 600 h, which was much better than that for PCBM-
based devices. This work indicates that the inverted device perfor-
mance, particularly long-term stability, can be improved by ration-
ally designing fullerene derivatives to suppress self-aggregation in
the films.

2. Materials and methods
2.1. Materials

PCBM was purchased from Nano-C, and PCBB was synthesized
following Ref. [41]. The synthesis steps and characterization for
other related materials are provided in the Supplementary materi-
als. The other chemical reagents and materials for perovskite pre-

cursor solution such as formamidinium iodide (FAI),
methylammonium iodide (MAI), Pbl,, PbBr,, Csl, N,N-
dimethylformamide (DMF), N-methyl-2-pyrrolidinone (NMP),

and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich or Alfa-Aesar and used as received.

2.2. Device fabrication

The inverted PSCs with a configuration of FTO/NiO, (nickel
oxide)/perovskite/PCBM (or PCBB)/BCP/Ag were fabricated on the
patterned FTO glass substrates with a resistivity of 7 Q/cm?. The
patterned FTO glass substrates were sequentially cleaned with
detergent, deionized water, acetone, and ethanol and then treated
in a UV ozone oven for 30 min. The nickel oxide (NiO,) precursor
(0.6 mol/L) was prepared by dissolving nickel(Il) nitratehexahy-
drate (Ni(NOs),-6H,0) ethylene glycol with ethylenediamine and
kept at 70 °C for 3 h in a sealed vial to form the NiO, precursor
solution as Ref. [38]. The NiO, precursor solution was spin-coated
on the FTO at 4000 r/min for 60 s in the glove box and annealed
at 300 °C for 1 h in a muffle furnace. Then, 60 pL of triple-cation
perovskite precursor solution was spin-coated at 1000 r/min for
10 s and 5000 r/min for 20 s (the perovskite precursor solution
was prepared by dissolving FAI (353.2 mg), MAI (66.2 mg), Csl
(33.8 mg), Pbl, (1018.8 mg), and PbBr; (143.2 mg) in 2 mL of mixed
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anhydrous solvent of DMF/DMSO/NMP (with ratio of 40/9/1 by
volume). And 200 pL of anhydrous chlorobenzene was dropped
onto the substrates at 5 s before the end of the procedure. The
as-prepared films were immediately annealed at 100 °C for
30 min. After cooling to room temperature, 2 wt% PCBM (or PCBB)
dissolved in chlorobenzene was spin-coated on top of the per-
ovskite layers. The BCP solution with a concentration of 0.5 mg/
mL in 2-propanol was spin-coated on top of the fullerene layer at
5000 r/min for 30 s and annealed at 80 °C for 10 min. Silver elec-
trodes (100 nm) were deposited by thermal evaporation under
1.0 x 10~* Pa through a shadow mask to complete the devices.

2.3. Characterization

MALDI-time-of-flight (TOF) mass spectrometric measurements
were conducted on a Bruker Microflex LRF mass spectrometer.
The NMR spectra were recorded using a JEOL 600 MHz spectrom-
eter. The UV/Vis spectra were obtained using a Cary 5000 spec-
trophotometer. Cyclic voltammetry (CV) experiments were
carried out under an argon atmosphere at room temperature by
using a CH Instrument Potentiostat. The scan rate for CV experi-
ments was 100 mV/s. The diffraction data of single-crystal PCBB
were tested on a Bruker SMART APEX CCD system equipped with
a graphite monochromator and a Cu Ko fine-focus tube (1 = 1.54
184 A). The contact angles of water droplets were determined by
using a Ramé-Hart goniometer with pure deionized water at room
temperature. Ten static measurements were analyzed and aver-
aged for each film. The steady photoluminescence (PL) spectra
were recorded using a F7000 Fluorescence Spectrophotometer
(HITACHI). The time-resolved photoluminescence (TRPL) spectra
were obtained on an Edinburgh instruments FLS980 fluorescence
spectrometer. J-V curves of the PSCs were recorded using a Keithley
2420 source measure unit under a Photo Emission Tech SS100
Solar Simulator, and light intensity was calibrated with a standard
Si solar cell. The external quantum efficiency (EQE) was deter-
mined on a Bentham (from Bentham Instruments Ltd.) measure-
ment system in DC mode. Scanning electron microscopy (SEM)
images were collected from a field emission scanning electron
microscope (HITACHI S-4800), where the electron beam was accel-
erated in the range of 500 V to 20 kV.

3. Results and discussion

As shown in Scheme S1 (online), PCBB was synthesized follow-
ing a previously reported synthetic method [41]. The chemical
structures of the compounds were characterized by TOF mass spec-
trometry, 'H and '>C NMR (Figs. S1-S7 online). The molecular
structure of PCBB was determined using X-ray single-crystal
diffraction analysis. The PCBB crystals were grown by diffusing
methanol into toluene solution at room temperature. As shown
in Fig. 1a, the packing mode of PCBB molecules was viewed along
the a-axis. More than three m-m interactions were noted between
adjacent fullerene cages. The distance between -7t stacked groups
was 3.20 A, which was similar to inter Cgo-Cgo cage contacts for the
most commonly used PCBM [42]. Compared with the intermolecu-
lar interactions observed within the PCBM crystal (refcode: EKO-
ZUZ) (Fig. 1c¢), more m-7 interactions were observed between the
PCBB molecules. As shown in Fig. 1b and d, the functional group
of PCBB interacted with eight nearby molecules through weak
intermolecular interactions, while the functional group of PCBM
only interacted with six nearby molecules. Therefore, the strong
and numerous intermolecular interactions of PCBBs could increase
the energy barrier of their molecular motion, thereby inhibiting
aggregation behavior.
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Fig. 1. Crystal packing and intermolecular interactions of (a, b) PCBB and (c, d) PCBM molecules. Gray: carbon; white: hydrogen; red: oxygen. The green dash line indicates

the interaction between molecules.

As depicted in Fig. 2a, we proposed that the intermolecular
interactions of the functionalized fullerene compounds could affect
carrier transport and the stability of the corresponding ETLs. PCBB
showed enhanced intermolecular interactions through m-m and
CH-7 interactions between the Cgo cages and the functional
groups, including the phenyl group. We assumed that these addi-
tional intermolecular interactions could inhibit fullerene aggrega-
tion in the films, leading to a highly stable film and high device
stability. These intermolecular interactions should also lead to
enhanced electron hopping between adjacent Cgo cages and
improved carrier collection efficiency [39,40]. Therefore, adding
aromatic groups to the functionalized fullerene compounds was
expected to suppress fullerene self-aggregation and increase the
stability of the inverted PSCs. Meanwhile, electron transport in
fullerene films depends on the delocalized m-7 electron systems
of the cages [43]. Combined with the abovementioned intermolec-
ular interactions, PCBB-based films should exhibit higher electron
mobility and more efficient carrier transport than PCBM-based
films. To better understand the effect of molecular packing on
charge transport, the space-charge limited current method and
the Mott-Gurney law were employed to determine the electron
mobilities of PCBB and PCBM (Fig. 2b) [44]. The electron-only
devices with the configuration ITO/Cs,COs/fullerene derivative/
Ca/Al were prepared, and the mobilities of PCBM and PCBB were
estimated to be 2.13 x 10~* and 3.09 x 10~* cm? V™' 5!, respec-
tively. The high electron mobility for PCBB films could reasonably
be attributed to compact molecular packing due to the enhanced
intermolecular forces. The higher electron mobility of PCBB over
PCBM facilitated electron transport in the inverted PSCs, thereby
improving device performance.

The lowest unoccupied molecular orbital (LUMO) energy levels
of PCBB and PCBM were investigated by CV (Fig. 2c). The LUMO

341

energy levels of the fullerene derivatives were estimated from
the onset reduction potentials (Ely) by using a previously reported
equation [45]. The half-wave potentials and LUMO energy levels of
the corresponding compounds are listed in Table S1 (online). The
calculated LUMO level of PCBB was —3.90 eV, which was almost
the same as that of PCBM (—3.91 eV). The suitable LUMO level of
PCBB is critical for efficient inverted PSCs [22]. Combined with
the optical bandgap of the fullerene derivatives evaluated through
UV-vis absorption measurements (Fig. S8 and Table S1 online), the
highest occupied molecular orbital energy levels of PCBB and PCBM
were —5.62 and -5.64 eV, respectively, indicating good hole-
blocking properties. As shown in Fig. 2d, the energy levels of PCBB
matched well with those of the perovskite materials. The suitable
energy level alignment should result in effective electron extrac-
tion at the perovskite/PCBB interface.

To evaluate PCBB-based ETLs, we fabricated inverted PSCs by
using NiO, and fullerene derivatives as the hole and electron
extraction layers, respectively. The configuration and cross-
sectional SEM images of the PSCs are shown in Fig. 3a and Fig. S9
(online), respectively. The thickness effect of PCBB-based ETLs on
device performance was investigated by tuning the spin-coating
speed for PCBB layer deposition. As shown in Fig. S10 and
Table S2 (online), the highest device efficiency was obtained for a
spin-coating speed of 3000 r/min, corresponding to a thickness of
60 nm. This speed was used to prepare all the devices. As shown
in Fig. 3b, PSCs with PCBM and PCBB as ETLs showed different pho-
tovoltaic performance. The best PCBB-based cell yielded an overall
PCE of 19.84% with Voc of 1.08 V, Jsc of 22.85 mA/cm?, and fill factor
(FF) of 80.39%. By contrast, the best PCBM-based cell exhibited an
inferior PCE of 18.30% due to a low V¢ of 1.06 V, Jsc of 22.53 mA/
cm?, and FF of 76.59% (reverse scan). The hysteresis effect of the
devices was also studied by analyzing their J-V curves under
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Fig. 2. Influence of fullerene’s molecular structure and the characterization of fullerene material. (a) Schematic illustration of the influence of fullerene’s intermolecular
interaction on device stability. (b) Measured space-charge limited J-V curves of electron-only devices based on PCBM and PCBB. (c) Cyclic voltammetric curves for PCBM and
PCBB at a scan rate of 100 mV/s. (d) Energy level diagram of the materials used in PSCs.

different scanning directions. As shown in Fig. S11 and Table S3
(online), PCBB-based devices showed slightly lower hysteresis than
PCBM-based devices. The negligible hysteresis of PCBB-based cells
could be attributed to efficient electron extraction at the fullerene/
perovskite interface. We also assessed the incident photon-to-
electron conversion efficiency (IPCE) spectrum to verify Jsc of the
cells (Fig. 3c). Photocurrent densities of the PCBB- and PCBM-
based devices were integrated from their corresponding IPCE
curves and yielded values of 22.10 and 21.57 mA/cm?, respectively.
These values were in good agreement with the Jsc value described
from the J-V curves.

The photovoltaic performance statistics of 60 individual cells
(30 PCBB-based devices and 30 PCBM-based devices) are shown
in Fig. 3d and Fig. S12 (online). The narrower PCE distribution of
PCBB-based devices as compared with that of PCBM indicated
excellent reproducibility. To further verify device performance,
we tested the steady-state power output (SPO) of the PCBM-and
PCBB-based devices for 200 s at their corresponding MPP deter-
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mined from their J-V curves (Fig. 3e and f). PCBB-based devices
yielded a steady-state PCE of 19.7% and a photocurrent density of
21.0 mA/cm? at 0.94 V, while PCBM-based devices showed a
steady-state PCE of 18.1% and a photocurrent density of 20.6 mA/
cm? at 0.88 V. Both SPOs of the PCBB- and PCBM-based cells were
consistent with the values obtained from their corresponding J-V
scans.

We conducted additional characterization to further under-
stand why the use of PCBB as the ETL improved device efficiencies.
To investigate the electron extraction ability of fullerenes, we per-
formed steady-state PL and TRPL experiments. Samples of glass/
perovskite, glass/perovskite/PCBM, and glass/perovskite/PCBB
were prepared. As shown in Fig. 3g, all the samples exhibited a
PL peak near 777 nm under 450-nm excitation. The PCBM- and
PCBB-based ETLs showed obvious PL quenching, indicating effec-
tive electron extraction of the fullerene ETLs. Compared with
PCBM-coated perovskite films, PCBB-coated perovskite films dis-
played slightly lower PL intensity, implying efficient electron
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Fig. 3. Device structure and performance. (a) Device architecture of the inverted PSCs studied in this work. (b) J-V curves of the PCBM- and PCBB-based devices with reverse
scanning direction. (c) IPCE curves (solid lines) of the devices using PCBM (blue) and PCBB (red) ETLs. The integrated photocurrents (dashed lines) calculated from the overlap
integral of the EQE spectra are also shown. (d) The statistics of PCE distribution for 60 devices (30 PCBM-based devices and 30 PCBB-based devices). Steady-state photocurrent
and power output at the maximum power point for (e) PCBM- and (f) PCBB-based devices at 0.88 and 0.94 V, respectively. (g) Steady-state and (h) time-resolved PL spectra of
the perovskite, perovskite/PCBM, and perovskite/PCBB films. (i) Plots of J,n-Ves for devices with PCBM and PCBB ETLs.

extraction at the perovskite/PCBB interface [12]. The TRPL plots of
the different samples were obtained as shown in Fig. 3h. We fitted
the TRPL data with a biexponential equation to yield fast decay (t1)
and slow decay (t2) processes, which originated from carrier
quenching by the charge extraction layer and by radiative recom-
bination, respectively [46,47]. As summarized in Table S4 (online),
the net perovskite film exhibited a lifetime of 59.7 ns, while the
PCBM- and PCBB-coated perovskite films demonstrated short pho-
toluminescence decay times of 10.3 and 7.5 ns, respectively. These
findings were consistent with the steady-state PL results. PCBB-
coated perovskite films showed a much shorter lifetime of
3.87 ns (t1) for the fast decay component than the PCBM-coated
perovskite film (5.37 ns (t1)). Thus, incorporating PCBB as ETL
improved the charge extraction efficiency at the perovskite/PCBB
interface and led to improved performance.

We also obtained the photocurrent density (J,,)-effective volt-
age (Vefr) plots under AM 1.5 G illumination for the PCBM and PCBB
devices, where Jp;, is equal to the current density at AM 1.5 G illu-
mination minus the dark current density, and Ve is equal to the
voltage where J,, = 0 minus the applied bias voltage [48]. As dis-
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played in Fig. 3i, PCBB-based devices showed an enhanced J,, com-
pared with PCBM-based devices. Considering that the
photogenerated charge carriers were the same for the PCBM- and
PCBB-based devices, the high J,, suggested that PCBB could facili-
tate charge extraction and reduce interfacial recombination, lead-
ing to improved device performance [49]. This result was also
consistent with the tendency of the steady-state PL and TRPL mea-
surements. In summary, the improved performance of the PCBB-
based device could be reasonably interpreted as the result of effi-
cient charge extraction at the perovskite/PCBB interface and
enhanced transport owing to the high electron mobility along the
compact PCBB molecule layer.

The lifetimes of the devices are closely related to the stability of
the ETL, which can block the contact of moisture and oxygen with
the perovskite and suppress the decomposition of the perovskite
layer [50]. The stability of the ETL can also ensure the effective col-
lection of device carriers and the high output power [51]. Thus, the
intermolecular interactions and packing mode of the fullerene
derivative not only affect the charge transfer properties and device
efficiency but also significantly influence the long-term stability of
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the device, which is a crucial parameter for the commercialization
of PSCs. The change in surface morphology of the corresponding
fullerene layers was investigated. As shown in Fig. 4a and d, both
fullerene layers coated on the perovskite substrates were initially
homogenous, with no sign of aggregation. As the illumination time
increased, the atomic force microscopy (AFM) images of PCBM-
based layers exhibited obvious protrusions (Fig. 4b and c), indicat-
ing the aggregation of PCBM molecules. By contrast, we did not
observe any aggregation phenomena in the PCBB-based films
under the same aging procedure (Fig. 4e and f). The optical micro-
scopy images (Fig. S13 online) of the corresponding fresh and aged
fullerene films exhibited the same behavior as observed by AFM. In
addition, we fabricated and investigated the corresponding fuller-
ene films on ITO substrates to avoid interference of the perovskite
layer. As expected, the PCBM-based films displayed obvious aggre-
gation after 150 h of continuous illumination with surface temper-

(b)

Aged: 150 h

Aged: 150 h
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ature of 55 °C, while the morphology of the PCBB-based film did
not change (Fig. S14 online). These results clearly showed that
the enhanced intermolecular interactions of PCBB efficiently sup-
pressed self-aggregation and dramatically improved the stability
of the films.

The photostability of the PCBM- and PCBB-based unencapsu-
lated devices was examined using the MPP tracking method fol-
lowing a previous report [52]. As shown in Fig. 4g, the PCBB-
based devices showed significantly improved operational stability
and retained ~90% of their original efficiencies after continuous
irradiation for 600 h of MPP tracking, while the PCBM-based
devices rapidly dropped to 70% of their original efficiencies. Mean-
while, we explored the hydrophobicity of fullerene films through
contact angle measurements. As shown in Fig. S15 (online), initial
measurements for PCBM and PCBB layers had contact angles of 94°
and 96°, respectively. After a short interval, significantly different
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Fig. 4. Film morphology and device stability. Atomic force microscopy images of the (a-c) PCBM and (d-f) PCBB films on the perovskite substrates, which were aged under
continuous illumination without cooling (surface temperature: 55 °C). The scale bar represents 1 pm. (g) The MPP tracking of the unencapsulated devices with PCBM and

PCBB ETLs under continuous irradiation without cooling (surface temperature: 55 °C).
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contact angles of 42° and 95° were measured for PCBM and PCBB
layers, respectively. The change in contact angle of PCBM films
could be attributed to the weak interaction between the PCBM
molecules, which resulted in the lack of dense molecular packing
and poor film stability. The evolution of contact angles indicated
that the PCBB-based ETLs were more hydrophobic and more stable
than the PCBM films, because of the strong intermolecular interac-
tions in the PCBB-based films. The PCBB-based devices exhibited
much higher stabilities than the PCBM-based devices under 35%-
45% humidity in air at room temperature without encapsulation
(Fig. S16 online). Therefore, on the basis of the abovementioned
results, the intermolecular interactions of PCBB effectively pro-
moted the high performance of PSCs.

4. Conclusion

In summary, we have demonstrated an atomic level strategy to
understand and control the self-aggregation of fullerene-based
ETLs for high-performance inverted PSCs. Crystal structural analy-
ses revealed that the enhanced non-covalent intermolecular inter-
actions of PCBB effectively facilitated electron transport between
Cgo cages, contributing to the improved electron extraction and
reduced recombination in the devices. Furthermore, the densely
packed PCBB molecules significantly increased the film'’s stability.
Inverted PSC devices with PCBB as the ETL yielded an impressive
efficiency of 19.84%. Device stabilities were significantly improved,
retaining about 90% of the initial efficiency after 600 h under one-
sun irradiation by using the MPP tracking method. This work sug-
gests a strategy for the design of new functional fullerene deriva-
tives to tune their intermolecular interactions in creating novel
ETLs for high-performance PSCs.
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