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An open-cage bis[60]fulleroid (OC) was applied as an electron
transport material (ETM) in tin (Sn) halide perovskite solar cells
(PSCs). Due to the reduced offset between the energy levels of Sn-
based perovskites and ETMs, the power conversion efficiency (PCE)
of Sn-based PSCs with OC reached 9.6% with an open-circuit
voltage (Voc) of 0.72 V. Additionally, OC exhibited superior thermal
stability and provided 75% of the material without decomposition
after vacuum deposition. The PSC using vacuum-deposited OC as
the ETM could afford a PCE of 7.6%, which is a big leap forward
compared with previous results using vacuum-deposited fullerene
derivatives as ETMs.

Metal halide perovskite solar cells have been widely regarded as
one of the most promising candidates to replace silicon solar cells,
owing to their PCE of over 26% achieved with the low-cost
solution-processed neat lead (Pb) perovskites." However, Pb
involved in the most efficient PSCs is notorious for its toxicity,
which may hinder the widespread application of this technology.>”
In this regard, Sn-based perovskites have attracted increasing
interest due to their similar photophysical properties as Pb-
based perovskites and environmentally benign properties.*®
Despite their great potential, the highest reported PCE of Sn-
based PSCs is currently lower than 15%,’ far below their theore-
tical limit of over 30%."

One of the biggest challenges for Sn-based PSCs is the
considerable Vo loss, primarily induced by the energy level
mismatch between the conduction band minimum of Sn-based
perovskites and the lowest unoccupied molecular orbital (LUMO)
levels of traditional fullerene ETMs, i.e., Cgo.'* Thus, it is highly
desirable to develop ETMs with shallower LUMO levels. Introduc-
tion of functional groups onto the Cg, cages is an effective way to
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adjust the LUMO level of fullerene derivatives.'>'* Phenyl-Cg;-
butyric acid methyl ester (PCBM) and indene-Cg, bisadduct
(ICBA) (Fig. 1) are typical mono and bis-functionalized fullerene
derivatives that have been used to reduce V¢ loss in Sn-based
PSCs.'" However, bis- and multiple-additions often yield isomers
possessing similar polarity, which requires extensive recycling
using high-performance liquid chromatography (HPLC) for
separation and leads to low yields."* Moreover, as each isomer
exhibits both different energy levels and varied quality on the
films, it is difficult to distinguish the respective effects when
using the mixture as an ETM.">'®

Open-cage fullerene derivatives enable flexible adjust-
ment of their energy levels by the selective modifications, which

17-19

results in a controlled functionalization degree as opposed to
conventional Cg, derivatization generating a complex mixture of
isomers. These characteristics make them promising ETMs in
PSCs. Nevertheless, there are limited reports on applying them in
PSCs, except for a few reports on organic photovoltaics®*>* and
Pb-halide solar cells.”® Herein, we focus on an open-cage

v Addition pattern

\
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PCBM
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Fig. 1 Structures of PCBM, ICBA, and OC.
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bis[60]fulleroid (OC) (Fig. 1), which possesses two [5,6]-open
structures (the bond between hexagon and pentagon is cleaved)
with retaining the intact 60m system of parent Cgo. This is
different from PCBM, which features a [6,6]-closed structure
(the addend is attached on a bond between hexagons) with a
58n system. Although the use of [5,6]-open PCBM has been
hampered due to a rapid chemical transformation into a [6,6]-
closed analogue,** ™’ bis-[5,6]-open OC is thermally stable even at
260 °C without showing any isomerism owing to the disfavoured
generation of an intermediate having two [5,6]-closed structures
at the cis-1 disposition in close proximity.”®*® Furthermore, bis-
functionalization of Cg, (bis{6,6]JPCBM and ICBA) usually leads
to a greater Ve, owing to the higher-lying LUMO level.** There-
fore, the bis-[5,6]-open structure in the OC is highly attractive for
application in PSCs as the ETM. In this work, the resultant Sn-
based PSCs using OC as ETMs presented a PCE of 9.6% with a
Voc of 0.72 V, comparable with those based on ICBA and
significantly higher than those of PCBM. We also explored the
vacuum-deposited OC to be an ETM layer, which afforded a PCE
of 7.6% in PSCs.

Target compound OC was synthesized according to a previous
report>® and the purity was confirmed by "H NMR and MS analysis
(Fig. S1 and S2, ESI¥), with no observations of unreacted Cg, nor
solvent molecules in the sample. To compare the electronic
properties of OC with commercial ETMs, ie., PCBM and ICBA,
we performed UV-vis measurements (Fig. 2a). From the spectra,
OC was found to show similar absorption behaviour to PCBM
owning to the (pseudo) Cs symmetry while ICBA exhibits stronger
absorption, especially at the UV and visible region, reflecting its
lower symmetry.”° Then, we conducted cyclic voltammetry (CV) in
o-dichlorobenzene (ODCB) using Fc/Fc™ as an internal standard
(Fig. 2b). The first reduction potential of OC (—1.23 V) showed a
cathodic shift relative to PCBM of —1.16 V and an anodic shift
relative to ICBA of —1.33 V, consistent with the tendency of the
LUMO levels calculated at the B3LYP-D3/6-31G(d,p) level: —2.93 eV
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Fig. 2 (a) UV-vis absorption spectra of PCBM, OC, and ICBA (50 puM). (b)
Cyclic voltammograms (CV) of PCBM, OC, and ICBA in ODCB (1.0 mM). (c)
CV for spin-coated PCBM, OC, and ICBA films in acetonitrile. (d) Energy
level diagrams of PEAq 15FAq gsSnls and PCBM, OC, and ICBA films. PVSK
denotes PEAg 15FAq g5SNls perovskites.
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(0OC), —2.99 eV (PCBM), and —2.92 eV (ICBA, isomer trans-1).
Although OC has a 60r system, the LUMO level is much higher
than that of C4 (—3.22 €V). This is caused by two sp® units working
as effective electron-donating groups. Therefore, the LUMO level of
OC became comparable to that of ICBA but higher than that of
PCBM. This MO level modification is different from those for
conventional fullerene derivatives whose MO levels are mainly
governed by the functionalization degree (such as mono, bis,
and tris).

To further explore the energy level which is more reflective of
the actual ETM layer in PSCs, we fabricated the films of ETMs onto
the surface of ITO, which were used for the CV measurements in
acetonitrile (Fig. 2¢). The LUMO levels for the spin-coated PCBM,
OC, and ICBA films were estimated to be —4.14, —3.98, and —3.95 eV
based on the Eypser (—0.96, —1.12, and —1.15 V), respectively, with
the trend aligning closely with the results from the measurements
in solution. These results indicate a compatible energy-matching
of OC toward the 2D/3D PEA, 15FA gsSnl; perovskite (Fig. 2d). This
component of the perovskite could afford high Vo for Sn-based
PSCs."** Scanning electronic microscopy (SEM) measurements
were performed to examine the morphology of OC, PCBM, and
ICBA films on PEA,5FA gsSnl; perovskite layers (Fig. S3, ESIT).
These derivatives were fabricated by a mixed solvent® of chlor-
obenzene (CB)/CS,/1,2,4-trichlorobenzene (TCB) (10/5/1, v/v). They
showed similar solubility in this solvent system. The average
thickness was ca. 40 nm prepared with a precursor solution of
15 mg mL~ " with spin coating at 2000 rpm (Fig. S4, ESIT). All the
fullerene derivatives showed similar morphologies without dis-
cernible pinholes. In the atomic force microscopy (AFM) results
(Fig. S5, ESIt), the average root-mean-square (RMS) surface
roughness of OC was 5.8 nm, which was comparable to that
of PCBM films (6.1 nm) and slightly larger than that of ICBA
films (3.6 nm). Together with the SEM observation, these
results suggest that the morphology of OC films is similar to
those of PCBM and ICBA.

Considering the basicity of the pyridyl group on OC, we
checked for protonation by NMR measurement using a mixture
of OC and FAI in DMSO-d; solution (Fig. S6, ESIT). No peak shift
was detected, suggesting that Brgnsted-Lowry acid-base reac-
tions are unlikely in the solution.*® We then carried out X-ray
photoelectron spectroscopy (XPS) characterization to check the
passivation effect of OC on the Sn-based perovskite layer.
Generally, passivation by molecular coordination to the defects,
such as undercoordinated ions, would lead to a shift in the XPS
peaks.**** The negligible peak shifts in Sn 3ds/, and I 3ds, (Fig.
S7, ESIt) suggest very limited passivation on the PEAg ;s
FA, g5SnlI; by OC. Stronger interactions were perhaps inhibited
by the steric hindrance from the tert-butyl group in OC.

After confirming that OC is suitable to be used as the ETM for
Sn-based PSCs in terms of the energy levels and the film-forming
ability, we fabricated inverted Sn-based PSCs with the structure ITO/
PEDOT:PSS/PEA,, ;5FA, 3sSnlI;/OC/BCP/Ag. PEDOT:PSS is poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) and BCP is bathocu-
proine (Fig. 3a). Similar devices using PCBM or ICBA as ETMs
were fabricated as benchmarks. The current density-voltage
(J-V) curves evaluated under simulated solar illumination

Chem. Commun., 2024, 60, 2172-2175 | 2173
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Fig. 3 (a) Schematic illustration and cross-section SEM images of the devices (scale bar is 200 nm). (b) J-V curves of champion devices based on 2D/3D

PEAg 15FAq gsSnls perovskite with PCBM, OC, and ICBA. Forward (Jsc to Voc) and reverse (Voc to Jsc), scans are shown with solid and dashed lines,
respectively. (c) EQE spectra of the devices with PCBM, OC, and ICBA. (d) J-V curves of champion devices based on 3D FAg 75MAg 25Snls perovskite with
OC. F and R denote forward and reverse scans, shown with solid and dashed lines, respectively. (e) Voc as a function of illumination intensity for the
devices based on PCBM, OC, and ICBA (k is Boltzmann's constant, T'is 298 K, and g is the unit of electronic charge). (f) TGA results of PCBM, OC, and ICBA
with the weight loss. (g) J-V curves of champion devices (3D FAg 75MAq 25Snls perovskite) with OC deposited via thermal evaporation. (h) HPLC charts of

OC before and after sublimation.

(AM 1.5G, 100 mW cm ?) are shown in Fig. 3b, and the
corresponding device parameters are summarized in Table S1
and Fig. S8 (ESIT). The control devices with PCBM as the ETM
had a PCE of up to 5.3%, short-circuit current density ( Jsc) of
17.7 mA cm™ 2, V¢ value of 0.57 V, and fill factor (FF) of 0.52.
The ICBA-based device delivered a PCE of up to 11.6% with a Jsc¢
0f 20.7 mA cm™?, V¢ value of 0.82 V, and FF of 0.69. Meanwhile,
the OC based device exhibited a PCE of 9.6%, with a Jsc of
19.6 mA cm 2, Vo value of 0.72 V, and FF of 0.68. As shown in
Fig. 3c, the integrated Jsc estimated from external quantum
efficiency (EQE) spectra was 17.9, 19.1, and 20.2 mA cm > for
the devices based on PCBM, OC, and ICBA, respectively, in close
agreement with the values obtained from the -V curves. Nota-
bly, the trend in the Vo values of the devices (Fig. S8c, ESIt) is
consistent with the LUMO levels of the fullerene derivatives. To
verify the universality of OC in Sn-based PSCs, we also used OC
as the ETM in 3D FA,,5MA, ,5Snl;-based PSCs. The devices
showed a PCE of 9.4% (Jsc = 20.6 mA cm ™2, Voc = 0.69 V, and
FF = 0.66) (Fig. 3d), which is comparable with the 2D/3D Sn-
based PSCs (PEA, 15FA, gsSnl;) described above.

Subsequently, we conducted photoluminescence (PL) and
time-resolved photoluminescence (TRPL) measurements. As
shown in Fig. S9 (ESIt), the PEA, 15FA¢ gsSnl; perovskite film
with ICBA on top showed the highest PL intensity and the
longest TRPL lifetime, followed by those with OC and PCBM.
However, it’s hard to differentiate the main origin since the PL
quenching within the perovskite/ETL stacking can be intro-
duced by both non-radiative charge carrier recombination and
carrier extraction.®® To gain insight into the carrier recombina-
tion behaviour in the devices, we further studied the Voc-light
intensity dependence and the electrical impedance spectro-
scopy (EIS). As all cells adopt the same structures except

2174 | Chem. Commun., 2024, 60, 2172-2175

ETM, the difference in the obtained results would be governed
by the recombination loss at the interface between the perovs-
kites and ETMs.>® The ideality factor (n;q) values are 1.84, 1,73,
and 1.35 for the PEA, ;5FA, gsSnl; devices using PCBM, OC, and
ICBA as ETMs, respectively (Fig. 3e), in line with the Vp¢s of the
solar cells and the EIS results (Fig. S10, ESIt), where the parallel
resistance of the solar cell using ICBA as the ETM was main-
tained at a higher bias voltage than OC and, subsequently,
PCBM. These results synergistically confirm the reduced charge
recombination in the devices with smaller energy level offset.
Notably, the space-charge limited current (SCLC) electron
mobility for PCBM, OC, and ICBA is 3.2 x 10" % 9.5 x 1077,
and 2.5 x 10~ em® V™' s, respectively (Fig. S11, ESIt), which
do not align with the performance of the resultant solar cells.
Therefore, the device performance is mainly governed by the
energy level offset at the perovskite/ETM interface.

We also tracked the stability of unencapsulated Sn-based
devices stored in the dark in an N,-filled glovebox under open-
circuit conditions. The OC-based devices maintained an aver-
age of 93% of their initial PCE for over 50 days of storage. On
the contrary, those devices based on PCBM and ICBA retained
84% and 64% after the same storage time (Fig. S12, ESIt).

It is also worth noting that OC exhibits superior thermal
stability compared with PCBM and ICBA. The thermogravi-
metric analysis (TGA) results in Fig. 3f show that OC started
to lose weight at 450 °C and retained ca. 93% of its original
weight (—7%) at 500 °C. For PCBM, it began to deplete its
weight at 370 °C and only retained 88% of its original weight
(—12%) at 500 °C. In stark contrast, ICBA started to show
weight loss at a much lower temperature of 140 °C and
experienced a substantial 25% weight loss at 300 °C. Motivated
by these results, we attempted to deposit the OC ETM films by

This journal is © The Royal Society of Chemistry 2024
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vacuum deposition. This device exhibited a maximum PCE of
7.6%, with Jsc of 21.8 mA cm ™2, Vo of 0.70 V, and FF of 0.50
(Fig. 3g). This result is a huge leap forward compared with
previous results using vacuum-deposited fullerene derivatives
as ETMs in PSCs,*”*® in which PCBM showed severe decom-
position during evaporation. The cause of the relatively low FF
of 0.50 may have been related to the purity of the sublimed OC.
As shown in Fig. 3h, HPLC analysis suggests 75% OC in pure
form and 7% Ce, and 18% unknown impurities (+solvent peak)
in the deposited thin films. These impurities likely stem from
the partial decomposition of OC during vacuum deposition and
may have hindered electron extraction in the devices.

In conclusion, we applied an open-cage bis[60]fulleroid as
the ETL in Sn-based PSCs. This compound exhibits a higher
LUMO level than PCBM and is comparable to ICBA. The
mitigated energy level offset between the Sn-based PSCs and
the ETMs results in improved electron extraction and sup-
pressed non-radiative recombination in the devices. Conse-
quently, the devices with OC achieved PCEs of nearly 10% for
both 3D and 2D/3D Sn-based PSCs with improved stability.
Meanwhile, OC exhibited excellent thermal stability compared
with commonly used PCBM and ICBA. Our work addresses the
gaps in applying open-cage fullerene derivatives for PSCs. We
will continue to design new open-cage fullerene derivatives with
shallower LUMO levels and enhanced thermal stability by
modifying the aryl groups or transitioning to a higher fullerene,
such as C-,.
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