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Figure 1 (Color online) Structure and properties of tin-based perovskites and fullerenes. (a) Schematic diagram of the ABX; perovskite structure. (b)
Shockley-Queisser efficiency limit graph for single-junction solar cells™”). (c) Schematic comparison of the electronic configurations of tin and lead
atoms; (d) Energy level comparison between MAPbI; and MASnI;. (e) Schematic diagram of crystal defects and vacancies in tin-based perovskite. (f)

The structure and advantages of functionalized fullerenes
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Figure 2 (Color online) Fullerene bulk additives. (a) Molecular structure of C¢-RNH;-X (X=Cl, Br, or I) and the schematic diagram of improvement
in charge transport at perovskite grain boundaries!®. (b) Schematic diagram of the C¢Clg-assisted strategy for device performance enhancement™. (c)
Schematic diagram of the interaction between PTEG-1 and tin-based perovskite®”. (d) Molecular structure of CPPF and TPPF and the J-V curves of

their devices™"
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Figure 3 (Color online) Fullerene interfacial layers. (a) Synthetic Routes of Cg-BPy and the schematic illustration of the interfacial interactions
between the perovskite and Cgy (or Ceo-BPy)P*®); (b) calculated structural models and absorption energies (E,q;) of multidentate fullerenes onto the

perovskite film®”!

VB B3 N2 S B LUMORE 9% 738 12 L) K R T Ak 27 4
HAEH B HESR(EI3(b)). Ho, FMSFERBLUH A8 R REGLR
SRR R B AR AR, 0] LA O s B 4R
BOFEEAL A BRBE. AN, EMSHMUER /T2 (i 52
(R 87 HE A 5855k A EAE G ST DL L2 s
I BRI B e, DN ITT S T A A5 R fer e B PR
PSR e 2K RSB . IR, SETFMSIYR
RS T 15.05% MR 28508, W@ TR TPCBM
(11.77%). FM3(13.54%). FM4(14.34%)MFM6
(13.75%) 5. LAk, FEFFMSHa R P51
Fasetk, R 2s 275300 him, B HATthakR
190% L) |-

1.3 EEE TEh)E

A HELA B LUMORE G H 5 fic (57 AH E AR FH Y
BRI L B AR SRS R r T i T
)2, RIS 5Cs. PCBMAFREHKAL
IR A ST Bz —. BRI, 20224F, Wuds A\ PS4y
HLA BH A Lt P 42 5 5 B LUMORE S B s, i ad
1w RS LSl AG R TIEA, BA R T PR E

HYEATAYICoo-MPHIC-ETPA, I FIAER A5 ERT HY
R AR, A SREm, 5IAR &R,
SRS A R A R T AR TR A, &
HHLUMORES LLPCBMAYRESE . tLAh, SEDCRCY
R T A B AR INE TR E &, &
2 WiK4(a) IR, FTCeo-ETPAIZHESII 170.76 V
(4T 66 R R L 10% G FEL R Iss o, 38 i it
MEZH4190.63 VFI8.25%.

2 Dy RE LA DAL I 1) BB & 0 FE AL A
B, BARARONGE T REGILHL, HARATE Sl b ROR:
RESINIREL Shit, SEAEE B R A BRI
— F G ZBUCE 0 AR S AR T & Sl .
20204, Jiang%E NP5 ABH-Coo WA (ICBAYE K
By R R E,  DLBE Al
PCBM([4l4(b)). ICBAHAEILMIREI(El4(b)), P
FE R U, R I B A, Dmis b
REBIRTEA. Kk, S HICBAYE 240 26 R
= 500.94 V, B & T FHPCBMAE by fiL F-1&
JEHIER4(0.6 V). FETFICBARY SRR T 12.4%H1Y
RS NT AW RGIR R 4(c)).  IeAh, I L

5



*
D
[N
3

(a) ———PC,,BM ( )

& 204

£

o

¢ o

£ 15 /,.\\ @ _—

2 S

F Qgggﬁ Sl47 e

5 101 7 Ceo-MP AN

g - ) 2™ ==

£ .

E N o 3

S 5 RN

N £33 e,

" 2 “Ce-ETPA
0.0 0.2 0.4 06 0.8
Voltage (V)
(d) (e)
T
£ 20-
3
=151 <
-y 2
] >
S 10- =
© 2
Pt
c w
L 54
5 —— trans-3
(8] i ——trans-4 ——e
00 02 04 06 08 10

Voltage (V)

(€) s
- T
Cg-MP 1287':1 PCBM 187 |
e . o ~ 14 ht] i
i & 129 %
E.=—454 E =452 A < o ot resaci i
T g o (CBAReverse 4 \y
= 1
9

ot 6 4 i
5.0 -
PERQT :;?5 P:OB 4= *
A5 ‘
-SON 7.0 24 $ ICBA
0 ‘

@ PCBM-Forward
PCBM-Reverse

0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

PEA 15FAq g5SNl5

Py — E)C—spin-coated

24 \
Q)
8- R <)
IQQ\ )
— PCBM '@.O‘ )
44 —oc W
oL icBr oc .
0.0 02 04 06 08
Voltage (V)

Bl 4 (SRR ) & G B TEHUZ. () Coo-MP . Coo-ETPARIST 45 S HAHAERILE T PCBMAYZR K- VI ZERY; (b) ICBA . PCBM 543k
BESR S RERHFIR I, () BETFICBARI PCBMAEAERR I VIR, (d) BRI R & e S R - ViiZk s (o) 458ka
PCBM, OCHIICBAWBEAAESIEL; (f) 25 FPCBM, OCHIICBARIF AR Vill &

Figure 4 (Color online) Fullerene electron transport layers. (a) The molecular structures of Cq-MP and C4-ETPA, as well as the J-V curves of their
devices and PCBM-based devices”®®). (b) Schematic diagram of energy level arrangement for ICBA, PCBM, and tin-based perovskite. (c) J-V curve of
the champion device based on ICBA and PCBM™, (d) Characteristic J-V curves of the TPSCs based on different ETLs®. (¢) Energy level diagrams of
perovskite and PCBM, OC, and ICBA films; (f) J-V curves of optimal devices based on PCBM, OC, and ICBA!®!
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Research progress on functionalized fullerenes in tin-based
perovskite cells
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In recent years, organic-inorganic halide perovskite solar cells (PSCs) have gained significant attention and experienced
rapid advancements, thanks to their high light absorption coefficients, tunable bandgaps, low exciton binding energies, and
solution processability. Within just over a decade, the power conversion efficiency (PCE) of PSCs has surged from 3.8% to
26.7%, positioning them as one of the leading technologies in the third generation of photovoltaics. However, the vast
majority of high-efficiency PSCs currently rely on lead-based perovskite, raising concerns about the potential risks
associated with lead leakage during production, transportation, storage, and usage, which could lead to biological hazards
and environmental pollution. As a result, various low-toxicity or non-toxic lead-free perovskite materials have been
developed in an attempt to replace the toxic lead-based compounds. Among these alternatives, tin-based perovskites
(TPSCs) are considered promising. Tin, being in the same group as lead on the periodic table, shares similar atomic
structures and ionic radii, enabling tin-based perovskites to exhibit many optoelectronic properties akin to lead-based
perovskites, such as high carrier mobility and excellent light absorption coefficients. Additionally, tin-based perovskites
possess a narrower bandgap, which approaches the theoretical optimal bandgap for single-junction solar cells
(approximately 1.34 eV), potentially allowing TPSCs to achieve efficiencies exceeding 33%. However, the highest PCE
of TPSCs to date is still only 15.7%, which is considerably lower than the theoretical efficiency.

Fullerenes, which are spherical conjugated n systems made up of multiple five-membered and six-membered rings, have
emerged as a potential solution. These molecules exhibit high electron mobility, efficient defect passivation properties, and
the ability to introduce various functional groups. As a result, fullerene derivatives with specific functionalities have been
extensively used in TPSCs to address several of the challenges these devices face. Due to their excellent conductivity,
various functionalized fullerenes have been incorporated into tin-based perovskite precursor solutions. Studies show that
these large spherical fullerene additives tend to concentrate at the grain boundaries of the perovskite, where they function as
carrier transport media between grains. Additionally, fullerenes can passivate grain boundary defects by interacting with
Sn** ions, preventing their oxidation. Some cross-linkable fullerene additives have been employed to delay the
crystallization process, optimize lattice matching, and reduce mechanical stress within the thin film, which not only
improves device efficiency but also makes them suitable for applications in wearable devices. Another key strategy to
improve the performance of TPSCs involves optimizing the interface between the perovskite and electron transport layers
(ETLs). The common-used solvents for fullerene interface modification do not damage the underlying tin-based
perovskite, and these fullerenes can also enhance interactions with the tin-based perovskite by introducing suitable
functional groups, thereby improving electron extraction and defect passivation, which effectively enhances device
performance. Furthermore, the development of fullerene materials with higher lowest unoccupied molecular orbital
(LUMO) levels and stronger coordinating interactions for direct use as ETLs can help resolve energy-level mismatches in
TPSCs. Research has shown that a series of fullerene bisadducts, which possess suitable LUMO levels and enhanced
passivation effects, have been successfully employed in TPSCs, resulting in substantial performance improvements.

In conclusion, although there is still a noticeable PCE gap between TPSCs and lead-based perovskite solar cells (LPSCs),
the promising theoretical efficiency and low toxicity of TPSCs highlight their commercial potential. Continued exploration
of functionalized fullerene materials, along with ongoing advancements in device performance, will be key to unlocking
the full capabilities of tin-based perovskites in photovoltaic energy generation.

tin-based perovskite solar cells, functionalized fullerenes, energy level matching, interface passivation,
crystallization regulation
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