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ABSTRACT: In this communication, we report use of
[Li*@Ceo] TFSI” as a dopant for spiro-MeOTAD in lead halide
perovskite solar cells, which exhibited air stability nearly 10-
fold that of conventional devices using Li"TFSI™. Such high sta-
bility is attributed to the hydrophobic nature of [Li"@Cso] TFSI”
repelling moisture and absorbing intruding oxygen, thereby
protecting the perovskite device from degradation. Furthermore,
[Li*@Ceso] TFSI™ could oxidize spiro-MeOTAD without the
need for oxygen. The encapsulated devices exhibited outstand-
ing air stability for more than 1000 h while illuminated under
ambient conditions.

Lead halide perovskite solar cells (PSCs) are promising solar
energy sources that have received considerable attention in re-
cent years.! Their certified power conversion efficiencies
(PCEs) now exceed 20%.2 However, the low stability of PSCs
has been their serious drawback, one that is in dire need of res-
olution.? It has been found that light, oxygen, and water results
in degradation of the perovskite layer.* In particular, dopants
used in the hole-transporting material (HTM) 2,2'7,7'-
tetrakis(V, N-di-p-methoxyphenylamine)-9,9"-spirobi-fluorene
(spiro-MeOTAD) are thought to cause low stability, due to their
hygroscopic nature.® Replacement of liquid electrolyte with
spiro-MeOTAD was a breakthrough in the initial stage of PSC
development,® improving PCE substantially.” However, be-
cause spiro-MeOTAD intrinsically has low mobility, a p-type
dopant, lithium bis(trifluoromethanesulfonyl)imide (Li"TFSI")
must be present to improve its conductivity.? Li"TFSI™ does not
directly oxidize spiro-MeOTAD; instead, it promotes the oxi-
dation of spiro-MeOTAD by oxygen in the presence of light or
thermal excitation.’*%* Because doping spiro-MeOTAD with
Li"TFSI requires oxygen, it is difficult to control the spiro-Me-
OTAD oxidation; the formation of oxidized spiro-MeOTAD
has been shown to be reversible during device operation de-
pending on ambient conditions and the sweep direction in cur-
rent density—voltage (J-V) measurement. In addition, a number
of factors, including the lithium ion concentration and oxygen,
increase the amount of oxidized spiro-MeOTAD.’ Such uncon-
trolled oxidization of spiro-MeOTAD leads to inconsistency
and instability of PSCs.°

In this study, lithium-ion-containing [60]fullerene trifluoro-
methanesulfonylimide salt ([Li*@Cs0] TFSI”) was used in PSCs
instead of Li*TFSI™ as a solution to the aforementioned prob-
lems."" The encapsulation of Li* using the fullerene cage
changed the hydrophilic alkali salt to a hydrophobic species.
Additionally, spiro-MeOTAD mixed with [Li'@Ceo] TFSI” in-
stantly produced the spiro-MeOTAD “TFSI™ salt and neutral
Li'f@Cso~ (= Li@Ce0) by electron transfer from spiro-Me-
OTAD to Li*@Cso. Spiro-MeOTAD™TFSI™ required no chem-
ical additives or oxidation, because it was technically pre-oxi-
dized spiro-MeOTAD.'? While spiro-MeOTAD"*TFSI" func-
tioned as an effective HTM, Li*@Ceo™ functioned as an antiox-
idant, reacting with intruding oxygen. By preventing unneces-
sary oxidation in the device system, [Li"@Cso] TFSI™ devices
achieved stability approximately 7-fold that of conventional
Li"TFSI™ devices in CH;NH3Pbls-based PSCs, and 10-fold in a
more stable mixed ion lead halide PSCs. Consequently, the pas-
sivated PSCs showed no decrease in PCE for more than 1000 h
while being continuously illuminated under ambient conditions.

UV-vis-NIR absorption titration was used to investigate the
electronic  interaction  between  spiro-MeOTAD  and
[Li'@Ce] TFSI. A solution of Li'@CesTFSI” was slowly
added to a spiro-MeOTAD solution, and the spectra of spiro-
MeOTAD were acquired in the presence of varying concentra-
tions of [Li"@Ce0]TFSI". As shown in Figure la, the addition
of [Li*@Ceo] TFSI™ (Figure Sla) to spiro-MeOTAD solution
(Figure S1b) caused characteristic absorptions to appear at
around 500 nm and 1035 nm, which we assigned to oxidized
spiro-MeOTAD*TFSI™'? and reduced Li*@Ceo,'" respec-
tively. These peaks can be seen more clearly in the magnified
inset of Figure la. Spiro-MeOTAD has a strong peak at 390 nm,
while oxidized spiro-MeOTAD has an additional small peak at
around 500 nm (Figure S2a).!* Moreover, the sharp peak at
1035 nm indicates the formation of neutral Li*@Cso™ (Figure
S2b).!® Comparison with the simulated spectrum of a mixture
of [Li*f@Ce0] TFSI™ and spiro-MeOTAD without electronic in-
teraction (Figure 1b) indicates that [Li*@Ceo] TFSI™ electroni-
cally interacted with spiro-MeOTAD to produce spiro-Me-
OTAD™TFSI™ and Li*f@Ceo™".
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Figure 1. (a) UV-vis-NIR absorption titration of spiro-MeOTAD
(8.7 x 107% M) in the presence of [Li*@Ceo] TFSI™ (from 0 to 1.5
equiv) in chlorobenzene. (b) The measured spectrum of spiro-Me-
OTAD/[Li*@Cs0] TFSI” = 1:1 (purple line) compared with the sim-
ulated spectrum of spiro-MeOTAD/[Li*@Cso] TFSI” = 1:1 without
electronic interaction (green line). (¢) WVTR change of Li*TFSI™
-added spiro-MeOTAD (red square line) and [Li*@Cso] TFSI -
added spiro-MeOTAD (blue circle line) over time. (d) Accumula-
tive bar graph showing the total transmitted water through
Li*TFSI -added spiro-MeOTAD (red bars) and [Li*@Ceo] TFSI -
added spiro-MeOTAD (blue bars) over time.

Photoelectron yield spectroscopy was used to determine the
effect of spiro-MeOTADTFSI™ formation on the energy level
of HTM. Oxidizing spiro-MeOTAD introduces a hole in the
highest occupied molecular orbital of spiro-MeOTAD, shifting
the Fermi level downward.!®!* The addition of Li"TFSI™ de-
creased the Fermi level of spiro-MeOTAD from —5.05 eV to —
5.35 ¢V, while the addition of [Li'@Ceo]TFSI™ lowered the
Fermi level to —5.25 eV, confirming the oxidation (Figure S3).

It has been well documented that exclusion of oxygen'> and
moisture®!® can significantly improve the stability of PCSs.
Therefore, we assessed the hydrophilicity and barrier ability of
spiro-MeOTAD films containing [Li"@Ces]TFST". Water con-
tact angle measurements showed that the [Li*@Cso] TFSI™-
containing spiro-MeOTAD film was more hydrophobic than a
conventional Li*TFSI -containing film (Figure S4). This indi-
cates that fullerene encapsulation subdues the hydrophilicity of
Li". Next, we measured the water vapor transmittance rate
(WVTR) and oxygen transmittance rate (OTR), which can
quantify the hydrophobicity and antioxidant activity of the new
dopant, respectively. Although both of the Li"TFSI"-added and
[Li*@Ce0] TFSI -added spiro-MeOTAD films showed the sim-
ilar WVTR values, the [Li"@Ceo] TFSI -added spiro-MeOTAD
film exhibited a much lower WVTR value during the initial
stage. This corroborates the hydrophobicity of the
[Li*@Ce0] TFSI -added spiro-MeOTAD film, because the ini-
tial WVTR values indicate the amount of adsorbed moisture to
the films (Figure 1c). This results in more water being perco-
lated through the Li"TFSI -added spiro-MeOTAD film accord-
ing to the accumulative transmitted water data (Figure 1d). Con-
trary to the WVTR data, the OTR data reveals that
[Li*@Ce0] TFSI -added spiro-MeOTAD film functions as a su-
perior oxygen barrier compared with the conventional film
(Figure S5). We attribute this to the antioxidant activity induced
by the fullerene species. Lastly, the UV-vis absorption spectra
of those films on methylammonium lead iodide (MAPbI:) films
were measured in air continuously under 1 sun (Figure S6). The

time-course data confirm that the [Li"@Ce0] TFSI -containing
spiro-MeOTAD film indeed maintains its PCE for the longest
duration.

PSCs were fabricated using [Li"@Cs0]TFSI”™ as a dopant
(Figure 2a). It is known that devices with spiro-MeOTAD show
considerable electrode polarization and that addition of 4-tert
butylpyridine (z-BP) decreases the J—V hysteresis of the de-
vices.'” We added #BP to the spiro-MeOTAD and
[Li*@Ceo] TFSI™ mixture for this reason and also to inhibit com-
plexation.'® The photovoltaic performance of the devices is
shown in Table 1. MAPbIz-based PSCs gave a PCE of 13.1%
using [Li'@Ces]TFSI™ and 17.0% using the conventional
Li"TFSI™ (Figure 2b; Figure S7 and S8). Despite the lower PCE,
the PSCs with [Li*@Ceso] TFSI™ displayed much longer stability
with an extremely long light-soaking time to reach the maxi-
mum PCE and then slowly decreasing, again, over a long time
(Figure 2c). This meant that the photooxidation of spiro-Me-
OTAD and perovskite layer was being hindered by antioxida-
tion.®>!219 The lower PCE of [Li*@Ce0] TFSI -used PSCs came
from the lower open circuit voltage (Voc) and fill factor (FF),
which could be a result of the degradation of MAPDbI; in air dur-
ing the long light-soaking time. We incorporated forma-
midinuim (FA) and methylammonium (MA) mixed
(FAPbI3)0.ss(MAPbBr3)0.15-based PSCs, which is more stable
than MAPbIs due to more compact cubic crystal structure.'® A
higher PCE of 16.8% was achieved using [Li*@Ceso] TFSI™ (Fig-
ure 2b) and such improvement can be attributed to higher Voc
and FF, coming from much reduced degradation of the perov-
skite active layer. By calculating the time from the maximum
PCEs, the PSCs with [Li*@Ce0] TFSI™ showed stability approx-
imately 10-fold that of the reference PSCs with Li*TFSI™ (Fig-
ure 2d).
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Figure 2. (a) [llustration of the PSCs with [Li*@Ceo] TFSI". (b) Op-
timum J-V curves of MAPbI:- and (FAPbI3)o.ss(MAPbBr3)0.15-
PSCs using [Li'@Cso] TFSI™ under 1 sun. Stability data of (c) the
MAPbBI3-PSCs and (d) the (FAPbI3)o.ss(MAPbBr3)0.15-PSCs with
[Li*@Cs0] TFSI™ and those with Li*TFSI", the test condition was
that the devices were unencapsulated in air under constant illumi-
nation.

Table 1. Photovoltaic parameters of the conventional PSCs with
Li*TFSI” and PSCs with [Li*@Ceo] TFSI™ (Table S1).
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Figure 3. Schematic diagram of the proposed mechanism inside the
new HTM.

antioxidant activity

This phenomenon can be understood by assessing the chemi-
cal reactions that occur inside the HTM. In the case of the ref-
erence devices, the reaction between spiro-MeOTAD and
Li*TFSI™ involves the oxidation of spiro-MeOTAD, which is
fast but uncontrolled.?’ Because this reaction is reversible, ex-
cessive oxygen leads to rapid degradation of the device,?! while
a lack of oxygen can shift the equilibrium back toward neutral
spiro-MeOTAD (eq. 1 and 2). This causes the momentarily high
PCE to decrease rapidly from its peak (Figures 2c and 2d).

spiro-MeOTAD + 0, = spiro-MeOTAD™*0,~ )

spiro-MeOTAD*0, ~ + Li*TFSI~ 2)
- spiro-MeOTAD *TFSI™ + Li, 0,

Alternatively, the PSCs with [Li*@Ceo] TFSI™ avoided this
problem by directly generating spiro-MeOTADTFSI~ and
Li@Ceo species that functioned as an antioxidant. Initial PCEs
of around 4% in both MAPDbI; and (FAPbI3)0.ss5(MAPbBr3)0.15
systems without exposure to light and oxygen, indicate the for-
mation of a stable amount of oxidized spiro-MeOTAD (eq. 3)
(Table S2, Figure S9). Increase in the concentration of
[Li*@Ceo] TFSI™ did not increase the PCE beyond 4% due to
limited solubility of [Li*@Cs]TFSI™ (Table S3). In addition,
PSCs with poly(3-hexylthiophene-2,5-diyl) (P3HT) and
[Li*@Ceo] TFSI resulted in a lower PCE with severe hysteresis,
though Li"TFSI is supposed to dope P3HT effectively (Table
S4).8¢ This indicates that the generation of spiro-Me-
OTAD™TFSI™ by a reaction with spiro-MeOTAD is essential
for [Li"@Ce0] TFSI™ to perform in PSCs.

spiro-MeOTAD + [Li*@Cy)]TFSI~
= spiro-MeOTAD Y TFSI™ + [LiT@Cq] ™ (3)

The slow increase in PCE is attributed to the generation of oxi-
dized spiro-MeOTAD being inhibited by neutral [Li*@Cso]™~
(eq. 1), which reacts with oxygen (eq. 4), as shown in Figure
3.2 Considering the presence of the many double bonds on full-
erenes, and thus the many potential oxidation sites, the PCE
does not start to drop until this anti-oxidant activity is out-
weighed by the degradation of perovskite.

[Ll'+@(:60]._ + 02 or 02._ —_— Li+@CGOOX0_ etc. (4)

We used time-resolved microwave conductivity (TRMC) to
analyze hour-scale oxidation and resultant change in optoelec-
tronics within the HTMs.? According to the TRMC results
(Figure S10), the spiro-MeOTAD/Li"TFSI™ film had increasing
photoconductivity for about 20 h, followed by a drop indicating
uncontrolled oxidation. By contrast, the spiro-Me-
OTAD/[Li"@Cs0] TFSI films had continuously increasing pho-
toconductivity over an extended period exceeding that of its
Li*TFSI” counterpart. This supports our hypothesis of con-
trolled oxidation and antioxidant activity in the spiro-MeOTAD
and [Li*@Cso] TFSI" HTM.

Long-term stability tests of passivated PSCs showed that the
[Li*@Ce0] TFSI-added device exhibited no decrease in PCE
even for the less stable MAPbI; system for 1000 h while con-
tinuously illuminated under ambient conditions of 30°C and
40% relative humidity (Figure S11).

In conclusion, we discovered that [Li*@Ce]TFSI™ can be
used as an alternative to Li"TFSI” as a dopant for spiro-Me-
OTAD in PSCs. PSCs with [Li"@Ceo] TFSI” exhibited signifi-
cantly higher stability. This long duration of stability is ascribed
to the hydrophilic nature of the fullerene cage encapsulating Li*
and the antioxidant attributes of Li*@Cso shown through vari-
ous analyses. It should be noted that further optimization of
component concentrations and film morphology could increase
the PCE even higher. To our knowledge, this work is the first
to demonstrate the application of a Li-containing fullerene de-
vice and successfully address the problem of perovskite solar
cell stability, indicating a potentially fruitful new direction of
research in the field of solar cells and fullerenes.
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