
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 1
1:

03
:2

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Efficient and stab
aNational Key Laboratory of Electronic F

Integrated Circuit Science and Engineerin

Technology of China, 611731 Chengdu, P.

luojs@uestc.edu.cn; cyjia@uestc.edu.cn
bShenzhen Institute for Advanced Study,

Technology of China, 518110 Shenzhen, P.
cDongguan Neutron Science Center, Donggu

† Electronic supplementary informa
https://doi.org/10.1039/d4sc02020k

Cite this: Chem. Sci., 2024, 15, 9814

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 26th March 2024
Accepted 13th May 2024

DOI: 10.1039/d4sc02020k

rsc.li/chemical-science

9814 | Chem. Sci., 2024, 15, 9814–98
ilized molecular doping of hole-
transporting materials driven by a cyclic-anion
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Bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) is commonly used as an effective dopant to improve

the performance of the hole-transporting material (HTM) in n–i–p perovskite solar cells (PSCs). However,

the ultra-hygroscopic and migratory nature of Li-TFSI leads to inferior stability of PSCs. Here, we report on

a strategy to regulate the anion unit in Li-TFSI from linear to cyclic, constructing a new dopant, lithium

1,1,2,2,3,3-hexafluoropropane-1,3-disulfonimide (Li-CYCLIC), for the state-of-the-art poly[bis(4-

phenyl)(2,4,6-trimethylphenyl)amine] (PTAA). Mechanistic and experimental results reveal that the cyclic

anion CYCLIC− exhibits stronger interaction with Li+ and PTAAc+ compared with the linear anion TFSI−,

thus significantly restraining the moisture absorption and migration of Li+ and improving the

thermodynamic stability of PTAAc+CYCLIC−. With this molecular engineering, the resulting PSCs based

on Li-CYCLIC obtained an improved efficiency, along with remarkably enhanced stability, retaining 96%

of the initial efficiency after over 1150 hours under continuous 1 sun illumination in an N2 atmosphere,

yielding an extrapolated T80 of over 12 000 hours. In a broader context, the proposed strategy of linear-

to-cyclic doping provides substantial guidance for the subsequent advancement in the development of

effective dopants for photoelectric devices.
1. Introduction

Since 2009, the rapid enhancement of power conversion effi-
ciency (PCE) has drawn signicant attention to organic–inor-
ganic hybrid perovskite solar cells (PSCs), and their highest
efficiency has currently exceeded 26%.1–7 In regular n–i–p
structured PSCs, the polymer poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) is widely used as a hole-
transporting material (HTM), which facilitates the extraction
and transport of holes from the perovskite layer.8,9 Currently,
PTAA adopts a co-doping strategy, usually doping bis(tri-
uoromethane)sulfonamide lithium salt (Li-TFSI) and 4-tert-
butylpyridine (t-BP) to improve the conductivity, which also
brings about signicant PCE improvement in PSCs.10,11

However, the introduction of Li-TFSI affects the long-term
stability of PSCs, which is the most challenging issue limiting
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their commercialization. Ultra-hygroscopic Li-TFSI tends to
absorb moisture when devices are exposed to the atmosphere,
thus initiating moisture-induced degradation of the hole-
transporting layer (HTL) and underlying perovskite layer. In
addition, lithium ions with a small van der Waals radius easily
migrate from the HTL to the perovskite layer and even the
electron-transporting layer (ETL) during the photo-thermal
aging process, leading to decreased conductivity of the HTM
and thereby accelerating the degradation of PSCs.12–14 We argue
that enhancing the interaction between lithium ions and the
anion unit of the dopant is an effective strategy to suppress the
moisture absorption and migration of lithium ions, thus
enhancing the long-term stability of PSCs.

Herein, a cyclic anion strategy was adopted to tailor the
molecular structure of traditional Li-TFSI (Fig. 1a), and
a lithium 1,1,2,2,3,3-hexauoropropane-1,3-disulfonimide
dopant (Li-CYCLIC, Fig. 1b) was developed as an alternative to
Li-TFSI for PTAA in PSCs. Our design enables the Li-CYCLIC
molecule to tackle the challenges of Li+ hygroscopicity and
migration and improve the thermodynamic stability of the
PTAAc+CYCLIC− system that contributes to enhancing the effi-
ciency (22.23%) as well as improving the extrinsic (environ-
mental) and intrinsic (operational) stability of PSCs. The
unencapsulated PSCs retain 96% of the original efficiency aer
aging under 1 sun illumination for 1150 hours in an N2
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular formulas and optimized structures with PTAAc+ of (a) Li-TFSI and (b) Li-CYCLIC. (c) ESR spectra based on PTAA without or with
Li-CYCLIC. (d) Conductivity of PTAA films doped by Li-TFSI and Li-CYCLIC. (e) Energy level alignments of the perovskite and PTAAwith Li-TFSI or
Li-CYCLIC.
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atmosphere and 70% of the initial efficiency aer aging for 40
days in the air with relative humidity (RH) of 50–85%.
2. Results and discussion
2.1 Molecular design

To target a desired dopant for PTAA in PSCs, the Li-TFSI back-
bone is chosen here due to its superior doping performances.
However, Li-TFSI usually shows a hygroscopic and migratory
nature, which seriously affects the PSC performances when
severe operational conditions are applied, such as light, heat
and humidity. Therefore, we propose a critical design concept
to strengthen the interaction of the anion of the dopant with an
Li+ ion and PTAA radical cation by a linear-to-cyclic anion
strategy.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The density functional theory (DFT) calculation results based
on the energetic gain show that the total energy of the anion
decreases upon regulating the chemical structure from linear
(TFSI−, −251.36 Ha) to cyclic (CYCLIC−, −257.03 Ha), corre-
spondingly enhancing the interaction between lithium ions and
the cyclic anion (Li-CYCLIC vs. Li-TFSI, −264.42 Ha vs. −258.76
Ha), as shown in Fig. 1a and b and Table S1.† Fig. S1† shows
that the distance of 1.963 Å between Li and N atoms in Li-
CYCLIC is shorter than the distance of 1.980 Å in Li-TFSI,
which further gives support for the lower total energy of LI-
CYCLIC from the perspective of a more stable geometrical
structure. This transformation provides effective support for the
better hydrophobicity and ion migration limitation ability of Li-
CYCLIC in PSCs. In the doping process, the PTAAc+ needs to be
stabilized by interacting with anions to facilitate the doping
reaction; therefore, the different anion structures of Li-TFSI and
Chem. Sci., 2024, 15, 9814–9822 | 9815
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Li-CYCLIC will lead to different doping properties and stability.
We calculated the total energy values of different forms of
dopants during the action process, to evaluate their impact on
the stability of the host : dopant system. The total energy of
PTAAc+CYCLIC− (−680.25 Ha) is lower than that of PTAAc+TFSI−

(−674.58 Ha), which means the cyclic CYCLIC− anion more
easily couples with PTAAc+ radicals, thus having higher ion-
exchange efficiency and PTAAc+ radical concentration. As
a result, the obtained cyclic anion is expected to be stable to
both Li+ and PTAAc+, which will contribute to doping the HTM
and improving the stability of the corresponding devices.
2.2 Doping mechanism analysis

Lewis acids can form complexes with Lewis base polymers
through p-type doping. Studies have shown that Li-TFSI can
form a charge-transfer complex with the lone electron pair of
nitrogen in PTAA, eventually producing PTAAc+.15 The calcula-
tions were performed to gain insight into the doping mecha-
nism and electron transfer between PTAA and Li-CYCLIC. Fig.
S2a† depicts the surface electrostatic potential (ESP) of Li-
CYCLIC; the positive charge is relatively concentrated on Li+.
Meanwhile, PTAA is a p–p conjugated polymer, which is an
electron-rich system and can be used as a Lewis base.16 PTAA is
easily polarized under ion electrostatics, thus affecting its local
charge distribution. Fig. S2b† displays the differential charge
diagram, we used the PTAA trimer structure, and electron
depletion and accumulation are shown in yellow and blue,
respectively. When Li-CYCLIC interacts with PTAA, the holes
are mainly localized on the PTAA skeleton, while the electrons
are localized on the Li-CYCLIC. This demonstrates that there is
a charge transfer between Li-CYCLIC and PTAA, which
increases the hole concentration of PTAA molecules, and also
represents the generation of PTAAc+, thereby achieving effec-
tive doping of PTAA.

According to the result of ultraviolet-visible (UV-vis) spec-
troscopy (Fig. S3†), compared with the dopant-free PTAA solu-
tion, the PTAA:Li-CYCLIC solution showed a color shi aer
illumination, and there was a signicant change in the
absorption peak at 450 nm in the UV-vis spectrum, which is
attributable to the formation of PTAAc+. In order to conrm the
existence of the doping reaction, electron spin resonance (ESR)
can be used to identify the presence of PTAAc+ in solution.17 It
can be seen from Fig. 1c that the ESR spectrum of the PTAA
solution doped with Li-CYCLIC presents an obvious para-
magnetic resonance peak in the range of 3290–3300 G, which
indicates the formation of PTAAc+ radicals, while the undoped
PTAA showed no signal peaks.

As shown in Fig. 1d, the Li-CYCLIC-doped PTAA lm (5.18 ×

10−3 S m−1) has higher conductivity than the Li-TFSI-doped
PTAA lm (4.71 × 10−3 S m−1), which can serve as a support
for Li-CYCLIC to act as an effective dopant for PTAA in n–i–p
type PSCs. The band alignment of the perovskite with adjacent
selective HTLs strongly affects device performance. Using the
ultraviolet photoelectron spectroscopy (UPS) data in Fig. S4,†
combined with the UV-vis result, we plotted the band energy
positions and alignments of the doped PTAA lm. The PTAA
9816 | Chem. Sci., 2024, 15, 9814–9822
lm doped with Li-CYCLIC has a higher work function (4.18 eV)
and a deeper highest occupied molecular orbital (HOMO)
energy level, the Fermi level is also closer to the HOMO energy
level, and the deeper HOMO energy level is more favorable for
improving hole injection efficiency and suppressing voltage
losses in PSCs.18 It is obvious that compared with PTAA:Li-TFSI,
the band arrangement of PTAA:Li-CYCLIC is better matched
with the perovskite, with a smaller energy offset, which facili-
tates the extraction of holes from perovskites (Fig. 1e).
2.3 Interface charge-transporting properties and defect
passivation

The surface defects present on perovskite crystals signicantly
contribute to the deterioration of PSC performance by
promoting charge accumulation, which leads to recombination
losses.19 Therefore, we set Pb vacancy defects caused by the
formation of Pb–Pb dimers on the surface of perovskite crystals
(001) to deeply explore the passivationmechanism of Li-CYCLIC
on the perovskite surface. From Fig. S5a,† the surface charge of
the perovskite is mainly concentrated around the Pb–Pb dimer,
which easily becomes a non-radiative recombination center.
According to the ESP of Li-CYCLIC in Fig. S2a,† on the cyclic
anion, the negative charges in the cyclic anion are mainly
concentrated on oxygen, which can realize the passivation of Pb
vacancy defects. When Li-CYCLIC interacts with the Pb–Pb
dimer defect (Fig. S5b†), there is a signicant reduction in
charge accumulation on the surface of the perovskite crystal.
We hereby speculate that the closed cyclic skeleton of Li-
CYCLIC enhances the electron attracting-ability of the cyclic
anion region and widens the charge density difference between
oxygen atoms which does not occur on the cyclic skeleton with
Pb defects, thus strengthening the charge transfer process
between oxygen atoms and the perovskite surface. This signif-
icantly reduces the charge accumulation on the perovskite
surface, thereby inhibiting the recombination phenomenon of
surface charge on the perovskite.

Then, steady-state photoluminescence (PL) and time-
resolved PL (TRPL) analyses were performed on the glass/
perovskite, glass/perovskite/PTAA:Li-TFSI, and glass/perov-
skite/PTAA:Li-CYCLIC lms, to explore the carrier dynamics at
the HTL and perovskite layer interface.20 As shown in Fig. 2a, the
characteristic uorescence peak of the perovskite light-
absorbing material is at a wavelength of around 764 nm. Aer
the perovskite layer is spin-coated with the HTM, the uores-
cence is considerably quenched, indicating holes can effectively
be transported from the perovskite layer to the HTL. The more
signicant uorescence quenching indicates the more efficient
transport of holes. The comparison shows that the uorescence
quenching of the sample doped with Li-CYCLIC is stronger than
that of the Li-TFSI-doped sample, proving that Li-CYCLIC-
doped PTAA has a more efficient hole extraction ability. At the
same time, aer Li-CYCLIC is doped into PTAA, the PL peak
blue-shis from 764 nm to 762 nm, indicating that Li-CYCLIC
passivates the surface defects of the perovskite, which is
consistent with the DFT calculation results.21 The TRPL results
are tted using a bi-exponential model, and the tting
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) PL of the perovskite films without or with Li-TFSI and Li-CYCLIC doped PTAA. (b) TRPL decay of the perovskite films without or with Li-
TFSI and Li-CYCLIC doped PTAA. (c) Nyquist plots of PSCs based on Li-TFSI and Li-CYCLIC. (d) Perovskite PDOS spectra before and after Li-
CYCLIC passivation. Electron transfer between the perovskite and (e) PTAA:Li-TFSI and (f) PTAA:Li-CYCLIC (yellow indicates electron gain and
cyan indicates electron loss).
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parameters are shown in Table S2.† The TRPL results (Fig. 2b)
show that the average decay time (savg) of the perovskite lm
decreases from 210.22 ns to 20.21 ns and 12.31 ns aer spin-
coating the Li-TFSI doped PTAA and Li-CYCLIC doped PTAA,
respectively. The Li-CYCLIC-doped PTAA lm has a shorter
uorescence lifetime, indicating that the hole-transporting
process is improved. Electrochemical impedance spectroscopy
(EIS) was also used to study carrier transport at interfaces. The
results of the EIS tting are shown in Fig. 2c; the inset shows the
corresponding tted circuit diagram. Rtr represents the charge
transfer resistance at the interface, including the interface
between the charge-transporting layer and the perovskite layer,
© 2024 The Author(s). Published by the Royal Society of Chemistry
and the interface between the metal electrode and the charge-
transport layer. The results indicate that the Li-CYCLIC-based
device has a lower Rtr value (68.07 U) in comparison to the Li-
TFSI-based device (88.18 U). A lower Rtr value signies a faster
charge transfer rate and less charge recombination, which will
be reected in the larger open-circuit voltage (VOC) of the Li-
CYCLIC-based device.

We calculated the difference in perovskite density of states
pre- and post-passivation to conrm the passivation ability of
the dopant. As shown in Fig. 2d, the conduction band mainly
consists of Pb 6p orbitals, while Br 4p orbitals dominate the
valence band. The existence of Pb vacancy defects introduces
Chem. Sci., 2024, 15, 9814–9822 | 9817
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a deep defect state energy level close to the valence band, which
consists of the 6p orbital of the Pb–Pb dimer. When Li-CYCLIC
interacts with the perovskite, the trap state disappears, and the
Pb–Pb dimer peak located at ∼0.7 eV disappears. This indicates
that there are fewer trap states on the surface of the perovskite
lms of Li-CYCLIC-doped PTAA. The interaction between Li-
CYCLIC and Pb–Pb dimers results in the conversion of deep
energy level defects into shallow ones, which highly overlap
with the wave function on the perovskite surface to form an
impurity energy level. As a result, fewer free charges become
trapped, nonradiative recombination weakens, and hole trans-
port improves, leading to an enhancement of the efficiency
of PSCs.22

To understand the experimental results and the corre-
sponding mechanism of the enhanced passivation by the Li-
CYCLIC cyclic structure, we have examined the most stable
congurations of Li-TFSI and Li-CYCLIC between the HTL and
the perovskite layer and their corresponding total energies
(Table S3†) by DFT, respectively. The relaxed models of the
perovskite and PTAA with Li-TFSI and Li-CYCLIC are presented
in Fig. S6.† Since the conguration with the dopant on top has
a lower total energy, we considered this structure to be more
stable. Having identied the stable conguration of Li-TFSI and
Li-CYCLIC between the HTL and the perovskite layer, Bader
charge analysis was performed to study the effects of the two
dopants on the interfacial charge transfer process between
PTAA and the adjacent perovskite.23–26 The calculated electron
density differences are shown in Fig. 2e and f. PTAA:Li-CYCLIC
transfers about 0.41 electrons to the perovskite, while PTAA:Li-
TFSI transfers about 0.37 electrons to the perovskite. Combined
with the TRPL results, it is shown that the charge transfer
process of Li-CYCLIC is signicantly enhanced in a shorter time
compared to Li-TFSI. Thus, we have shown how Li-CYCLIC
affects nonradiative recombination throughout the device and
the charge transfer and extraction processes at the interface
between the perovskite and the HTL.
2.4 Photovoltaic performances

To study the inuence of the linear and cyclic anions of dopants
on the device performances, we fabricated and measured PSCs
with an n–i–p structure of ITO/SnO2/perovskite/HTM/Au. The
lm quality of each layer is intimately related to the perfor-
mance of PSCs, particularly the perovskite layer where the
photoelectric effect occurs. Fig. 3a shows the cross-sectional
scanning electron microscope (SEM) image of the complete
device architecture. The perovskite layer's good morphology,
such as big grains and the intimate contact layers, creates
conditions for its excellent photovoltaic performance.

Dopant-free PTAA has a low intrinsic conductivity, and the
holes cannot efficiently move through the HTL to the gold
electrode in PSCs, causing severe charge recombination, which
lowers the short-circuit current density (JSC), VOC, and ll factor
(FF).27 At ambient and 25 °C room temperature without
a controlled atmosphere, we measured J–V curves. Fig. 3b shows
various molarities of Li-CYCLIC (10–20 mol%) that were doped
into PTAA solutions to optimize the performance of PSCs. Table
9818 | Chem. Sci., 2024, 15, 9814–9822
S4† gives the corresponding device statistics at each molarity.
With the Li-CYCLIC dopant molarity gradually increasing, the
efficiency of PSCs improves signicantly. As the doping molarity
is raised to 20 mol%, the efficiency begins to decline. When
15 mol% was applied, PSCs obtained the maximum efficiency
(JSC = 23.96 mA cm−2, VOC = 1.151 V, FF = 80.60%, PCE =

22.23%). The device based on Li-TFSI obtained a lower effi-
ciency (JSC= 23.88mA cm−2, VOC= 1.133 V, FF= 79.89%, PCE=

21.61%), indicating that Li-CYCLIC exhibits better device
performance at the optimized molarity (Fig. 3c). Fig. 3d and S7†
compare the photovoltaic parameter distribution of PSCs in the
experimental group and the control group, and Table S5†
provides the corresponding average values and standard devi-
ation. Devices doped with Li-CYCLIC have better parameter
stability and repeatability, JSC = 23.83 ± 0.23 mA cm−2, VOC =

1.140± 0.017 V, FF= 80.10± 0.83%, PCE= 21.77± 0.46%, and
all exceed those of the devices based on Li-TFSI.

We examined the incident photon-to-current conversion
efficiency (IPCE) spectrum of PSCs to conrm the accuracy of JSC
values in J–V curves. The calculated integrated JSC value of PSCs
with Li-CYCLIC is 23.22 mA cm−2 (Fig. 3g), which is close to the
JSC measured by the J–V curve. The measured steady-state
output power of the device at the maximum power point
(MPP) (Fig. 3e) can measure the accuracy of the PCE obtained
from the J–V curve, and the device based on Li-CYCLIC also
showed a slower decay with a steady-state PCE of 22.23% aer
a duration of 300 s, while the device based on Li-TFSI had
a lower initial value and a faster output decay with time.
Besides, the existence of hysteresis affects the accuracy of device
PCE.28 Under the reverse and forward scanning, the hysteresis
of the devices based on both Li-CYCLIC and Li-TFSI is negligible
(Fig. 3f and S8, and Table S6†). Therefore, these results
demonstrate that Li-CYCLIC has greater potential to improve
device performance and process controllability.
2.5 Long-term stability

Long-term stability is crucial for the commercialization of
PSCs.29,30 Most dopants used to enhance the hole-transporting
properties of the HTM are hygroscopic, which greatly limits
the long-term stable lifetime of the devices. The comparison of
the normalized efficiency of Li-TFSI and Li-CYCLIC doped
devices is shown in Fig. 4a (unpackaged devices aged for 40 days
at RT with RH of 50–85%). The device based on Li-CYCLIC
retained about 70% of its initial efficiency, while the efficiency
of the device based on Li-TFSI dropped to 49% of its initial value
aer 40 days of aging. To elucidate the origin of the improved
environmental stability of PSCs based on Li-CYCLIC, we rst
discussed the hygroscopicity of the dopants under ambient air.
Fig. S9† shows the perovskite decomposition process of Li-TFSI
and Li-CYCLIC in the air by absorbing moisture, indicating that
Li-CYCLIC exhibits better hydrophobic properties, which is also
conducive to the improvement of the hydrophobicity of the HTL
formed by it. Further, we analyzed the HTL and compared
PTAA:Li-TFSI and PTAA:Li-CYCLIC lms. We compared the
water contact angles of the two lms (Fig. 4b). The addition of
Li-TFSI expands the channels for water and oxygen to penetrate
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Structure and cross-sectional SEM image of the PSCs. (b) J–V curves of PSCs based on various molarities of Li-CYCLIC. (c) Best J–V
curves of PSCs based on Li-TFSI and Li-CYCLIC. (d) PCE distribution data for PSCs based on Li-TFSI and Li-CYCLIC. (e) Steady-state output of
PSCs based on Li-TFSI and Li-CYCLIC. (f) J–V curves of PSCs based on Li-CYCLIC under forward and reverse scans. (g) IPCE spectrum and
integrated JSC of PSCs based on Li-CYCLIC.
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into PTAA, thus weakening the hydrophobicity of the PTAA lm.
At the beginning, the PTAA lm doped with Li-CYCLIC showed
a slight lead in hydrophobicity. As time progressed, the leading
trend in hydrophobicity of the PTAA lm doped with Li-CYCLIC
compared to the PTAA lm doped with Li-TFSI expanded,
providing support for better environmental stability of the
devices based on Li-CYCLIC.

We measure the root mean square roughness (RMS) of the
lm using an atomic force microscope (AFM) to gauge the
quality of the lm. The AFM images of the fresh lms are shown
in Fig. S10.† Compared with the fresh lm of PTAA:Li-TFSI (9.4
nm), the fresh lm of PTAA:Li-CYCLIC (8.2 nm) has a smaller
RMS value and a better surface atness. Fig. S11† shows the
aged SEM morphology of PTAA:Li-TFSI and PTAA:Li-CYCLIC
© 2024 The Author(s). Published by the Royal Society of Chemistry
lms. The fresh PTAA:Li-CYCLIC lm is smooth and at with
no dopant precipitation, which is consistent with the AFM
result. Aer 30 days of aging, the lm of PTAA:Li-TFSI showed
signicant hygroscopic damage on the surface. In comparison,
the PTAA:Li-TFSI lm showed a slower rate of hygroscopicity
and less damage on the surface, indicating that the PTAA:Li-
CYCLIC lm is more resistant to moisture intrusion. Then, we
performed two-dimensional grazing incidence X-ray diffraction
(2D-GIXD) on the aged PSCs to present the phase transition of
the perovskite crystals during device aging. As shown in Fig. 4d
and e, the diffraction peaks at q z 10, 20, and 22 nm−1 corre-
spond to the (110), (220), and (310) crystal planes of perovskite,
respectively. The hygroscopicity of Li-TFSI makes the perovskite
more susceptible to moisture intrusion, which leads to the
Chem. Sci., 2024, 15, 9814–9822 | 9819
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Fig. 4 (a) Normalized efficiency of Li-TFSI and Li-CYCLIC doped devices in ambient air. (b) Water contact angle over time for PTAA:Li-TFSI and
PTAA:Li-CYCLIC films. (c) Operational stability of PSCs based on Li-TFSI and Li-CYCLIC under continuous 1 sun illumination in N2. 2D-GIXD
image of the aged device based on (d) Li-TFSI and (e) Li-CYCLIC. TOF-SIMS results of the aged devices based on (f) Li-TFSI and (g) Li-CYCLIC.
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decomposition of part of the perovskite to produce PbI2. PbI2 is
shown as a diffraction peak arising at q z 9 nm−1, which
corresponds to the (001) crystal plane. Thus, the degree of
degradation of the perovskite layer can be judged by the
intensity of the peak.31 The PSCs based on Li-CYCLIC exhibit
only a weak signal at q z 9 nm−1, in sharp contrast to the PSCs
based on Li-TFSI. This shows that the PSCs based on Li-CYCLIC
have better moisture resistance, which reduces the degradation
rate of the perovskite. Thus, we have veried the obvious
improvement in hydrophobicity of the PSCs based on Li-
CYCLIC. We attribute this to the stronger interaction between
Li+ and the cyclic anion (Fig. 1b), which weakens the coordi-
nation of Li+ with H2O, resulting in better moisture resistance
and slower degradation rate of the PSCs based on Li-CYCLIC.32

Further, we investigated the operational stability of PSCs
under continuous illumination (100 mW cm−2) at room
9820 | Chem. Sci., 2024, 15, 9814–9822
temperature in an N2 atmosphere according to the Interna-
tional Summit on Organic Photovoltaic Stability protocols
(ISOS-L-1). As shown in Fig. 4c, aer 1150 hours of continuous
testing, the device based on Li-CYCLIC is able to maintain more
than 96% of the original PCE, showing good operational
stability, while the device based on Li-TFSI shows a severe drop
to 72%. We estimate that the time required for the Li-CYCLIC-
based devices to drop to eighty percent of its initial perfor-
mance (T80) is about 12 500 hours (Fig. S12†), demonstrating
a 20 times improvement compared with Li-TFSI-based devices
(T80= 500 hours). We speculate the performance degradation of
Li-TFSI-based devices is mainly due to the diffusion of Li+ in
PSCs, which leads to a decrease in the conductivity of the HTL of
the corresponding PSCs. Therefore, we examined the migration
behavior of ions in the aged device by time-of-ight secondary
ion mass spectrometry (TOF-SIMS). In Fig. 4f and g, in the aged
© 2024 The Author(s). Published by the Royal Society of Chemistry
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device doped with two dopants, the Li+ signals are concentrated
in the HTL, and then migrate to the perovskite layer across the
HTL interface, and nally accumulate in the ETL. It was found
that the Li-CYCLIC-based device has a higher concentration of
Li+ in the HTL than the Li-TFSI-based devices, while the Li-TFSI-
based device has a higher accumulation concentration of Li+ in
the ETL relative to the Li-CYCLIC-based device (Fig. S13†). Thus,
the cyclic anion shows better immobilization ability of Li+

migration thanks to the stronger interaction in Li+CYCLIC− ion
pairs, ultimately enhancing the operational stability of PSCs.
Meanwhile, lower total energy and more stable PTAAc+CYCLIC−

also contribute to improving the operational stability of devices
(Fig. 1b). Thus, our study suggests a unique method to increase
the long-term stability of PSCs by increasing the interaction
between the dopant and HTM, and alleviating Li+ ion migration
within perovskite devices.

3. Conclusion

In conclusion, we demonstrated a p-type dopant with a cyclic
anionic structure, Li-CYCLIC, capable of replacing the classic
dopant Li-TFSI in PTAA for PSCs. We have conrmed that the
substitution of Li-TFSI with Li-CYCLIC allows a higher
conductivity and more favorable band energy alignment of
PTAA for efficient extraction of holes from the perovskite layer.
Therefore, the corresponding PSCs exhibit lower nonradiative
recombination, and stronger interfacial charge transfer capa-
bility and subsequently improved photovoltaic performance.
Simultaneously, we have found that the cyclic anion has
a stronger interaction with lithium ions and the PTAA radical
cation, which efficiently suppresses moisture absorption and
migration of lithium ions as well as improving the thermody-
namic stability of PTAAc+CYCLIC− compared with the PTAA:Li-
TFSI combination, ultimately prolonging the lifetime of the
devices. Overall, this work established relationships between
the dopant structure and its intrinsic doping and thermody-
namic properties, and high-performance PSCs were achieved
via a cyclic anion strategy, which opens up a unique method-
ology for discovering new p-type dopants for organic semi-
conductors and optoelectronic devices.
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