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Lithium bis(trifluoromethanesulfonyl)imide is commonly employed as a dopant to improve the hole mobi-

lity of hole transport layers. However, undesired Li+ migration impedes the development of highly efficient

and stable perovskite solar cells because the voids left by Li+ migration will accelerate the penetration of

oxygen and moisture. Here, thenoyltrifluoroacetone (TTA) modifies the perovskite/spiro-OMeTAD inter-

face. TTA can passivate the undercoordinated Pb2+ defects via the coordination between carbonyl/thio-

phenic sulfur and Pb2+. TTA can also inhibit the annoying Li+ migration by the coordination interaction

between carbonyl and Li+. Besides, TTA can promote hole extraction by adjusting the energy level match-

ing at the perovskite/hole transport layer interface. A TTA-modified device yields a power conversion

efficiency of over 22% and has improved humidity and thermal stability. This finding paves a novel way to

suppress undesired Li+ migration for highly efficient and stable PSCs.

Introduction

Remarkable achievements in organic–inorganic hybrid perovs-
kite solar cells (PSCs) have been attained in recent years, with
a power conversion efficiency (PCE) of 25.7% owing to their
brilliant optoelectronic properties, including huge light
absorption, mensurable band gap, long charge carrier
diffusion length and so on.1,2 Among all the device structures,
PSCs with the formal n-i-p structure have been widely devel-
oped and shown significant commercial potential due to their
simple fabrication and high efficiency. It is worth noting that
the hole transport layer (HTL) plays a crucial role in improving
hole transport and conversion efficiency, and in preventing
electron reverse transport.3

Among many HTL materials, 2,2′,7,7′-tetrakis(N,N-di-p-
methoxyphenlamine)-9,9′-spirobifluorene (spiro-OMeTAD) has
an irreplaceable role because of its large band gap, deep
HOMO level, high glass transition temperature and melting

point, and some amorphous properties.4 However, pure spiro-
OMeTAD has two fundamental drawbacks: low hole mobility
and low electrical conductivity.5 Thus, researchers use lithium
bistrifluoromethanesulfonimide (Li-TFSI) and 4-tert-butylpyri-
dine (TBP) as additives to improve the hole mobility and con-
ductivity of spiro-OMeTAD.5 Although the addition of Li-TFSI
can improve the performance of the HTL, the super hygrosco-
picity of Li-TFSI always leads to its self-agglomeration, which
results in a decrease in device efficiency and stability by
affecting the performance of the HTL.6 In addition, Li+ is
prone to migrate and diffuse into the matrix due to its small
radius and high ion mobility.7 When the device is under
working conditions, Li+ is driven by the electric field and
migrate from the HTL to the perovskite layer, forming the
hygroscopic LiX (X = Cl−, Br−, and I−).8 Meanwhile, the
migration paths of Li+ at the perovskite/HTL interface and per-
ovskite layer provide intrusion access for water molecules and
oxygen, which accelerate the degradation of the perovskite film
from the interface to the bulk phase.9 Recent studies also
revealed that Li+ migration is one of the most dominant
factors causing the degradation in device performances,
especially in spiro-OMeTAD-based PSCs.6 Therefore, it is of
practical significance to study the effective strategies to inhibit
the action of Li+ migration at the perovskite/HTL interface for
improving the stability of perovskite solar cells.

As of this writing, three main strategies have emerged to
inhibit Li+ migration for enhancing the PCE and stability.
First, synthesis of new hole-transporting materials that can
coordinate with Li+. Li et al. have modified hole transport layer
materials with Lewis bases (such as pyridine, 1,10-phenanthro-

†Electronic supplementary information (ESI) available: Experimental pro-
cedures, device fabrication details and characterization. See DOI: https://doi.org/
10.1039/d2qi02460h

aInstitute of Molecular Science, Key Laboratory of Chemical Biology and Molecular

Engineering of Education Ministry, Key Laboratory of Materials for Energy

Conversion and Storage of Shanxi Province, Shanxi University, Taiyuan 030006,

P. R. China. E-mail: han_gaoyis@sxu.edu.cn, wjhou2016@sohu.com
bCollege of Chemical Engineering and Materials Science, Quanzhou Normal

University, Quanzhou 362000, P. R. China. E-mail: ymxiao@qztc.edu.cn
cSchool of Materials Science and Engineering, Henan Joint International Research

Laboratory of Nanocomposite Sensing Materials, Anyang Institute of Technology,

Anyang 455000, P. R. China . E-mail: Guoyao@ayit.edu.cn

2294 | Inorg. Chem. Front., 2023, 10, 2294–2303 This journal is © the Partner Organisations 2023

Pu
bl

is
he

d 
on

 2
0 

M
ar

ch
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/2
9/

20
26

 3
:0

9:
29

 P
M

. 

View Article Online
View Journal  | View Issue

http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0002-6115-4703
http://orcid.org/0000-0002-3964-8002
http://orcid.org/0000-0003-2168-9145
https://doi.org/10.1039/d2qi02460h
https://doi.org/10.1039/d2qi02460h
https://doi.org/10.1039/d2qi02460h
http://crossmark.crossref.org/dialog/?doi=10.1039/d2qi02460h&domain=pdf&date_stamp=2023-04-06
https://doi.org/10.1039/d2qi02460h
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI010008


line and pyrazine) via a covalent connection method,10 and the
results have indicated that these Lewis bases can suppress the
Li+ migration by coordinating with Li+ ions. Park et al. have
reported a novel organic HTL material (HL38) with a
D–π-A–π-D structure, which can inhibit Li+ migration by using
the strong coordination between –CvO and Li+ in HL38.6

Second, dopants that can effectively replace Li-TFSI are
selected. Jia et al. have used fluorinated Fe(F20TPP)Cl as an
alternative to Li-TFSI to dope spiro-OMeTAD, and a device fab-
ricated with Fe(F20TPP)Cl dopant achieved a device efficiency
of more than 21% and good long-term stability due to the
dopant’s hydrophobic properties and higher migration
barrier.11 Furthermore, this is also an effective strategy to
replace Li+ from Li-TFSI by other cations with lower mobility.
These researchers have replaced the Li-TFSI dopant with Zn-
TFSI2, TBA-TFSI (TBA = tetrabutylammonium), Mg-TFSI2 and
Ca-TFSI2, which improved the corresponding device efficiency
and environmental stability.12–14 Third, capturing the Li+ ions
in a doped HTL. Li et al. have utilized the host–guest inter-
action between 12-crown-4 and Li+ to form a more stable and
less diffused crown ether–Li complex, which could delay the
generation of hygroscopic lithium oxides and slow down the
migration of Li+.15 Yang et al. have used the 2D graphite
carbon nitride nanosheets (CNVx) as a dopant of spiro-
OMeTAD to confine the movement of Li+ and significantly
improve the conductivity and hole mobility of HTL films.16 In
addition to the structural design and modification aimed at
the HTL itself and its dopant composition, selecting suitable
Li+ migration inhibitors to modify and regulate the interface
between the perovskite and HTL layer is also a potential
method to inhibit Li+ migration.17

Besides Li+ migration, there exist potential barriers at the
perovskite/spiro-OMeTAD interface, which lead to energy loss
and the impeding of hole extraction.18 Choosing suitable Li+

migration inhibitors as interface modifiers can not only
inhibit Li+ migration, but can also take the stability and
charge extraction properties of the perovskite/HTL interface
into consideration, which is of great significance for further
improving device stability. Therefore, the ideal Li+ migration
inhibitor should meet the following requirements: (i) it should
passivate the defects of perovskite and have no negative effects
on the formation of HTL film; (ii) it can effectively regulate the
energy level structure at the perovskite/HTL interface to
improve the interface hole extraction efficiency; (iii) it should
contain the Li+ binding sites to effectively inhibit Li+ migration
that starts from the perovskite/HTL interface; and (iv) it should
possess excellent stability to enhance the interface and device
stability.

Thenoyltrifluoroacetone (TTA) is a β-diketone small mole-
cule, which is commonly used as the reagent for extraction
and separation of metal ions, especially Li+. Carbonyl groups
in TTA can form stable chelating structures with small-radius
Li+ through interaction between the hybrid sp3 orbital of Li+

and the β-diketone,19 which has the potential to inhibit Li+

migration. Meanwhile, the carbonyl (–CvO) and thienyl
groups in TAA can anchor the uncoordinated Pb2+ ions in per-

ovskite; the –CvO and –F groups can form hydrogen bonding
with the organic amine fraction in perovskite; and the
enhanced interaction between TTA and perovskite can reduce
the trap density and related recombination, promoting charge
transport at the interface of the perovskite and spiro-OMeTAD.
Targeting the problem of Li+ migration and possible losses at
the perovskite/HTL interface, we demonstrate the use of TTA
as an interfacial modifier to inhibit Li+ migration while also
considering the morphology of the perovskite film and the
extraction of interfacial charge. Without employing any con-
ventional passivator, the PCE of the best device using TTA as a
modifier is 22.03%, which is significantly higher than that of
the control device (20.17%). Notably, TTA-modified devices
maintain 69.12% and 63.35% of their initial efficiency after
aging under air conditions of 50%–60% RH and after being
heated at 60 °C in an Ar-filled glove box for 700 h, respectively.

Results and discussion

Fig. 1a shows the n-i-p planar photovoltaic device structure
decorated with TTA, where the isopropyl alcohol solution of
TTA was spin-coated on the (FA0.54MA0.41Cs0.05)Pb(I0.98Br0.02)3
perovskite film. Fig. 1b shows the electrostatic potential map
and structure of TTA, where the potential on the carbonyl is
the most negative and the electron cloud is the densest.
Compared with –CvO, the thiophene S has the second
highest electron cloud density. These results mean that the
carbonyl and thiophene S are more likely to provide electrons
to coordinate with metal ions. The effects of TTA interface
modification on the morphologies of perovskite were investi-
gated by field emission scanning electron microscopy (FESEM)
characterization. In Fig. 1c, d and Fig. S1,† after TTA modifi-
cation, the grain size of perovskite increases, and 0.4 M TTA-
modified perovskite film shows the largest average grain size
of 756 nm, which indicates that TTA has the potential to
improve the quality of perovskite films. The isopropyl alcohol
(IPA) solvent used for dissolving TTA can slightly dissolve the
perovskite components, which makes it possible for TTA to
promote the secondary growth of perovskite grains based on
the possible coordination roles. In Fig. 1e and f, the energy
dispersive X-ray spectroscopy (EDS) mappings of F and O
elements show that TTA is uniformly distributed on the
surface of the perovskite film. In addition, the same peak posi-
tions of X-ray diffraction (XRD) in Fig. 1g showed that TTA will
not enter into the perovskite lattice, but the intensity of PbI2
was weakened after TTA modification, indicating that the TTA
could react with the PbI2. Previous reports have also inter-
preted that moderated PbI2 is conducive to passivate the
defects at the grain boundary.20 Fig. 1h also shows that TTA
helps to improve the light absorbance of perovskite films,
which indicates that more light can be utilized for photoelec-
tric conversion. Fig. 1i and j show that TTA modification
would not exert negative effects on the formation of spiro-
OMeTAD films. In Fig. 1k and l, compared with the control
perovskite film with the cross-sectional thickness of 493 nm,
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the TTA-modified perovskite film exhibited a slightly increased
thickness of 500 nm, which can explain the increased light
absorbance in Fig. 1h.

The interaction mechanisms of TTA at the perovskite/HTL
interface were studied by using Fourier transform infrared
spectra (FTIR). In Fig. S2a and b,† after interacting with the
perovskite, the wavenumber of –C–S in TTA shifts from
731 cm−1 to 726 cm−1,21 and the wavenumber of –CvO in TTA
shifts from 1658 cm−1 to 1619 cm−1,22 respectively. The
reduced wavenumber results from the weakened –C–S and
–CvO bonds by possible coordination for –C–S⋯Pb and
–CvO⋯Pb. Besides, in Fig. S3,† the stretching vibration peak
of –N–H in the perovskite moved from 3391 cm−1 to the high
wavenumber of 3397 cm−1 after TTA modification, indicating
the possible hydrogen bonding interaction between the perovs-
kite and TTA by forming the –CvO⋯H and –F⋯H bonds.21

X-ray photoelectron spectroscopy (XPS) was used to character-
ize the interaction between TTA and the perovskite further. In
Fig. 2a, the binding energy of Pb 4f7/2 (138.21 eV) and Pb 4f5/2
(143.09 eV) for the perovskite shifted to 137.74 eV and to
142.55 eV for the TTA-modified perovskite, respectively.23 In
Fig. 2b and c, for the TTA-modified perovskite, the binding
energy of O 1s in TTA (529.79 eV) shifted to 530.98 eV, and the
binding energy of S 2p1/2 (169.54 eV) and S 2P3/2 (168.40 eV)
from the thiophene ring shifted to 169.79 eV and 168.55 eV,
respectively.21 The low-shifted binding energy of Pb 4f and
high-shifted binding energy of –CvO and thiophene S show
that the thiophene S and –CvO group in TTA can passivate
the uncoordinated Pb2+ defect by donating their electrons to

Pb. The chemical interaction between TTA and the perovskite
was further studied by employing density functional theory
(DFT) calculations. A similar perovskite model with the com-
position of FA0.5MA0.5PbI3 was used to replace the complex
perovskite system to study the chemical interaction between
TTA and the perovskite, when the PbI2-terminal and FAMAI-
terminal perovskite slabs were chosen for studying the inter-
action, respectively. The adsorption energy (Ead) of TTA on the
perovskite can be calculated by the energy obtained from first
principles according to the relationship of:

Ead ¼ ½E TTAð Þ þ EðFA0:5MA0:5PbI3Þ
� EðFA0:5MA0:5PbI3 � TTAÞ�=SA;

where E(TTA), E(FA0.5MA0.5PbI3) and E(FA0.5MA0.5PbI3 − TTA)
stand for the total energy of TTA, the perovskite and the TTA-
perovskite system, respectively, and SA refers to the surface
area. As Fig. S4† shows, the TTA possesses a large adsorption
energy at the surface of the perovskite, whether on the PbI2-
terminal slab or the FAMAI-terminal slab. As Fig. 2d–f shows,
the TTA can interact with the PbI2 plane by the coordination
roles between –CvO/thiophenic S and Pb via donating or
accepting electrons. The detailed interaction between TTA and
the PbI2 slab can be observed intuitively by evaluating the
charge density difference on the (100) crystal plane, in which
the red/blue areas represent the electron-rich/electron-poor
units. In Fig. 2g–i, compared with the PbI2 slab, the electron
density of Pb at the PbI2/CvO slab and the PbI2/–S slab
increases, indicating the potential charge transfer from –CvO

Fig. 1 (a) TTA-modified device structure; (b) electrostatic potential (ESP) mapped onto the total electron surface of TTA; top-view SEM images of
(c) control and (d) TTA-modified perovskite films; EDS images for (e) F and (f ) O elements from TTA-modified perovskite film; (g) XRD patterns and
(h) UV-vis absorbance spectra of perovskite films; top-view SEM images of spiro-OMeTAD film (i) without (W/O) TTA and ( j) with TTA modification;
cross-sectional SEM images of the device (k) W/O TTA and (l) with TTA modification.
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and thiophenic S to Pb, which corresponds to the results of
XPS and FTIR. A schematic diagram of the interaction between
the perovskites and TTA is shown in Fig. S5.† Besides, for the
FAMAI/TTA interface in Fig. S6a and b,† the TTA can interact
with the FAMAI plane by forming –CvO⋯H and –F⋯H hydro-
gen bonding. The charge density differences of (100) and (110)
crystal planes were selected to study the interaction at the
–CvO/perovskite slab and the –F/perovskite slab, respectively.
In Fig. S7a, b, S8a and b,† after modifying with TTA, the
decreased red color unit indicates that the electron density on
H atoms from organic amine decreased. The electrons on H
atoms can transfer to –CvO and –F to form hydrogen bonding
due to the high electronegativity of O and F, which is consist-
ent with the results of FTIR in Fig. S3.† The theoretical and

experimental results above all demonstrate that the TTA can
exert interactions with the perovskite.

In order to study the possible interaction between TTA and
Li+, we characterized the XPS and FTIR of TTA, Li-TFSI and
TTA/Li-TFSI. In Fig. 3a and Fig. S9,† after introducing the Li-
TFSI into the TTA, the characteristic absorption peak of the
CvO bond decreased from 1658 cm−1 to 1628 cm−1, while no
obvious peak position shifts were observed for the absorption
peak of the C–S bond from the thiophene ring at 731 nm.
Hooke’s law shows the vibrational frequency is related to the
square root of the bond force constant.22 The decreased wave-
number of –CvO indicates that the –CvO bond is weakened
by the possible coordination between –CvO and Li+. The
unchanged wavenumber of the –C–S bond indicates that there

Fig. 2 XPS spectra of (a) Pb 4f, (b) O 1s and (c) S 1s for the perovskite (PVSK), TTA, PVSK/TTA; theoretical model for the interaction between the TTA
molecule and the PbI2-terminal perovskite film with different interaction sites: (d) PbI2 slab, (e) PbI2/–CvO slab and (f ) PbI2/–S slab; 2D visual
charge density difference of the (100) plane section with isovalue of 0.002 e Å−3 for different interaction sites: (g) PbI2 slab, (h) PbI2/–CvO slab and
(i) PbI2/–S slab.
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are no obvious coordination interactions between thiophene S
and Li. In Fig. 3b and c, after modifying with TTA, the binding
energy of Li 1s decreased from 56.36 eV to 55.59 eV and that of
O 1s in –CvO increased from 529.81 eV to 531.41 eV, both of
which are sufficient to indicate the strong interaction between
TTA and Li+ by donating the electrons of –CvO to Li+. This
strong interaction makes it possible for the TTA to inhibit
undesired Li+ migration. To verify whether TTA blocks Li+

migration from the HTL to the perovskite, we performed time-
of-flight secondary ion mass spectrometry (TOF-SIMS) depth
profile characterizations. The devices used for testing were
first aged for 200 h under air conditions with a relative humid-
ity of 10–20%. For the control device without TTA modification
(see Fig. 3d), the peak of Li+ overlaps with that of I and SnO,
illustrating that Li+ is easy to migrate from the HTL layer to the

perovskite and SnO2 layer. For the device with TTA modifi-
cation (see Fig. 3e), the overlap between Li+ and SnO is greatly
reduced, indicating Li+ was mainly located at the spiro-
OMeTAD layer rather than migrating into the SnO2 layer, illus-
trating the obvious Li+ migration inhibition roles of TTA. As
depicted in Fig. 3f, the vast majority of Li+ would be confined
to the spiro layer or the spiro/perovskite interface due to the
strong interaction between TTA and Li+.

In order to verify the Li+ migration inhibition roles of TTA
further, we employed first-principles calculations to simulate
and optimize the possible models and Li+ migration pathways
based on the FA0.5MA0.5PbI3 perovskite model. In the
migration path of Li+, the initial, transitional and final states
of Li+ for the device without and with TTA modification are
shown in Fig. 3g–i and k–m, respectively, where the initial,

Fig. 3 (a) FTIR spectra of TTA and TTA/Li-TFSI; XPS spectra of TTA, Li-TFSI and TTA/Li-TFSI: (b) Li 1s and (c) O 1s; (d) and (e) TOF-SIMS of Li, I, SnO, F
and InO in devices W/O and with TTA modification; (f ) schematic diagram of inhibiting Li+ migration from the spiro-OMeTAD to the perovskite and
SnO2 due to TTA; the simulated Li+ migration pathway in a control or TTA-modified device: (g and k) initial state, (h and l) transition state, (i and m)
final states, ( j and n) corresponding energy barriers.
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transitional and final states of Li+ were defined by examining
whether Li+ crosses the shared crystal plane between two
neighboring perovskite unit cells.24 According to the respective
energies of these three states, we obtained the energy curves of
the migration process and calculated the energy barrier of Li+

migration, as shown in Fig. 3j and n. As Table S1† summar-
izes, after modifying with TTA, the energy barrier for Li+

migration increases from its original 0.37 eV to 0.67 eV,
revealing the inhibited Li+ migration due to TTA. The
chemical interaction between –CvO and Li+ can allow one
to interpret the suppressed Li+ migration. Overall, all experi-
ments and theoretical results illustrate that the TTA can
suppress the Li+ migration from the spiro to the perovskite
effectively.

The effects of TTA modification on charge carriers in the
perovskite films were characterized by photoluminescence
spectroscopy (PL) and time-resolved photoluminescence
(TRPL) as shown in Fig. 4a and b. The PL intensity of the TTA-
modified perovskite film is significantly stronger than that of
the control device, which indicates the reduced nonradiative
recombination in the perovskite film.25 According to the bi-
exponential function and lifetime formula in eqn (1) and (2),

the PL decay was fitted, and the corresponding fitting lifetimes
were calculated and are listed in Table S2:† 25

y ¼ A1eð�t=τ1Þ þ A2eð�t=τ2Þ ð1Þ

τave ¼ A1τ12 þ A2τ22

A1τ1 þ A2τ2
ð2Þ

Here, the Ai (i = 1,2) values refer to the corresponding
amplitudes, and the τi values represent the fast or slow decay
components. The average lifetime (τave) of a pure perovskite
film is 62.90 ns, while that of the TTA-modified film increases
to 117.66 ns. In Fig. S10,† the trap density (nt) of the perovskite
were further measured by space-charge-limited current (SCLC)
under dark conditions based on the hole-only device structure
of ITO/PEDOT-PSS/perovskite/(TTA)/spiro-OMeTAD/Ag.
According to the following eqn (3), the nt of perovskite films
can be calculated from the trap-filled limit voltage (VTFL):

26

nt ¼ 2εε0VTFL
qL2

ð3Þ

where ε0 is the vacuum permittivity, ε is the relative dielectric
constant of the perovskite, q is the elemental charge and L is

Fig. 4 (a) PL and (b) TRPL spectra for perovskite (PVSK) and PVSK/TTA based on the glass substrate, respectively; (c) light intensity dependent VOC

curves of devices W/O or with TTA modification; (d) energy level diagram of PSC; (e) reverse and forward scanned J–V curves; (f ) external quantum
efficiency (EQE) and corresponding integrated JSC curves; (g) steady-state PCE versus time for the best-performing devices W/O and with TTA at the
maximum power point; normalized PCE evolution of unencapsulated devices aged at different conditions: (h) under air conditions with a relative
humidity of 50%–60%; (i) at 60 °C in a dark argon-filled glove box.

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2023 Inorg. Chem. Front., 2023, 10, 2294–2303 | 2299

Pu
bl

is
he

d 
on

 2
0 

M
ar

ch
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/2
9/

20
26

 3
:0

9:
29

 P
M

. 
View Article Online

https://doi.org/10.1039/d2qi02460h


the film thickness, respectively. Because of the defect passiva-
tion roles of TTA, the nt of perovskite films reduces from 8.21 ×
1015 to 5.12 × 1015 cm−3, which can explain the reduced non-
radiative recombination caused by TTA.

In order to study the influences of TTA on hole extraction
further, we investigated the PL and TRPL characterization
based on the spiro-coated perovskite films, as shown in
Fig. S11.† The PL measurements reveal that the perovskite
coated with spiro and TTA/spiro exhibits significant PL
quenching, and the PL quenching of TTA/spiro is the most
obvious. As Table S2† summarizes, the average lifetime (τave)
decreased from 62.90 ns to 41.34 ns and 21.70 ns after coating
with spiro and TTA/spiro, respectively. The results of PL and
TRPL show that the hole transport and extraction performance
of TTA-modified devices was significantly improved.

We measured the light intensity dependence (I) of VOC and
JSC for the devices with and without TTA modification. Fig. 4c
reveals that VOC shows a linear relationship vs. the light inten-
sity dependence (eqn (4)),27

VOC ¼ nkBT
q

lnðIÞ ð4Þ

where n represents the ideality factor, and T, kB and q are
Kelvin temperature, Boltzmann constant and elemental
charge, respectively. As we all know, the ideal factor (n) can be
obtained from the dependence of VOC on light intensity, which
can be used to evaluate the recombination process in a perovs-
kite solar cell. Previous reports have indicated that when the n
value is between 1 and 2, the non-radiative process caused by
Shockley–Read–Hall (SRH) recombination is dominant in the
perovskite film, and when n = 1, a diode accounts for an ideal
device.28,29 Therefore, when n is smaller, a device is closer to
the ideal device, and the non-radiative coincidence is
smaller.30 After TTA modification, the ideality factor decreased
from 1.79 to 1.24, indicating the reduced nonradiative recom-
bination due to TTA. As revealed in Fig. S12,† JSC follows a
power law dependence on I ( JSC ∝ Iα). After modifying with
TTA, the linear fitted exponential factor (α) is closer to 1,
proving that the bimolecular nonradiative recombination can
be ignored for a TTA-modified device. As electrochemical
impedance spectroscopy (EIS) and the equivalent circuit
model shown in Fig. S13† demonstrate, the TTA-modified
device shows smaller transmission resistance in the high fre-
quency region and larger recombination resistance at low fre-
quency, revealing that TTA can reduce the possibility of non-
radiative recombination. The Mott–Schottky curve was used to
characterize the relationship between the driving factor of the
interfacial hole transport and the built-in potential (Vbi). In
Fig. S14,† the Vbi value of the device with TTA is 0.83 V, higher
than that without TTA (0.72 V), which is conducive to reduce
the interface charge recombination and promote hole extrac-
tion. The built-in potential (Vbi) results from the difference in
effective work function between the p-type and n-type collec-
tion layers, which increases with a decrease in the local injec-
tion barrier at these interfaces.31 Therefore, the increased

built-in potential can be attributed to the decreased interface
barrier between the perovskite and spiro-OMeTAD modified by
TTA, which is evident from the subsequent energy level
arrangement diagram. In addition, the results of the dark J–V
curve in Fig. S15† manifests reduced leakage current and
carrier recombination loss in the TTA-modified device. Apart
from this, the energy level alignment between the perovskite
layer and the HTL also plays a crucial role in hole transport
and overall device performance for a PSC. Therefore, we per-
formed ultraviolet photoemission spectroscopy (UPS) measure-
ments to explore the effect of the TTA layer on the energy levels
of the perovskite and spiro-OMeTAD HTL, and these are
shown in Fig. S16 and 17,† respectively. As listed in Fig. 4d,
after modifying with TTA, the valence bond (vb) of the perovs-
kite increased from −5.85 to −5.71 eV, and the highest occu-
pied molecular orbital energy level of the spiro-OMeTAD HTL
decreased from −5.85 to −5.71 eV, while the highest occupied
molecular orbital energy level of spiro-OMeTAD decreased
from −5.13 to −5.26 eV. After TTA modification, the energy
level alignment of the perovskite and the spiro-OMeTAD layer
is more matchable, which is conducive to the collection of
photogenerated holes from the perovskite to the spiro-
OMeTAD layer with a lower energy loss, so increasing the VOC
of devices.

The effects of TTA modification on device efficiency and
stability were studied. The current density–voltage ( J–V) curves
of the control and TTA-modified target devices were measured
under ambient conditions using standard AM 1.5G illumina-
tion. In Fig. 4e and Table S3,† the best control device without
TTA showed a reverse-scanned PCE of 20.17% with a short-
circuit current density ( JSC) of 24.50 mA cm−2, an open-circuit
voltage (VOC) of 1.11 V and a fill factor (FF) of 74.15%, while a
forward-scanned PCE of 19.18% was obtained ( JSC = 24.20 mA
cm−2, VOC = 1.10 V, FF = 72.04%). In contrast, the best TTA-
modified target device has a significantly improved reverse-
scanned PCE reaching 22.03% ( JSC = 24.99 mA cm−2, VOC =
1.13 V, FF = 78.01%) and forward-scanned PCE of 21.30% ( JSC
= 24.90 mA cm−2, VOC = 1.12 V, FF = 76.37), outperforming
some Cs-MA-FA-based PSCs described in other works (Table S4†).
The improved JSC and FF can result from the increased light har-
vesting and reduced transmission resistance, respectively. The
increased VOC can be attributed to the reduced non-radiative
recombination and matched energy level assignment provided by
TTA. Besides, we also added TTA into spiro-OMeTAD solution
and tested the corresponding J–V curves of devices. As shown in
Fig. S18,† the device based on TTA-modified spiro-OMeTAD
achieved an efficiency of 18.96%, which is lower than that of the
control device (20.17%) and target device (22.03%). Therefore,
TTA is introduced into the interface between the perovskite and
spiro-OMeTAD layers for better PSC performance.

Hysteresis is another important parameter used to evaluate
device performance. The hysteresis index (HI) of a device is
calculated using eqn (5):

HI ¼ PCERS � PCEFS

PCERS
ð5Þ
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where PCERS and PCEFS represent the PCE in the reverse and
forward scans, respectively. As shown in Table S5,† the HI
values of devices without and with TTA are 0.05 and 0.03,
respectively. The reduced hysteresis effect can be attributed to
the Li+ migration being inhibited by TTA. The EQE spectrum
in Fig. 4f proved that the TTA-modified device has a higher
integrated JSC (24.11 mA cm−2) than that of the control device
(23.25 mA cm−2), which is consistent with the J–V test results.
The statistical analysis results of performance parameters
given in Fig. S19, 20 and Table S6† showed that the perform-
ance of the device is best when the concentration of TTA is 0.4
M. We tracked devices with and without TTA at the maximum
power point (MPP) to obtain continuous PCE and JSC results as
shown in Fig. 4g and Fig. S21,† respectively, and the voltage of
MPP tracking are 0.86 V and 0.83 V for devices with and
without TTA, respectively. After 800 seconds, the PCE dropped
from 20.00% to 17.43%, and JSC decreased from and 24.10 mA
cm−2 to 21.50 mA cm−2 for the device without TTA modifi-
cation. In contrast, the TTA-modified device shows relatively
stable PCE and JSC values of 21.08% and 24.52 mA cm−2, indi-
cating that TTA modification can improve the optical stability
of the device.

To investigate the effect of TTA on resultant device stability,
we tracked the photovoltaic performance of unpackaged devices
aging under different conditions. By comparing the long-term
stability of PSCs in a moisture-proof box (1%–2% RH) and in air
(10%–20% RH), as shown in Fig. S22 and 23,† we found the
TTA-modified PSCs retained (89.67% and 70.45%) much higher
PCE than those devices prepared without TTA (77.60% and
44.44%) after aging over 1200 h. The device stability was further
assessed under conditions of higher humidity and temperature.
In Fig. 4h, the device with TTA modification retains 69.12% of
its initial PCE after aging under air conditions with relative
humidity of 50%–60% over 700 h, while the control device pre-
serves only 32.53% of its initial PCE value. The enhanced
humidity stability can not only be attributed to the increased
contact angle from 82.20° to 85.23° for TTA, as shown in
Fig. S24,† but also results from the inhibited Li+ migration and
corresponding negative effects. In Fig. 4i, after heating the
devices in an Ar-filled glove box at 60 °C for 700 h, the TTA-
modified device maintained 63.35% of its initial PCE, while
only 37.97% of the initial PCE value can be maintained for the
control device. The normalized evolution trend of JSC, VOC and
FF shown in Fig. S25 and S26† also further proved that TTA
modification can boost the humidity and thermal stability of
the device. These results all proved that the TTA-modified
device demonstrated better stability than the control device.
The passivated defects, accelerated carrier transmission,
reduced recombination and inhibited Li+ migration due to TTA
contributed to enhanced device stability.

Conclusions

In conclusion, we highlight the effect of TTA on Li+ migration
inhibition for highly efficient and stable PSCs. To address this

issue, we demonstrated an effective strategy by adding TTA at
the perovskite/spiro-OMeTAD interface. The above results
showed that TTA could prevent Li+ migration by coordinating
with Li+ to increase its migration barrier. Meanwhile, thio-
phene S and diketone in TTA could interact with uncoordi-
nated Pb2+ in the perovskite by donating their electrons to
Pb2+, which is conducive to passivate the defects and reduce
nonradiative recombination in the device. Besides, TTA modifi-
cation can make the energy-level assignment more matched,
which can improve hole extraction efficiency and reduce
energy losses. Benefiting from the reduced non-radiative
recombination, inhibited Li+ migration and matched interface
energy level, TTA-modified PSCs achieved a best PCE of over
22%. Furthermore, unencapsulated PSCs demonstrated
improved stability under constant light, and high temperature
and humidity. Our work provides a new direction for inhibit-
ing Li+ migration in high-performance PSCs.
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