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Synergistic Effect of Cation and Anion Passivation Defects
and Suppression of Phase Transition Enhance the
Performance and Stability of Inverted Perovskite Solar Cells

Yunxin Zhang, Guodong Zhang,* Haolin Lu, Hongbin Chen, Yuchuan Shao,

Yifan Zheng,* Fulin Sun, Bing Sun, Hao-Li Zhang, Yongsheng Chen, and Guankui Long*

The trap states and phase instability of perovskite films harm the fabrication
of high-performance and stable perovskite solar cells (PSCs). Herein, the
B-fluorophenylethanammonium cation (8-FPEA*) and tosylate anions (TsO™)
are employed to enhance both the performance and stability of inverted

PSCs. Theoretical calculations show that §-FPEA*TsO™ can passivate

the defects at both FA-I and Pb-I terminals. Nuclear magnetic resonance
reveals strong interactions between $-FPEATTsO~ and perovskites,

which facilitate the fabrication of high-quality perovskite films. During
crystallization, S-FPEA™ preferentially generates the 2D perovskite, stabilizing
the black phase and passivating defects of the perovskite film. Meanwhile, the
large TsO™ can be extruded to the grain boundary and surface, reducing trap
states and inhibiting the degradation of the perovskite film. The synergistic
effect of B-FPEA* and TsO~ passivation on defects and suppression

of phase transition results in the power conversion efficiency (PCE) improved
to 25.47% (vs 23.08% of the control), along with the unencapsulated device
retaining 81% of initial PCE after 960 h at 85 °C in vacuum. This work provides
a novel and simple strategy for designing the combination of large organic
cations and non-halogenated anions to passivate the defects and suppress
phase transition, thereby achieving high performance and stable PSCs.

recently in the field of photovoltaics,!'-¢!
photodetectors,”®  light-emitting  dio-
des!®'2 and spintronic devices.['*!* Cur-
rently, the certified power conversion
efficiency (PCE) of perovskite solar cells
(PSCs) has exceeded 26%.>"77] However,
the ionic nature of perovskite materials and
solution-based fabrication led to numerous
trap states, further limiting the develop-
ment of the device’s PCE and stability.[119]
In particular, the low formation energy
between halide and cation vacancy leads
to the degradation and performance losses
of PSCs.1?%] Hence, various strategies have
been proposed to eliminate the defects to
enhance the PCE and stability of PSCs.
Utilizing the combination of larger organic
cations and halide anions to form 2D
layers is the widely employed strategy to
passivate the defects. For example, Yang
et al. coated n-butylammonium bromide
on top of 3D perovskite film and achieved
a self-passivated 2D/3D perovskite in the

1. Introduction

Owing to the excellent photoelectric conversion efficiency, hybrid
organic—inorganic perovskite has drawn tremendous attention

bulk to suppress the non-radiative recom-
bination loss of the perovskite.l?!l Li et al.
introduced 2-aminoindan hydrochloride into the perovskite pre-
cursor inks to construct the 2D/3D heterojunction at the buried
interface to minimize the interfacial non-radiative recombina-
tion losses toward high-performance inverted MA-free PSCs.[?]
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Liu et al. employed aromatic formamidinium hydrochloride to
develop the 2D/3D hybrid PSCs and obtained an excellent PCE
of 23.36%.12%] Yang et al. employed the 4-amidinopyridine hy-
drochloride to construct the 2D/3D heterostructure based on
FAPbI, perovskites and achieved high PCE values on both rigid
and flexible substrates.[**] Our previous work demonstrated that
p-fluorophenylethanammonium cation (f-FPEA™) could stabi-
lize the black phase of FAPDI, and decrease trap states.”]

Non-halogenated anion also exerts a crucial role in passivat-
ing the defects and improving the PCE and stability of PSCs. For
example, Jeong et al. employed the format to remove the halide
vacancies to eliminate defects in FAPbI, perovskite films.[2%]
Wang et al. utilized 1-buty-3-methylimidazolium methanesul-
fonate as a precursor additive to realize the in situ dual-interface
passivation.l”’”] Yang et al. introduced thiocyanate ammonium
into FAPbDI, films to promote the formation of the black phase
with better crystallinity.[?®! Yang et al. demonstrated that sul-
fate and phosphate ions can form a wide-bandgap lead oxysalt
layer to stabilize the perovskite surface and bulk.”! Zhang
et al. found that trifluoroacetate could passivate the underco-
ordinated Pb** and iodide vacancies, thereby suppressing io-
dide ion migration.®"! Zhuang et al. also utilized the sulfonic
acid derivative to passivate the Pb-related defects at the per-
ovskite surface.3!l Wu et al. employed the sulfonic acid group of
tridecafluorohexane-1-sulfonic acid potassium to anchor the un-
dercoordinated Pb?* ions to reduce the nonradiative recombina-
tion losses at the perovskite interface.l*?] Therefore, utilizing the
synergistic effect of large organic cations and non-halogenated
anions should be an effective strategy for passivating defects and
improving the PCE and stability of PSCs.

Herein, the f-FPEA" functionalized halide and tosylate an-
ions (TsO~) were designed and employed to simultaneously pas-
sivate the defects and stabilize the a-FAPDI; phase. Density func-
tional theory (DFT) calculations found that -FPEA*TsO~ could
passivate the defects at both the FA-I and Pb-I terminals. Nu-
clear magnetic resonance revealed strong interactions between
B-FPEATTsO™ and perovskite, which should facilitate the fabri-
cation of high-quality perovskite films. During crystallization, g-
FPEA* preferentially forms the 2D perovskite, thus stabilizing
the black phase and passivating the defects in the perovskite film.
Meanwhile, the larger TsO™ groups were extruded to the grain
boundary and surface, which not only reduces the trap states but
also suppresses the degradation of the perovskite film. The syner-
gistic effect of f-FPEA* and TsO~ effectively improved the quality
of perovskite film with reduced defects, boosting the efficiency
increase from 23.08% to 25.47%, along with the unencapsulated
device retaining 81% of initial PCE after 960 h at 85 °C in vacuum.
Our work provides a novel and simple strategy to design the com-
bination of large organic cations and non-halogenated anions to
passivate the defects and suppress the phase transition, thereby
achieving high performance and stable PSCs.

2. Results and Discussion

In previous reports, most attention has been paid to combining
larger ammonium cations with halide anions to passivate the trap
states. However, the effects of cation and anion are equally impor-
tant in improving the efficiency and stability of PSCs. Therefore,
we combined f-FPEA" with halide and TsO™ to explore the syn-
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ergistic effect of cation and anion on the device performance and
stability. First, the Vienna ab initio simulation package (VASP)
was used to perform the density functional theory (DFT) cal-
culations to investigate the effect of f-FPEA*Cl™ (Target 1), g-
FPEA*Br~ (Target 2), f-FPEA*I~ (Target 3) and f-FPEA*TsO~
(Target 4) (Structures are shown in Figure S1, Supporting Infor-
mation) on the adsorption and binding onto the defect-free and
defected perovskite surface.[**) Figure 1a shows the schematic di-
agrams of FA-I terminated surface defects of FA-vacancy (V)
and iodine-vacancy (V,) binding interactions with g-FPEA* and
TsO~. As presented in Figure 1b, in the FA-I terminated surface
model, the Vi, formation energy (2.731 eV) is higher than that
of V| (1.101 eV), indicating that V; is easily formed. The low-
est binding energy of —4.629 eV for f-FPEA™ treated V, in the
FA-I terminated surface indicated that the f-FPEA* tends to in-
sert into the inorganic octahedral lattice in the V, defect model
preferentially generates 2D perovskite, which is advantageous for
stabilizing the a-phases of perovskite films.[?°! The binding en-
ergy of V, is —4.52, —0.674, —0.964, and —1.101 eV for TsO™,
Cl~, Br~ and I" treated the FA-I terminated surface, respectively,
suggesting TsO~ is more effective than other halide anions in
passivating V; induced defects, which benefit for limiting the
phase transition.!’ The schematic diagrams of the Pb-I termi-
nated surface with the binding interactions with TsO~ with de-
fects of Vp,, and V, " are shown in Figure 1c. The V;;, formation
energy (1.911 eV) is higher than V; " (1.007 eV, Figure 1d), indi-
cating that V,"is easily formed on the Pb-I terminated surface
model, which will cause degradation of the black phase.l'] The
binding energy of V, “and V,,, are —4.201/-1.192, —0.680/0.365,
—0.902/-0.057, and —1.007/—-0.799 eV for TsO~, Cl~, Br~ and I~
treated the Pb-I terminated surface, respectively. Suggesting that
TsO™ has a better ability to passivate the defects induced by Vp,
and V| on the Pb-I terminated surface. Based on the results dis-
cussed above, f-FPEA*TsO™ has good defect passivation ability
at both FA-I and Pb-I terminals. The density of states (DOS) was
used to determine the impact of Targets 1-4 on the trap states.
As shown in Figure 1e, the defect-free surface illustrates no ob-
vious DOS variation at the Fermi level (0 eV). However, the Vi,
and V, vacancies appeared, and the DOS intensity increased in
the FA-I terminated surface. Then, the surface states near the
valence band maximum region are suppressed after treating by
B-FPEAT functionalized with TsO~ and halide anions on the FA-I
terminated surface. As shown in Figure 1f,g, the Pb-I terminated
surface states are treated by TsO™ and exhibit a defect-free state,
demonstrating the ability of TsO~ to suppress defects. These re-
sults indicate that the -FPEA*TsO™ plays a significant role in
reducing the trap states, which positively enhances the efficiency
and limits the phase transition of PSCs.[182034]

Based on the calculated results, Target 4 has the poten-
tial to fabricate high-quality perovskite films with fewer de-
fects. To evaluate the effect of Targets 1, 2, 3, and 4 on
the device performance, the inverted PSCs were fabricated
with the structure of ITO/NiOy/2PACz/perovskite/C,,/BCP/Ag
(Figure 2a). The current density-voltage (J-V) curves and de-
tailed photovoltaic parameters are shown in Figure 2b and
Table 1. Compared to the control device, all parameters increased
in the Target devices. Interestingly, Target 4 shows a signifi-
cant improvement in various parameters, achieving a cham-
pion PCE of 25.47%, with the V¢ 1.19 eV, Jgc 25.83 mA cm™?,
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Figure 1. a) Schematic diagrams of binding interactions between p-FPEAT, TsO~, and FA-l terminated surfaces with defects of Vg, and V. b) The
defects formation energy of Vi and V| defects and binding energy of cation/anions treated the V¢, and V, defects (FA-I terminated surface). c) Schematic
diagrams of binding interactions between TsO~ and Pb-I terminated surface with defects of V| “and Vp,,. d) Defects formation energy of Vpp and V, “defects
and binding energy of anions treated the Vp,, and V| “defects (Pb-I terminated surface). e) DOS calculation for perovskite surface structures with defect-
free, Vea and V| upon B-FPEAT with TsO~, CI~, Br~ and I~ treatment on FA-| terminated surface. DOS calculation for perovskite surface structures with
defect-free, f) V| “and g) Vpp, upon anions treatment on Pb-| terminated surface.

and FF 83.24%. In contrast, the control device illustrates
a moderate PCE of 23.08%, with the V. 1.17 eV, Js. 24.68 mA
cm™ and FF 79.90%. The PCE distribution of ten devices and
optimized B-FPEA*TsO~ doping concentrations are shown in
Figure S2 and Table S1 (Supporting Information). Due to the sig-
nificant improvement in device performance, we focused on Tar-
get 4 below. As depicted in Figure 2c, the forward and reverse
J-V curves of Target 4 exhibited negligible hysteresis. The inte-
grated [, obtained from the external quantum efficiency (EQE)
spectra of Target 4 (25.48 mA cm~2, Figure 2d) is consistent with
the Jgc values obtained from the J-V curves. The bandgap of the
control and Target 4 calculated based on EQE spectra are both
1.55 eV (Figure S3, Supporting Information), which indicates
that the addition of the f-FPEA*TsO™ has a negligible effect on
the bandgap. The significant improvement in the EQE spectral
response of Target 4 is mainly attributed to the addition of the -
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FPEA*TsO™~ which significantly reduces the trap-induced recom-
bination loss and improves the quality of the Target perovskite
film, as discussed below. The steady-state photocurrent and sta-
bilized power output of Target 4 were tested under AM 1.5G il-
lumination as presented in Figure S4 (Supporting Information).
Next, the stability of the perovskite film was measured. As shown
in Figure 2ef, the perovskite films were stored for 670 h at room
temperature (RT) and 35 + 5% humidity in air, the control film
shows the enhanced X-ray diffraction (XRD) peak intensity of
Pbl, and appeared 5-phases of FAPDI,. Interestingly, the XRD
peaks of Target 4 did not change significantly at the same con-
ditions as the control, demonstrating that Target 4 could delay
the phase transition and improve environmental stability. The
larger water contact angle (81.69° for Target 4 vs 67.37° for con-
trol, Figure S5, Supporting Information) of Target 4 could be as-
cribed to the improved film quality and the hydrophobic groups

© 2025 Wiley-VCH GmbH
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Figure 2. a) Schematic device structure of PSCs. b) J-V curves of control, Target 1-4. c) J-V curves of Target 4 and control by forward and reverse scan.
d) EQE spectra and integrated Js of Target 4. XRD patterns of e) control and f) Target 4 films stored in RT with RH = 35 & 5% in air. XRD patterns of
g) control and h) Target 4 films heated at 150 °C in the air with a humidity of 35 + 5%. i) Thermal stability of unencapsulated PSCs heated at 85 °C in

vacuum.

of large-sized organic ions in the film (as discussed below), which
prevent the moisture invasion and enhance the humidity stabil-
ity of the perovskite.?>] The thermal stability of the perovskite
film is depicted in Figure 2g, the control film was continuously
heated for 360 min at 150 °C in air with a humidity of 35 + 5%,
and the intensity of the XRD diffraction peak of PbI, gradually
increased. Surprisingly, after 360 min of heating under the same
conditions as the control, Target 4 appeared a weak XRD diffrac-
tion peak of Pbl, (Figure 2h), which indicated that the Target 4
film has better thermal stability. Then, the unencapsulated device
undergoes a long-term thermal stability test at 85 °C in vacuum.
As shown in Figure 2i, Target 4 was able to retain 81% of its initial
PCE after continuous heating at 85 °C for 960 h. However, under
the same condition, the control dropped to 62% after 500 h. It
demonstrates that Target 4 has much better thermal stability.

To explore the reasons for performance enhancement, nuclear
magnetic resonance (NMR) was used to investigate the chemical
interaction between Target 4 and perovskite in solution. As
shown in Figure 3a, when the f-FPEA*TsO~ were mixed with
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FAI in DMSO-d;, the N-H peaks of FAI were shifted from
8.95/8.66 t0 9.20/8.92 ppm, and the C-H peak was shifted from
7.86 to 8.07 ppm. The large shift of the C-H peak of FA can be
attributed to the strong interaction between FAI and TsO~, which
could weaken the FA-I bond to release free 1-.3¢) By mixing
B-FPEA*TsO~ with PbI,, the N-H peak of f-FPEA* was shifted
from 8.39 to 8.42 ppm (Figure S6, Supporting Information). The
C-H peaks of TsO™ also have a significant shift with the mixed

Table 1. The parameters of the optimal devices.

Device Voc M FF [%] Jsc ImAecm™]  PCE[%]  PCE,, [%]
Control 1.17 79.90 24.68 23.08 22.7
Target 1 1.17 78.74 25.40 23.44 23.06
Target 2 1.18 80.86 25.03 23.87 23.61
Target 3 1.18 82.73 24.89 24.28 24.14
Target 4 1.19 83.24 25.83 25.47 25.23
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Figure 3. a) 'H NMR spectra of #-FPEA*TsO~, FAl and f-FPEA*TsO~ + FAI, b) TH NMR and c) 'F NMR spectra of f-FPEA*TsO~, -FPEA*TsO~ +
FAI and p-FPEA*TsO™ + Pbl,. d) DLS spectra of Target 4 and control precursor solutions. In situ PL spectra of €) control and f) Target 4 films. g) XRD
patterns of Pbl, + FATsO (molar ratio 1:1, film), Pbl, (powder), FATsO (powder), and FAPbI; (film). XPS spectra of the h) Pb 4f and i) | 3d orbitals of

control and Target 4.

solution of B-FPEA*TSO"/FAI and p-FPEA*TsO/Pbl,
(Figure 3b), demonstrating the stronger interaction between
perovskite and TsO™. The F peak of g-FPEA* also has significant
shifts after mixed B-FPEA*TsO~/FAI and p-FPEA+*TsO~/Pbl,
(Figure 3c), respectively, which indicates that there is hydrogen
bonding interaction between A-FPEA* and perovskite.[3738]
Then, the dynamic light scattering (DLS) was measured to
investigate the effect of Target 4 on the colloidal chemistry of
the precursor solutions. As shown in Figure 3d, the precursor
solution of Target 4 contained larger clusters and small colloids,
which ascribe to the strong interaction between g-FPEA*TsO~
and perovskite.?”! The in situ steady-state photoluminescence
(PL) spectra were examined to evaluate the influence of -
FPEA*TSO™ on the formation progress of perovskite film. As
presented in Figure 3e,f, Target 4 shows a slower crystallization
rate and higher PL intensity than the control, which demon-
strates that Target 4 delays crystallization during film formation,
increases crystallinity, and improves film quality.'l As shown
in Figure 3g, XRD was used to test whether the TsO~ has been
incorporated into the perovskite lattice. When Pbl, is mixed
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with FATsO at a molar ratio of 1:1, the XRD only shows the
significant peak of PbI,, indicating that TsO~ cannot be in
the perovskite lattice.?* Compared with the control, the X-ray
photoelectron spectroscopy (XPS) peak of Pb 4f and I 3d of
Target 4 (Figure 3h,i) has a shift to lower binding energy, which
is caused by the interaction between f-FPEATTSO~ and [PbI ]*~
layer, changing the chemical environment around the Pb and I
atoms.[*"l As presented in Figure S7 (Supporting Information),
the peaks of S 2p could be found, which is attributed to the large
anion size that was extruded to the surface and grain boundary
during crystallization, which is consistent with the results of
time-of-flight secondary ion mass spectrometry (Figure S8, Sup-
porting Information). Additionally, the F 1s signal was identified,
and the high-resolution transmission electron microscopy (HR-
TEM) image (Figure S9, Supporting Information) illustrates
the interplanar lattice spacing of 7.02 A, which corresponds to
the (0120) crystal plane of (8-FPEA),FAPb¢l,,.1°! This phe-
nomenon could be attributed to the preferential formation of the
2D perovskite by B-FPEA*, which serves to stabilize the a-phase
of FAPDI, %]
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Figure 4. a) XRD patterns of Target 4 and control films. AFM images of b) control and c) Target 4 films. KPFM images of d) control and e) Target 4 films
(Insert: statistical distribution of surface potential extracted from the KPFM images). f) Schematic diagram of the film fabrication process.

The crystal quality of the films was determined by XRD and
Grazing-incidence wide-angle X-ray scattering (GIWAXS). As
shown in Figures 4a and S10 (Supporting Information), the Tar-
get 4 film displayed higher intensities of (111) and (202) crystal
plane diffraction peaks and a larger ratio of (202)/(111) than the
control. As displayed in Figure 4b—e and Figure S11 (Support-
ing Information), Target 4 exhibited a larger grain size, smoother
surface with a root-mean-square roughness (R) of 15.4 nm (vs
control 22.2 nm), and higher surface local potential distributions.
These results could be attributed to the superior film crystallinity
and regular crystalline arrangement, which is conducive to re-
ducing trap states and enhancing the efficiency of Target 4.[*!]
Therefore, we inferred the film preparation process from the
above data. Due to the stronger interaction between FAI and
TsO~, the FA-I bond was weakened to release free I~ for the for-
mation of [PbI(]*-, thus promoting perovskite crystallization.[¢]
During the crystallization, the more stable low-dimensional per-
ovskite structures are preferentially formed due to the interac-
tion between B-FPEA* and [PbI(]*~. The larger size TsO~ are
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squeezed into the grain boundary and surface, passivating the
trap states and improving the film quality.[*?]

The UV-vis absorption and PL spectra are shown in
Figure 5a, the PL intensity of Target 4 is higher than the con-
trol, indicating that the high-quality perovskite film formed
by Target 4 facilitates charge extraction and reduces charge
recombination.?®] As shown in Figure 5b, the longer average life-
time of Target 4 (3.25 ps vs 1.77 us for control) suggests a signifi-
cantly reduced trap density and suppressed nonradiative recom-
bination losses, resulting in an enhanced V,..[**l Thermal admit-
tance spectroscopy results indicate that the defects of Target 4 de-
crease significantly across the entire energy range (Figure 5¢).[’]
The much longer photovoltage decay lifetime (30.6 ps vs 5.13
us) and shorter photocurrent decay lifetime (1.03 ps vs 2.4 ps)
of Target 4, as measured by transient photovoltage decay (Figure
S12, Supporting Information) and transient photocurrent de-
cay (Figure 5d), indicating the enhanced charge carrier lifetime,
improved charge extraction and collection and suppressed non-
radiative recombination of Target 4.1l To further analyze the
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Figure 5. a) UV-vis, PL, and b) TRPL spectra of Target 4 and control film. c) tDOS curves of Target 4 and control. d) TPC decay curves under light
conditions. e) FTPS-EQE of Target 4 and control under the optimized condition. f) J-V curves of Target 4 and control operating in the dark. g) V¢ and h)
Jsc versus light intensity on a seminatural logarithmic scale. i) EIS spectra of Target 4 and control (measured at 1V bias voltage under dark conditions).

possible reason for the improvement in device performance, the
Urbach energy (E,) was quantified by Fourier transform pho-
tocurrent spectroscopy external quantum efficiency (FTPS-EQE).
As shown in Figure 5e, sub-bandgap fitting of the FTPS-EQE
spectra yields the E, of 15.77 meV for Target 4 and 19.32 meV
for the control devices, respectively. The reduced energy disorder
indicates that Target 4 exhibits better crystallinity and lower volt-
age loss.[*546] The J-V curves tested under dark conditions are ex-
hibited in Figure 5f, which confirms that Target 4 has a reduced
leakage current.!*’] The V. versus the seminatural logarithm
of light intensity (Figure 5g) shows a linear relationship with a
slope of 1.17 KT q7! for Target 4 (vs control 1.51 KT q'). The
lower slope suggests the suppressed trap-assisted recombination
due to the improved film quality and decreased trap states of Tar-
get 4. The J. versus light intensity (Figure 5h) shows a linear
correlation on the double logarithmic scale for Target 4 with an
a value of 1.001, which is close to 1 and higher than the control
of 0.980, indicating less nongeminate recombination due to the
reduced grain boundary and trap states, resulting in improved
FF and 4 of Target 4.1 In the Nyquist plots (Figure 5i), Tar-
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get 4 exhibits much lower charge transport resistance (R¢) and
higher charge recombination resistance (R,..), suggesting faster
charge transport in Target 4 due to the enhanced crystallinity and
reduced trap density.%51

3. Conclusion

To reduce the harmful defects of perovskite film in fabricating
high-performance and stable PSCs, f-FPEA+*TsO~ was designed
and employed. DFT results revealed that the incorporation of g-
FPEA* and TsO~ could passivate the defects at both FA-I and
Pb-I terminals. The strong interaction between f-FPEA*TsO~
and perovskite could also induce small colloids to aggregate into
large clusters and slow the crystallization rate, which is beneficial
for fabricating high-quality film. Meanwhile, f-FPEA™ preferen-
tially generates the 2D perovskite, which passivates the defects
and stabilizes the black phase. Most importantly, the large TsO~
groups were extruded to the grain boundary and surface during
crystallization, which not only reduced the trap states but also
improved the stability of the perovskite film. Combined with the
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synergistic passivation effect of cations and anions, the PCE was
effectively improved from 23.08% to 25.47%, and the unencapsu-
lated device could maintain 81% of its initial efficiency after 960 h
of heating under 85 °C in vacuum. Our work provides a novel and
simple strategy to utilize the synergistic effect of combining large
organic cations and non-halogenated anions to passivate the de-
fects, thus facilitating the achievement of both high-performance
and stable PSCs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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