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Presently, most high-efficiency inverted perovskite solar cells (PSCs) are fabricated using toxic antisolvent and
in a nitrogen-filled glovebox, which results in increased cost, reduced reproducibility, and incompatibility with
large-area modules. In addition, interfacial trap-assisted nonradiative recombination impedes the further
advancement of power conversion efficiency (PCE) and long-term operational stability of p—i—n inverted PSCs.
Herein, we report a dual-site passivation of anionic and cationic defects through heterocycle functionalized
amidinium cations, which stabilizes the interface between perovskite films and electron transport layers and
minimizes interfacial nonradiative recombination loss. The dual-site passivation of amidinium cations is
accomplished through precisely modulating the distance between two anchoring sites and spatial
conformation. The dual-site passivation endows pyridine-functionalized amidinium salt 4-amidinopyridinium
chloride (APCl) with an exceptional defect passivation ability. The APCl modulation enables high-efficiency

Received 26th January 2025, inverted PSCs with a champion PCE of 26.83% (certified steady-state PCE of 26.32%), which is the best PCE
Accepted 16th April 2025 ever reported for PSCs fabricated based on vacuum flash and in ambient air. The APCl-modulated devices
DOI: 10.1039/d5ee00524h could retain 95.8% of their initial performance after 2000 h of continuous maximum power point tracking.

Moreover, the high-efficiency large-area module with a PCE of 19.83% (aperture area of 40.1 cm?) is obtained
rsc.li/ees by this dual-site passivation technique of amidinium cations.

Broader context

The development of high-efficiency and stable perovskite solar cells (PSCs) represents a critical step toward achieving widespread adoption of renewable energy
technologies. This study addresses key challenges in the fabrication of inverted PSCs, particularly the reduction of interfacial defects that hinder power conversion
efficiency (PCE) and stability. By introducing dual-site passivation using heterocycle-functionalized amidinium cations, the research highlights a novel strategy for
simultaneously passivating anionic and cationic defects at the perovskite interface. The innovation enables record-setting PCE values of 26.83% for devices fabricated in
ambient air, along with enhanced operational stability and scalability for large-area modules. These advancements provide a scalable and environmentally friendly
pathway for PSC manufacturing, aligning with global efforts to transition to sustainable energy solutions. The demonstrated techniques show promise for accelerating
the commercial deployment of perovskite-based photovoltaics, offering a compelling solution to current energy and environmental challenges.
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Introduction

Organic-inorganic metal halide perovskite solar cells (PSCs) are
one of the foremost contenders for future photovoltaics due to
their low cost and high power conversion efficiency (PCE)."™®
However, most high-efficiency PSCs are fabricated using
toxic antisolvent and in a nitrogen-filled glovebox, which results
in increased costs, reduced reproducibility, and incompatibility
with large-area modules."**°™ To overcome the above problems,
PSCs prepared using vacuum flash and/or in ambient air are
preferred.> > In recent years, although p-i-n inverted PSCs have
demonstrated significant advances in operational stability and
PCE,">%131817 maximizing their potential is still highly impera-
tive from the perspective of science and industrial production. On
the one hand, the PCEs of large-area and small-area devices need to
be further increased to narrow the gap with a theoretical limit
value. On the other hand, the commercial deployment of perovskite
photovoltaics is still hindered by its poor long-term operational
stability."®'® Unlike perovskite oxides, relatively weak chemical
interactions exist in organic-inorganic hybrid metal halide perovs-
kites, which results in the formation of a high concentration of
defects in the final perovskite films during rapid crystallization and
high-temperature annealing.**?> Defects in perovskite films are
mainly concentrated at surfaces and interfaces, with densities
approximately 100 times higher than that in the bulk.”?* The
defects at the surface and interface of perovskite films can not only
act as carrier recombination centers but also deteriorate device
longevity. Moreover, the defects provide pathways for ion migra-
tion, and the external stimulus (e.g., water, oxygen, and heat) would
accelerate ion migration.'***” The intrinsic instability induced by
trap states poses enormous challenges for realizing long-term
operationally stable PSCs because it cannot be addressed through
encapsulation technology.

It is well-known that passivating defects at the surface and
interface through interface engineering is a popular and effective
approach to enhance device PCE and durability.”’ To heal inter-
facial defects, various passivators have been developed, primarily
including Lewis acids,*® Lewis bases,>**** wide bandgap tunnelling
layers,"** low-dimensional perovskites,">**** and organic/inor-
ganic salts.*”*>” Among them, organic or inorganic salts exhibit
immense potential on account of their ability to simultaneously
passivate positively and negatively charged defects within perovs-
kite films.'"'**”3% The rational design of organic cations and
anions is of crucial importance for more efficient organic salt
passivators. Since chloridion (Cl7) has been certified to be very
effective in passivating the defects at grain boundaries and
interfaces,**° the design and optimization of organic cations are
critical in developing excellent passivating agents. The presently
reported organic cations mainly include ammonium®® and
amidine™" cations. Recently, Sargent et al. revealed that amidinium
cations have much better thermal stability than ammonium
cations because of much-suppressed deprotonation, which resulted
in exceptional operational stability.'" Consequently, the combi-
nation of amidinium cations with CI~ anions is highly desirable
to passivate interfacial defects. However, most cations presently
reported can only passivate negatively charged defects (e.g., FA"
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vacancies) because of a very limited number of active sites.*"*
Developing organic cations, which can synchronously passivate
different charged defects, is still an enormous puzzle. One feasible
and effective method should be to employ heteroatoms (e.g;, N, O
and S) or functional groups with strong coordination capacity to
functionalize organic cations because electron-donating heteroa-
tom or functional groups can passivate positively charged defects
(like halide vacancies and undercoordinated Pb**) and the cations
can passivate negatively charged defects (like FA" vacancies). How-
ever, the orientation, arrangement and spatial conformation of
organic cations determine whether low-dimensional perovskites
can form at the surface of 3D perovskite films." This indicates that
appropriate orientation and spatial conformation of functionalized
organic cations are required to ensure successful dual-site anchor-
ing of organic cations at the surface of perovskites instead of
forming low-dimensional perovskites.

Perovskite film deposition under ambient conditions often
leads to a higher density of interfacial anionic (I” vacancies)
and cationic (FA" vacancies) defects,**** resulting in increased
non-radiative recombination. Unlike conventional glovebox-
based fabrication using antisolvent methods, our approach
addresses this issue by integrating a dual-site passivation
strategy that compensates for these interfacial defects. The
dual-site anchoring mechanism of heterocycle-functionalized
amidinium cations allows for simultaneous passivation of
anionic and cationic defects, effectively mitigating the detri-
mental effects caused by ambient fabrication conditions.

In this work, we propose a dual-site anchoring strategy
through heterocycle functionalized amidinium cations, which
synchronously passivated FA" and I™ vacancies. It was uncovered
that appropriate orientation and spatial conformation of organic
amidinium cations are necessary for dual-site passivation. Among
investigated passivators, the optimal device performance was
accomplished after 4-amidinopyridinium chloride (APCl) treat-
ment, which is due to horizontal binding and dual-site anchoring
induced by the appropriate distance between two binding func-
tional groups. The APCl-modulated inverted PSCs and modules
achieved a PCE of 26.83% and 19.83% (aperture area of 40.1 cm?),
respectively. In particular, a certified PCE value of 26.32% is the
highest steady-state PCE ever reported for PSCs fabricated based
on vacuum flash evaporation and in ambient air. The APCI
passivation also resulted in excellent device light stability, main-
taining 95.8% of their initial performance after 2000 h of contin-
uous maximum power point tracking (MPPT). This work provides
insights into strengthening the defect passivation effect of organic
cations by dual-site anchoring via rational engineering of the
functional group and spatial conformation.

Results

Theoretical investigation on the interaction between organic
cations and perovskite

In this study, a perovskite precursor solution was spin-coated
onto ITO/NiO,/Me-4PACz films without using antisolvent but
employing vacuum flash technology for perovskite crystallization.

This journal is © The Royal Society of Chemistry 2025
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Three kinds of functionalized amidine salts, including benzami-
dine hydrochloride (phFACI), APC], and 2-thiazolecarboxamidine
hydrochloride (TFACI), were utilized to treat the surface of per-
ovskite films in inverted PSCs. These salts have the same Cl™
anions but different organic amidinium cations. Since Cl~ anions
have been certified to be effective defect passivators,®>* the
present work will focus on modulating and optimizing organic
cations. To unlock the full potential of the defect passivation of
organic cations and achieve dual-site anchoring, the functionali-
zation by functional groups is essential. The phFA', AP" and TFA"
were obtained by using a benzene ring, pyridine ring and thiazole
ring to functionalize FA", respectively. Fig. 1a—c show the chemical
structures and electrostatic potential (ESP) of three sorts of
cations. Obviously, the positive charge mainly concentrates on
the amidinium cation section while the negative charge is dis-
tributed on N atoms at pyridine and thiazole rings, suggesting
that pyridine and thiazole rings show Lewis base properties.
Compared with the benzene ring, it was speculated that N atoms
at pyridine and thiazole rings could heal undercoordinated Pb**
defects via coordination bonding. It was reported that pyridine
and thiazole heterocycles can effectively passivate undercoordi-
nated Pb>* defects.”>*” We conjectured that dual-site binding can
be realized for AP" and TFA", which will be systematically studied
by theoretical and experimental evidence.
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Density functional theory (DFT) simulations were performed
to explore the interaction of three organic amidinium cations
with perovskite FAPbI; containing both Vi, and V; defects. The
three organic cations were positioned on the perovskite surface
in a vertical or parallel orientation configuration. We then
calculated the binding energies (E},) between organic cations
and perovskite. As exhibited in Fig. 1d-g and Fig. S1 (ESIT), for
the parallel orientation configuration, phFA', AP", and TFA"
showed an Ej, of —1.91 eV, —2.22 eV and —1.99 eV, respectively.
For the vertical orientation configuration, the E, was —1.65 €V,
—1.48 eV, and —1.35 eV, respectively. This indicates that
regardless of the organic cation type, the parallel orientation
exhibited larger binding energy and stronger interaction with
perovskite as compared to the vertical orientation. In other
words, the former is more thermodynamically advantageous
than the latter. This verified that benzene, pyridine, and
thiazole rings on the other end of the organic cations partici-
pated in the chemical interaction with perovskites.

Compared with phFA*, AP" and TFA' cations possessed
higher binding energy, which could be attributed to the coor-
dination interaction of pyridine or thiazole heterocycles with
positively charged undercoordinated Pb®*" and/or iodide
vacancy defects. Interestingly, we observed that AP* exhibited
a much larger binding energy with the perovskite surface than
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Fig. 1 Theoretical investigation on the interaction between organic cations and perovskite. (a)—(c) The chemical structures and electrostatic potential of
(a) phFA*, (b) AP* and (c) TFA™. (d)-(f) The binding energy of (d) phFA*, (e) AP* and (f) TFA* with FAPbls containing V, and Vga defects in a parallel
configuration. (g) The summarized binding energy values of phFA*, AP* and TFA™ with FAPbIz containing Vs and V, simultaneously. (h) Distance between
the amidinium cation and N atom on the pyridine ring in AP* (~4.655 A). (i) Distance between the amidinium cation and N atom on the thiazole ring in
TFA* (~2.717 A). (j) Schematic diagram of the dual-site passivation of AP* for perovskite surfaces containing Vea and V,.

This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci., 2025, 18, 5973-5984 | 5975


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee00524h

Open Access Article. Published on 14 May 2025. Downloaded on 3/29/2026 5:59:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

TFA'. This can be attributed to the appropriate distance of
~4.7 A between the —-FA" group and N atom on the pyridine
ring in AP" (Fig. 1h), which matches well with the distance of
~4.5 A between Vg, and V; on the perovskite surface. In
contrast, the distance between the -FA" group and the N atom
on the thiazole ring in TFA" (~2.7 A) is much shorter than the
distance of ~4.5 A between Vg, and V; (Fig. 1i). This implies
that dual-site anchoring is feasible for AP* but it is not allowed
for TFA" from the perspective of spatial conformation and
steric hindrance. As illustrated in Fig. 1j, the amidinium cation
at one end of AP" was bonded at the FA" vacancy via hydrogen
bonding and ionic bonding while the N atom on the pyridine
ring at the other end of AP" was chemically anchored at
undercoordinated Pb** and/or I~ vacancy via coordination
bonding. It is concluded that AP" can effectively passivate the

View Article Online

Energy & Environmental Science

FA' vacancy and undercoordinated Pb** and/or I~ vacancy
through dual-site chemical anchoring.

Experimental investigation on the interaction between organic
cations and perovskite

To experimentally confirm the chemical interaction between
perovskite and organic cations, Fourier-transform infrared spectra
(FTIR), nuclear magnetic resonance (NMR) and X-ray photoelec-
tron spectroscopy (XPS) were performed. As shown from the FTIR
in Fig. 2a, after mixing phFACI with Pbl,, the C=N stretching
vibration was shifted from 1685.2 cm ' to 1673.3 cm™". For
APCI, the C=N bond of the FA group shifts from 1691.3 cm ™'
to 1671.6 cm ™' with an offset of 19.7 cm ™. Meanwhile, the C=N
bond in pyridine shifts from 1654.6 cm™" to 1638.9 cm™ ", with an
offset of 15.7 cm ™' (Fig. 2b). When mixing TFACI with Pbl,, we

a b c d
C=N phFACI+Pbl, C=N APCI+Pbl,, Cc=N TFACI+Pbl, C=N S ac
- —~ H PR - 1671 .om
5 3 > A/\\/Jm @ “\v\rﬂ 759.8 cm!
5 S © A I 759.8 cm” 1710.5cm’’
© L P - APCI
- i @ 16716 cni’ P v Py ""‘"\-«.\\
; ) A4 16325cm? »
§ 1673.3 e % % 1670.0 cm cm § W.z cm”!
S PhFACI | = b= = 17015cm?___ PhFACI
= € £
< S  |'1654.6 cm” I ® {7075 o
I: }: H | - 707.5 cmﬁw‘-_‘\m‘\.\1
;[ 1685.2 cm? 1691.3 om” Control PVSK
| 11711.5cm’
1800 1600 114001 800 1600 1400 1800 ?‘OO 1800 600
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™') Wavenumber (cm™)
e f g
—— phFACI+PbI, APCI+Pbl, —— TFACI+Pbl,
© —— phFACI ——APCI \‘ —TFACI
3 3 L 3
s s ' l )
> > - P N
2 ) = A — . S |
2 L | |os2pbr (]
£ £ ﬁ s ' ﬁ ' £ ‘
00 96 92 88 80 76 24 10 8 ) 10 9 _8 3 2
Chemical shift (ppm) Chemical shift (ppm) Chemical shift (ppm)
h i j
Pb 4f 208 eV 13d 399.9eV N1s
1432ev 138.3 eV iAC'/L / 61836V %
3 TFACI . \ —~ —~ 398.2eV
>| AP N N > :_‘; 399.8 eV
@ 143.1eV 1382 eV g phFACI 629.7 eV 618.2eV g ohFACI f
O | phFAC Q 9
= = = 400.7 eV
= 1438 eV /N 1389ev | T 630.1eV -
/1 \ Control _/ 618.5eV
| C‘ﬂmli, /// \\\\7 ) / \ _/¥ Control
145 140 135 632 630 628 618 616 408 404 400 396 392
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 2 Characterization of the interaction between organic cations and perovskite. (a) FTIR of bare phFACL powder and phFACL (5 mg ml™ in IPA)
modulated Pbl; films. (b) FTIR of bare APCl powder and APCI (5 mg ml~*in IPA) modulated Pbl, films. (c) FTIR of bare TFACl powder and TFACL (5 mg ml~*
in IPA) modulated Pbl, films. (d) FTIR of the control, phFACI, APC, and TFACI-modulated perovskite films. (e) *H NMR spectra of bare pnFACL and phFACL + Pbl,.
(f) *H NMR spectra of bare APCl and APCL + Pbl,. (g) *H NMR spectra of bare TFACl and TFACL + Pbl,. XPS spectra of Pb 4f (h), | 3d (i), and N 1s (j) for the control,

phFAC|, APCl, and TFACI modulated perovskite films.
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can observe that the C=N stretching vibration of the FA group
was shifted from 1683.6 cm ™" to 1670.0 cm ™' with an offset of
13.6 cm ' (Fig. 2c). These results revealed that C=N in three
ammonium salts can bond with Pb**. Moreover, after mixing the
TFACI with Pbl,, the C-S stretching vibration peak located near
689.4 cm™ " was shifted to 759.8 cm ™', indicating the interaction
between S at the thiazole ring and Pb**. Additionally, we investi-
gated the interactions of phFACI, APCl, and TFACI with the
perovskite film (Fig. 2d). The phFACI, APCl, and TFAC] modulated
perovskite film exhibited the C—N bond shifted from
1711.5 em ' to 1707.5 em %, 1701.5 cm %, and 1710.5 cm™ ..
The largest displacement in the APCl modulated perovskite film
indicates the strongest binding ability for trap defects. Using
"H NMR spectroscopy, we demonstrated the strong NH- - -I hydro-
gen bonding interactions between -C(NH,)," on three organic
cations and Pbl, (Fig. 2e-g). For all salts, the "H NMR peak of
-C(NH,)," was moved toward a low chemical shift, confirming
NH- - I hydrogen bonding interactions of ~C(NH,)," with PbI,.**
Fig. 2h-j show the XPS spectra of the control and modulated
perovskite films. As shown in Fig. 2h, the control film exhibited
Pb 4f;,, and Pb 4f;), peaks at 143.8 and 138.9 eV, respectively.
After modulation with phFACI, APCl, and TFAC], these peaks
shifted to lower binding energies, which confirmed the inter-
action between organic salts and perovskite. On the one hand,
the CI™ in these organic salts would interact with undercoordi-
nated Pb>" and/or halide vacancy defects. On the other hand,
the cations in three salts would interact with FA" vacancy by
hydrogen bonding and ionic bonding. The above simultaneous
interaction of anion and cation resulted in the shift of Pb 4f
peaks. It can be easily found that APCl-modulated perovskite
film showed the largest shift of Pb 4f peaks among all investi-
gated samples, which should be put down to dual-site binding
resulting from the interaction between the N atom on pyridine
and undercoordinated Pb*>" and/or I~ vacancy. Similar to Pb 4f
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peaks, the greatest shift in I 3d peaks was also observed for the
APCl-modulated film among all samples (Fig. 2i), demonstrat-
ing its strongest interaction with perovskite because of dual-site
chemical anchoring of pyridine-functionalized organic cations
with appropriate spatial conformation. From the XPS spectrum
of N 1s (Fig. 2j), the APCl-modulated perovskite film has the
largest displacement (from 400.7 eV to 398.2 eV), indicating a
strong interaction between N and Pb*" in AP*. Although N also
exists in TFACI, its bonding ability with Pb>" is weakened due to
inappropriate steric hindrance. Specifically, the displacement
of N 1s of the TFACI and phFACI modulated perovskite thin
films is only from 400.7 eV to 399.9 eV and 399.8 eV, respec-
tively. This effect further confirms the necessity of appropriate
spatial conformation for achieving ideal dual-site passivation.

Investigation of crystal phase after organic salt modulation

From the perspective of crystallinity and crystal structure,
Fig. 3a-d display the grazing-incidence wide-angle X-ray scat-
tering (GIWAXS) of the perovskite films without and with
organic salts post-modulation. Compared with the control
perovskite films, no new diffraction ring was found in the
APCl-modulated perovskite film. However, we observed a new
diffraction ring at g = 0.52 after phFACI modulation and at g =
0.68 after TFACI modulation, which is attributed to the for-
mation of low-dimensional perovskites. Regardless of precursor
solvents, the XRD results in Fig. 3e and f further confirmed the
generation of low-dimensional perovskites after phFACI and
TFACI] modulation whereas no low-dimensional perovskite was
formed upon APCI modulation. With increasing concentrations
of APCI, there is still no appearance of low-dimensional compo-
nents (Fig. 3g), which further consolidated our findings—APCl
modulation tends not to produce low-dimensional perovskite.
For phFACI and TFAC, it is easy to form low-dimensional
perovskites by single active site interaction. In contrast, it is

f g
TFACI TFACI| | APCl smgmLt
3 mg mL-!
APCI APCI

1 mg mL?
phFACI phFACI ‘ 0.5mg ‘mL;
' 0.1 mg mL"
Control Control L | 74“,4\
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\

|
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26 (°) 26 (°) 28 (°)

Investigation of crystal phase after organic salt modulation. GIWAXS of the (a) control, (b) phFACL, (c) APCL, and (d) TFACl-modulated perovskite

films. (e) XRD patterns of the control and phFAC|, APCl, and TFACl-modulated perovskite films based on mixed solvents of DMF/NMP = 7/1. (f) XRD
patterns of the control and phFACL, APCL, and TFACl modulated perovskite films based on mixed solvents of DMF/DMSO = 4/1. (g) XRD patterns of the

perovskite films modulated with different concentrations of APCL
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difficult to form low-dimensional perovskite for APCI because it
interacts with perovskite via strong dual-site chemical anchoring
due to the suitable distance between two interaction sites and
spatial conformation, which was validated by previous theore-
tical results.

Characterizations of perovskite film quality

The effects of surface modulation by three salts on the mor-
phology and crystallinity of perovskite films were studied by
scanning electron microscopy (SEM), atomic force microscopy
(AFM), and light-beam-induced current (LBIC). After three
organic salt modulations, the grain size was maintained but
the surface morphology was changed and the grain boundaries
were blurred (Fig. S2, ESIt). From the AFM image in Fig. 4a, the
APCl-modulated perovskite film exhibited the flattest surface

o
o
o
=
>
=]
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morphology, which was evidenced by its lowest roughness. The
flat and uniform perovskite film will promote electron extrac-
tion at the perovskite/Cg, interface and reduce nonradiative
recombination losses. To verify the positive effect on defect
passivation and photocurrent uniformity, we first performed
LBIC measurement involving a laser beam of 520 nm light to
obtain a photoresponse mapping. The brightness of LBIC
results represents higher photon electron conversion efficiency.
Fig. 4b shows that the phFACI, APCI, and TFACl-modulated PSC
devices had better photocurrent output uniformity than control
devices. The external quantum efficiency of the control device
decreased significantly after ageing for 7 days, while the
changes in LBIC mapping for the three salts-modulated per-
ovskite films were not significant. The LBIC results suggest that
PhFACI, APCI, and TFACI modulation can inhibit ion migration
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Steady-state PL and (d) TRPL spectra of the control, phFACL, APCl and TFACl-modulated perovskite films on a bare glass substrate. (e) TAS plots of the
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in perovskite and thereby hinder the chemical reaction between
I" and Ag. It was revealed that APCl-passivated devices exhib-
ited optimal uniformity and photocurrent output intensity.

The experimental results confirmed the chemical inter-
action and defect passivation ability of three organic salts.
Subsequently, we qualitatively and quantitatively analyzed the
defects using spectroscopic and electrical methods. Fig. 4c and d
present the steady-state and time-resolved photoluminescence (PL
and TRPL) of perovskite films on bare glass. As illustrated in
Fig. 4c, the perovskite films modulated with APCI exhibited the
highest PL intensity among all perovskite films, indicating the
inhibition of nonradiative recombination and the reduction of
defect density. The lifetime of the perovskite films was investi-
gated by TRPL characterizations. The TRPL spectra in Fig. 4d were
fitted by the biexponential function.*>”® The fitting carrier life-
time results are shown in Table S1 (ESIt). The average lifetime
(Tavg) of the phFACI, APCI, and TFACI modulated perovskite films
was calculated to be 1.93 ps, 2.05 us, 1.76 us, respectively, which
are longer than that of the control film (0.99 ps). The longest
carrier lifetime of the APCl-modulated perovskite film is due to
dual-site anchoring and passivation of AP*.>!

A reduced trap density in the perovskite films was also
verified by the thermal admittance spectroscopy (TAS) measure-
ment results in Fig. 4e. After post-modulation, all modulated
perovskite films exhibited reduced defect density compared
with the pristine film. The APCl-modulated perovskite film
had the lowest defect density in the energy range of 0.3-
0.4 eV, which is ascribed to the most excellent passivation of APCI
for the surface defects of perovskite films. To further evaluate the
passivation effect of different modulation molecules from a quan-
titative perspective, we calculated the trap state density of perovs-
kite films using the space charge limited current (SCLC) method.
Fig. 4f and g show dark current-voltage (I-V) curves of the electron-
only devices (ITO/SnO,/perovskite/PCs;BM/Ag) and the hole-only
devices (ITO/NiOy/perovskite/spiro-OMeTAD/Ag), respectively.*® As
for the electron-transporting only devices, the trap-filled limit
voltage (Vyg) of 0.15 V for the APCl-modulated device was lower
than 0.19V, 0.17 V, and 0.18 V for the control, phFACI and TFACI-
modulated devices. Regarding hole-transporting only devices, the
Vrpr, Was estimated to be 0.08 V, 0.04 V and 0.10 V for the phFAC],
APCI and TFACI modulated devices, which is lower than 0.18 V for
the control device (Fig. 4h). The defect density of states (V) of the
device could be obtained according to the following eqn (1):

_ 2880 VTFL (1)

N el?

where e is the fundamental charge, L is the thickness of the
perovskite film (~700 nm), ¢ is the relative dielectric constant of
perovskite (35), and &, is the vacuum dielectric constant.>® For the
electron-transporting only device, the N, of the control, phFACI,
APC], and TFACI modulated perovskite films was calculated to be
14.2 x 10 em™3, 6.3 x 10 em ™, 3.2 x 10" ecm™ and 7.9 X
10" em, respectively. For the hole-transporting only device, the
N of the control, phFACI, APCI and TFACI modulated perovskite
films was calculated to be 21.3 x 10" em 3, 13.4 x 10 ecm 3,
11.8 x 10" em ™ and 14.2 x 10" em ™, respectively. In summary,
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the APCl-passivated perovskite films exhibited the lowest defect
density and longest carrier lifetime, which is attributed to their
most effective defect passivation by dual-site chemical anchoring.

Interfacial energy level alignment modulation

Kelvin probe force microscopy (KPFM) measurement was carried
out to gain insights into the surface potentials of the perovskite
films and the changes in the energy level structure inside the PSC
device. As shown in Fig. 5a and b, the average surface potential of
the control, phFACI, APC] and TFACl-modulated perovskite films
was —225 mV, —450 mV, —500 mV and —350 mV, respectively.
Clearly, the perovskite film modulated with APCl exhibited the
greatest increase in surface potential, which correlates with the
observed enhancement in V¢ for the APCl-modulated devices.
From the ultraviolet photoelectron spectroscopy (UPS) (Fig. 5¢) and
corresponding bandgap structure schematic diagram (Fig. 5d), we
can conclude that the Fermi energy levels of the phFACI, APCI, and
TFACl-modulated perovskite films shifted upward compared with
the control perovskite film. In particular, the APCl-modulated
perovskite film exhibited a most obvious Fermi energy shift,
indicating that APCl modulation induced more n-type character-
istics. In addition, we obtained the energy level alignment of the
film from Fig. 5d and Fig. S3 (ESIt). Meanwhile, Fig. S4 (ESI)
provides a more complete energy level diagram. It is revealed that
the APCl-modulated film has a smaller conduction band offset of
0.16 eV with Cg,, which facilitates electron extraction and reduces
charge carrier recombination at the interface. This is related to the
reason that APCI passivated the electronic defects on the surface of
the perovskite and formed a back surface field with the bulk phase
of the perovskite. The formed back surface field is in the same
direction as the built-in electric field of the device, thus making the
stronger built-in potential (V4,;) of 0.93 V, which is higher than
0.80 V for control devices from the Mott-Schottky plots (Fig. S5,
ESIY), thus promoting electron transport and extraction. Actually,
organic cation-induced n-type doping and back electric field at the
perovskite/ETL interface have been reported to improve the PCE
and stability of inverted PSCs.>?

Photovoltaic performance

We prepared inverted PSCs with the device structure of ITO/
NiO,/Me-4PACz/perovskite (phFACI, APCl, or TFACI modula-
tion)/Ceo/BCP/Cu (Fig. 6a) by employing a vacuum flash evapora-
tion process. Unless otherwise stated, the composition for
fabricating the perovskite films and devices was Csg gsFA¢ 9sPbl;.
The effect of the concentrations of three organic salts on the
photovoltaic performance was systematically studied (Fig. S6-S8,
ESIT). From the photovoltaic parameters (PCE, Vo, Jsc, and FF)
of the PSCs summarized in Fig. 6b, the phFACI, APCl, and TFACI-
modulated PSCs exhibited an average PCE value of 25.54%,
26.53% and 25.08%, respectively, higher than 24.49% for the
control devices. It is worth noting that the APCl-modulated
devices exhibited the most noticeable enhancement in Vo and
FF, leading to the highest PCE. The dual-site passivation of AP"
should be responsible for the distinguished photovoltaic perfor-
mance. The amplitude of the PSC photovoltaic performance
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Interfacial energy level alignment modulation. (a) KPFM images, (b) the corresponding cross-sectional surface potential curves, (c) UPS spectra

and (d) energy level diagram of the control, phFAC|, APCl and TFACl-modulated perovskite films.

improvement follows the sequence of the passivation ability of
trap defects: APCl > phFACl > TFACL

Fig. 6¢ presents the champion J-V curves of the control and
modulated PSC devices in reverse scan (RS) and forward scan
(FS). The control, phFACI, APC] and TFACl-modulated PSCs
delivered champion PCEs of 25.02% (a Jsc of 26.04 mA em ™2, a Voc
of 1.165 V, and an FF of 82.45%), 25.68% (a Jsc of 26.01 mA cm ™2,
a Voc of 1.191 V, and an FF of 82.90%), 26.83% (a Jsc of
26.36 MA cm 2, a Voc of 1.194 V, and an FF of 85.27%) and
25.31% (a Jsc of 26.10 mA cm ™2, a Vo of 1.178 V, and an FF of
82.34%), respectively. The APCl-modified PSCs exhibit a steady-
state PCE of 26.32% (Fig. S9-S14, ESIf). To the best of our
knowledge, our obtained steady-state PCE of 26.32% is the best
PCE ever reported for inverted PSCs based on the vacuum flash
method in ambient conditions for perovskite deposition. In addi-
tion, the hysteresis index (HI) calculated according to the formula
of HI = (PCEgeverse — PCErorwad)/PCEReverse Was 4.0%, 2.1%, 0.5%
and 3.0% for the control, phFACI, APCI], and TFACl-modulated
PSCs, respectively (Table S2, ESIt). The hysteresis was mitigated for
all modulated devices, and the smallest hysteresis was found
for the APCl-modulated PSCs, which resulted from reduced defect
density and facilitated interfacial electron extraction and thus

5980 | Energy Environ. Sci., 2025, 18, 5973-5984

suppressed interfacial charge accumulation. The integrated cur-
rent density from the EQE spectra of the control, phFACI, APC],
and TFACl-modulated PSCs was 25.22 mA cm ™2, 25.73 mA cm™ 2,
25.80 mA cm > and 25.70 mA cm™ >, respectively, which matches
well with the values from -V measurements (Fig. 6d). Furthermore,
APCI modulation helped to achieve an enhanced PCE from 20.40%
to 22.16% in the wide-bandgap 1.66 €V CsgsMAg15FAqgP-
b(Io.76Bro.24)3 based PSCs (Fig. 6e). Our perovskite film fabrication
procedure based on vacuum flash and ambient conditions is
compatible with large-area modules. To further confirm the effec-
tiveness of our APCI passivation method, we fabricated an APCI-
modulated large-area module by the vacuum flash method, where
11 subcells were connected in series (Fig. 6f and g). The champion
module with an aperture area (including dead area) of 40.1 cm®
achieved an appealing PCE of 19.83%. The efficiency gap between
modules and small active area-PSCs may be because upscaling to
large-area modules compromises film uniformity and crystallization
control, causing edge-to-center thickness variations, bulk defects
and non-uniform coverage.>>*> Additionally, series connection con-
strains module current to its lowest-performing subcell, lowering
the overall efficiency. The above results certify that our passivation
technique is very effective in large-area and small-area PSCs.*®

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Photovoltaic performance and stability of PSCs. (a) The configuration of PSCs. (b) Statistics of V¢, FF, PCE and Jsc of 10 individual devices based
on the control, phFACL, APCl, and TFACl-modulated perovskite films. (c) J-V curves of the PSCs based on the control, phFACI, APCl, and TFACI-
modulated perovskite films. (d) EQE curves of the PSCs based on the control, phFACL, APCl, and TFACl-modulated perovskite films. (e) J-V curves of the
wide-bandgap PSCs based on the control and APCl-modulated perovskite films. (f) J-V curves and (g) photograph of the APCl-modulated perovskite
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an environment with a relative humidity of 30% + 5% and without encapsulation. (i) MPPT stability curves of the encapsulated PSCs without and with

APCL. The inset picture shows a batch of PSC device samples used for sta

To effectively corroborate the intrinsic reasons for the per-
formance improvement of the device, we conducted a series of
electrical characterizations to analyze the charge transfer and
recombination processes. As presented in Fig. S15 (ESIT), the
ideality factor m (1.11) of the APCl-modulated device is closer to
1 than those of the control (1.29), phFACI (1.15), and TFACI
(1.17) modulated devices, indicating that APCI is the most
effective passivator in suppressing interfacial nonradiative
recombination. The interfacial charge extraction and recombi-
nation were further evaluated by performing transient photo-
current (TPC) and transient photovoltage decay (TPV) tests. In
Fig. S16 (ESIf), the shortest photocurrent decay lifetime (trec)

This journal is © The Royal Society of Chemistry 2025

bility tests.

was found for the APCl-modulated device (0.34 ps) among all
devices, which demonstrated its most efficient charge transfer
and extraction due to reduced interface defects and favourable
band alignment. From TPV in Fig. S17 (ESI}), the APCI-
modulated PSC devices exhibited the longest charge carrier
recombination lifetime (2.77 ms), which is indicative of the
smallest nonradiative recombination losses, explaining why it
has the highest Vo and FF. To understand the sensitivity and
response speed of the APCl-modulated devices, we also perform
—3 dB measurements to characterize the response speed to
light, thereby reflecting the reduced carrier trapping effects of
trap defects. In Fig. S18 (ESIt), the —3 dB bandwidth (f_34s) for
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the phFACI, APCI, and TFACI-modulated photovoltaic devices is
0.265, 0.294, and 0.223 MHz, respectively, while it is 0.186 MHz
for the control device. This demonstrates the reduced density of
surface trap defects and faster charge carrier extraction cap-
ability in the APCl-modulated devices.

Long-term stability

The long-term stability of devices without and with APCl mod-
ulation was explored. Firstly, we tracked the long-term stability
of the unencapsulated devices by placing them in the air with a
relative humidity of 30 + 5% (temperature of 25 &+ 5 °C) in the
dark (Fig. 6h). After 1200 h of aging, the efficiency of the APCI-
modulated devices remained above 90%, while the control
devices could only maintain over 60% of their initial efficiency.
We assessed the operational stability of 1.53 eV-
Cso.0sMAy.0sFAy oPbI;-based PSCs without and with APCl mod-
ulation. The operational light stability of the device was investi-
gated by cyclic J-V tests under continuous LED illumination (Fig.
S19, ESIt). Encapsulation using a capping glass front with UV-
curable adhesive encapsulant for sealing was applied. The APCl-
modulated PSC device retained 73.7% of the initial PCE over
1500 h. In contrast, the control device dropped to 72.1% of the
initial PCE after only 300 h. We further conducted the typical
MPPT of the control and APCl-modulated PSC devices under
continuous 100 mW cm™? 3A+ white LED light irradiation at
room temperature of 25 + 5 °C and stored in a 99.99% nitrogen
environment. As shown in Fig. 6i, after 2000 h of continuous
light exposure, the APCl-modulated device could retain 95.8% of
the initial PCE, while the control device dropped to 63.7% after
1600 h. This outstanding MPPT stability is at the forefront of
current reported research work. We attribute the improved light
stability to the reduced interfacial trap defects by the dual-site
passivation of anionic and cationic defects. The contact angles of
the control, phFAC], APCl, and TFACl-modified perovskite films
are 31.9° 43.7° 49.5° and 35.8°, respectively (Fig. S20, ESIT).
This indicates that APCl-modified perovskite film has the high-
est hydrophobicity, which typically enhances the environmental
humidity stability of the device.

Discussion

We realized dual-site passivation of different charged defects in
perovskite through heterocycle functionalized amidinium
cations, which enabled highly efficient and stable inverted PSCs
and modules. Dual-site passivation was achieved by modulat-
ing the distance between two active sites and spatial conforma-
tion. The optimized APCl demonstrated outstanding defect
passivation ability due to horizontal binding and dual-site
anchoring induced by the appropriate distance between two
binding functional groups. The APCl-modulated inverted PSCs
delivered a PCE of 26.83%, which is the best PCE ever reported
for PSCs fabricated based on vacuum flash and in ambient air
without anti-solvents. Moreover, APCI passivation also resulted
in a high-efficiency large-area module with a PCE of 19.83%
(aperture area of 40.1 cm?). The APC] modulation also resulted
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in excellent device light stability, maintaining 95.8% of their
initial performance after 2000 h of continuous MPP tracking.
This work provides an effective avenue to maximize the
potential of organic cations and salts to ameliorate the PCE
and operational stability of PSCs, which paves the way for the
commercial deployment of perovskite photovoltaic technology.
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