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Abstract 

Interfacial nonradiative recombination loss is a huge barrier to advance the photovoltaic 

performance. Here, we propose one effective interfacial defect and carrier dynamics 

management strategy by synergistic modulation of functional groups and spatial 

conformation of ammonium salt molecules. The surface treatment with 3-ammonium 

propionic acid iodide (3-APAI) does not form 2D perovskite passivation layer while the 

propylammonium ions and 5-aminopentanoic acid hydroiodide post-treatment lead to the 
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formation of 2D perovskite passivation layers. Due to appropriate alkyl chain length, 

theoretical and experimental results manifest that -COOH and -NH3
+ groups in 3-APAI 

molecules can form coordination bonding with undercoordinated Pb2+ and ionic bonding and 

hydrogen bonding with octahedron PbI64-, respectively, which makes both groups be 

simultaneously firmly anchored on the surface of perovskite films. This would strengthen 

defect passivation effect and improve interfacial carrier transport and transfer. The 

synergistic effect of functional groups and spatial conformation confers 3-APAI better defect 

passivation effect than 2D perovskite layers. The 3-APAI modified device based on vacuum 

flash technology achieves an alluring peak efficiency of 24.72% (certified 23.68%), which is 

among highly efficient devices fabricated without antisolvents. Furthermore, the 

encapsulated 3-APAI-modified device degrades by less than 4% after 1400 h of continuous 

one sun illumination. 

 

Keywords: Perovskite solar cells, interfacial engineering, functional groups, spatial 

conformation, synergistic modulation 

1. Introduction 

Perovskite solar cells (PSCs) have been considered as one of the most promising next-

generation photovoltaic technologies on account of its superb photoelectrical properties and 
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solution processing property of metal halide perovskite absorbers.[1-4] Since the first report on 

the all-solid-state PSCs,[5] mammoth research advancements in power conversion efficiency 

(PCE) and long-term operational stability have been accomplished.[6-9] The single junction 

and tandem PSCs have demonstrated a record certified PCE of 25.7% and 32.5%, 

respectively.[10] Presently, most of high-efficiency PSCs were constructed based on the 

perovskite films prepared by antisolvents.[4, 9, 11-13] However, most commonly used 

antisolvents (e.g., chlorobenzene and diethyl ether) are toxic and antisolvent procedure is 

not beneficial for large scale production. Consequently, it is imperative develop antisolvent-

free fabrication techniques to prepare high-quality perovskite films. Although vacuum flash-

assisted solution process method has been reported several years ago,[14] the PCEs of the 

devices based on vacuum flash are far behind than those of the devices using antisolvent 

approach. In recent several years, interface engineering has made enormous contributions 

to realizing efficient and stable perovskite photovoltaics.[6, 9, 15, 16] More efforts should be 

focused on manipulating interface in order to minimize interfacial nonradiative recombination 

and thus enhance open-circuit voltage (VOC) and fill factor (FF) in the following research 

work. 

It is well known that trap-assisted nonradiative recombination has a profound impact on 

VOC and FF.[1] The trap density at the interface and grain boundaries (GBs) was uncovered 
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to be much larger trap density than that within the bulk of perovskite films.[17-19] Moreover, the 

deep level defects are usually in the presence of interface and GBs, which would bring about 

grievous carrier nonradiative recombination.[20, 21] In order to passivate interfacial defects, 

various passivators have been exploited, mainly including Lewis acids,[22] Lewis bases,[9, 23, 

24] 2D perovskites[15, 25, 26] and organic/inorganic salts[27-32]. Multifarious donor and accepter 

type defects could be simultaneously at interface. Nevertheless, Lewis acid and Lewis base 

normally only can heal negatively charged defects (e.g., cation vacancy, Pb2+ vacancy, and 

PbI3- antisite defects) and positively charged defects (e.g., halide vacancy and 

uncoordinated Pb2+ defects), respectively.[23, 33] Constructing 2D perovskite interface layer 

has been considered to be one universal route to passivate interfacial defects.[15, 25, 26, 34] 

However, the high exciton binding energy and poor carrier transport of 2D perovskites are 

not conducive to interfacial carrier transport and transfer and accordingly minimizing 

interfacial nonradiative recombination. Furthermore, it is still a huge challenge for 2D 

perovskites to achieve simultaneous passivation of anionic and cationic defects. Recently, 

Xing et al.[35] revealed photoinduced carrier blocking effect due to a photoinduced potential 

barrier reaching several hundred meV, which jeopardized short-circuit current density (JSC) 

and FF. Consequently, 2D perovskite may not be one optimal interfacial defect passivation 

method. 
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Compared with Lewis acid, Lewis base and 2D perovskites, organic/inorganic salts 

could be more promising considering that they can simultaneously passivate positively and 

negatively charged defect.[27, 30-32, 36] In contrast to inorganic salts, organic salts could be 

more attractive due to their structural adjustability.[31, 37, 38] In recent two years, optimizing 

interfacial defect passivation effect is one of main research topics from the perspective of 

modulating and optimizing molecular structures of organic salts.[30, 32, 36] Yang et al.[32] 

adopted PRA, PRMA, and PREA organic salts to modify the surface of perovskite films and 

demonstrated that PREA with a properly tailored intercalation distance between layers of the 

inorganic framework contributed to the surface band edges and influenced the carrier 

dynamics, which augmented hole mobilities, improved device efficiency and stability. This 

indicates that the spatial conformation of organic salts plays a pivotal role in passivating 

interfacial defects and reconfiguring the band-edge states. In addition, increasing the 

number of active sites in passivators can effectively strengthen chemical interaction strength 

between modifiers and perovskites by multidentate chelating.[23, 39-41] For example, our group 

has certified the much better defect passivation effect of multi-active-site ligand compared 

with the corresponding single-active-site ligands.[23] Li et al. passivated the defects at GBs by 

using a polymeric room-temperature molten salt poly(1-vinyl-3-ethyl-acetate) imidazole 

tetrafluoroborate (PEa) with multiple chemical anchoring sites and enhanced device 

photovoltaic performance.[39] Certainly, it needs to be pointed out that proper spatial 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202301028 by Portail B
ibC

N
R

S IN
C

, W
iley O

nline L
ibrary on [19/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 

This article is protected by copyright. All rights reserved. 

7 

 

conformation should be required to guarantee the simultaneous chemical anchoring of 

multiple functional groups on the surface of perovskite films.[23] It is worth noting that it is one 

effective strategy to increase defect passivation effect by enriching chemical bonding modes. 

It was extensively testified that multiple chemical interaction modes including coordination 

bonding, hydrogen bonding and ionic bonding were accomplished through employing 

different functional groups (e.g., -COOH and F) to functionalize organic salts.[29, 30, 42] In 

short, functional groups and spatial conformation modulations are equally important for the 

realization of multi-active-site anchoring and multiple chemical bonding, which maximizes 

defect passivation effect and minimizes interfacial nonradiative recombination losses. 

In this work, we developed an effective interfacial defect and carrier management 

strategy by synergistically modulating organic functional groups and spatial conformation of 

organic ammonium salt modification molecules. This strategy was implemented by 

employing propylammonium ions (PAI), 3-ammonium propionic acid iodide (3-APAI) and 5-

aminopentanoic acid hydroiodide (5-AVAI) to treat the surface of 3D perovskite films. It was 

revealed experimentally that 2D perovskite passivation layers were formed for PAI and 5-

AVAI while no 2D perovskites were generated for 3-APAI even if high concentration was 

used. The organic ammonium salt 3-APAI exhibited much better defect passivation effect 

than 2D perovskite layers formed PAI and 5-AVAI. COOH groups in 3-APAI and 5-AVAI can 
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form hydrogen bonding with Formamidinium (FA+) and form coordination bonding with 

undercoordinated Pb2+, which contributed to their better defect passivation effect as 

compared to PAI without COOH. It was demonstrated theoretically that COOH and NH3
+ at 

both ends of 5-AVA+ can not simultaneously interact with perovskites due to too long alkyl 

chain. In contrast, COOH and NH3
+ at both ends of 3-APA+ can be simultaneously 

chemically anchored on the surface of perovskite films because of appropriate alkyl chain 

length, which strengthened defect passivation effect. COOH and NH3
+ in 3-APAI can 

synergistically passivate positively and negatively charged defects by multiple chemical 

bonds including hydrogen bonding, coordination bonding and ionic bonding. As a result, 

defect density was gradually depressed and carrier lifetime was gradually increased in the 

order of control, PAI, 3-APAI and 5-AVAI. The 3-APAI treatment enables the realization of 

interfacial defect passivation, interfacial energy band alignment modulation, and interfacial 

carrier dynamics enhancement, resulting in enhanced efficiency, suppressed hysteresis and 

significantly improved stability. Among the investigated modifiers, the device with 3-APAI 

showed the highest PCE up to 24.72% (certified 23.68%), which is among the highest 

efficiencies hitherto reported for the devices fabricated without antisolvents. At the same 

time, the encapsulated 3-APAI-modified device maintained 96.1% of its initial PCE after 

1400 h of operation under one sun continuous illumination. The present work highlights the 

significance of managing interfacial defects and carriers by synergistically modulating 
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functional groups and spatial conformation of modification molecules in order to minimize 

interfacial nonradiative recombination losses.   

 

2. Results and Discussion 

2.1 Molecular Dynamics Simulation 

The perovskite films were fabricated as described in the experimental section. In this 

work, perovskite precursor solution was spin-coated on SnO2 films during which no 

antisolvent was employed. The vacuum flash technology was adopted to promote the 

perovskite crystallization. To improve the quality of perovskite films and facilitate interfacial 

charge extraction, three organic ammonium salt molecules (PAI, 3-APAI and 5-AVAI) were 

selected to modify the interface between perovskite layer and hole transport layer (HTL). 

Figure 1a shows the chemical structures of PAI, 3-APAI and 5-AVAI. Obviously, all 

molecules have the same cation functional group (-NH3
+) and anion (I-). Among them, -NH3

+ 

was expected to be able to form 2D perovskites[26] or passivate cation vacancy defects via 

ionic bonding and hydrogen bonding[32, 43]. Meanwhile, it was anticipated that I- can passivate 

iodide vacancy defects. Except for -NH3
+, 3-APAI and 5-AVAI possess a -COOH functional 

group. We speculated that -COOH is capable of healing uncoordinated Pb2+ defects via 

coordination bonding and can suppress the migration of FA+ by hydrogen bonding.[23, 44] It 
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was posited that -COOH and -NH3
+ can be simultaneously firmly anchored on the surface of 

perovskite films if the spatial conformation induced by the different distance between -COOH 

and -NH3
+ is suitable. The above molecular design helps us understand how functional 

groups and spatial conformation have an impact on defect passivation effect and interfacial 

carrier dynamics by affecting the formation of 2D perovskites and chemical adsorbing 

modes.  

Ab initio molecular dynamics (AIMD) simulations were performed to theoretically 

explore whether as-used organic ammonium salts can form 2D perovskites and how they 

passivate the defects at the surface of perovskite films as well as the effect of spatial 

conformation on defect passivation effect. For the PAI molecules, the -NH3
+

 groups were 

inserted into the FA vacancies and then accordingly, the 2D perovskite was formed, as 

exhibited in Figure 1b. 2D perovskite was also generated for the 5-AVAI (Figure 1c). 

However, the situation changed when the 3-APAI molecules were adsorbed on the 

perovskite surface. The simulation results in Figure 1d show that the PbI6 octahedrons are 

over-distorted after adsorbing 3-APAI molecules such that the 2D perovskite is tough to 

form, which is consistent with the experimental findings that 2D perovskite is formed easily 

for PAI and 5-AVAI, but not for the 3-APAI. This suggests that the -COOH group and the 

distance between it and -NH3
+ have a profound impact on the possibility of the formation of 
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2D perovskites. When the distance is too long just as 5-AVAI, it is impossible that -COOH 

and -NH3
+ groups simultaneously interact with perovskites. In comparison, the appropriate 

distance guarantees that -COOH and -NH3
+ groups can be simultaneously chemically 

anchored on the surface of perovskites. Subsequently, in order to gain insights into the 

defect passivation mechanisms and effects with these organic ammonium salts, we 

constructed a FAPbI3 supercell with mixed defects (FA vacancy and uncoordinated Pb) and 

performed the AIMD simulations again (Figure 1e). To investigate the complex behaviours of 

the passivation molecules at room temperature, the -NH3
+ groups were let to face down and 

the -COOH groups to face up (Figure 1f). At the beginning of the simulation, nine molecules 

were put on the surface of perovskites. After 10 ps molecule dynamic simulations, the PAI 

molecules were found to not be able to form stable adsorption (Figure 1g), and two of the 

nine molecules escaped from the perovskite surface (Figure S1, Supporting Information), 

resulting in a poor defect passivation effect. By contrast, the 5-AVAI molecules formed stable 

adsorption on the perovskite surface, in which the FA vacancies were fully occupied by the -

NH3
+ groups of 5-AVAI (Figure 1h). Nevertheless, no Pb-O bonding could be observed. This 

implies that too long alkyl chain is not conducive to simultaneous interaction and anchoring 

of -COOH and -NH3
+ groups on the surface of perovskites. It also indicates that -NH3

+ group 

is much easier to interact with perovskites compared with -COOH. Under the circumstances, 

appropriate spatial conformation is required to ensure simultaneous chemical anchoring of -
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COOH and -NH3
+ groups on the surface of perovskites. Figure 1i shows the final 

configuration of the 3-APAI molecules adsorbed on perovskite after the molecular dynamic 

simulation. The 3-APAI molecules formed not only stable adsorption but also the Pb-O 

bonding. In such a way, both the FA vacancy and uncoordinated Pb defects were effectively 

passivated after 3-APAI modification. It can be clearly seen in Figure 1j that 3-APAI had the 

highest binding energy (Eb) with perovskites with different defect types among all 

passivators, suggesting that 3-APAI can simultaneously passivate multiple defects and 

exhibited the best passivation effect for various defects. As we expected, 3-APAI treatment 

enabled the lowest defect density and longest carrier lifetime of the corresponding modified 

perovskite films, which should be responsible for the best performance for the 3-APAI-

modified device among all devices.  
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Figure 1. a) Molecular structures of PAI, 3-APAI and 5-AVAI. Optimized structures of the 2D 

perovskites based on b) PAI, c) 5-AVAI and d) 3-APAI. The circle regions represent the 

over-distorted PbI6 octahedrons induced by 3-APAI. e) FAPbI3 surface slab with mixed 

defects of FA and I vacancies. The circle is used to indicate the missing of I atoms. f) The 

initial structure before optimization where the -COOH groups face up and the -NH3 groups 

face down. g) Structure with PAI absorption after 10 ps molecular dynamic simulation. Two 

from adsorbed nine PAI molecules are found to escape from surface. h) Structure with 

adsorbed 5-AVAI molecules at the end of 10 ps molecular dynamic simulation. i) Final 

configuration of the 3-APAI molecules after molecular dynamic simulation. The enlarged 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202301028 by Portail B
ibC

N
R

S IN
C

, W
iley O

nline L
ibrary on [19/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 

This article is protected by copyright. All rights reserved. 

14 

 

area shows one 3-APAI molecule flips and forms Pb-O bonding. j) Binding energies (Eb) 

between different ammonium salt molecules and perovskites with various defects. 

 

2.2 Structural and Morphology Characterization of the Perovskite Films 

In order to testify the reliability of theoretical calculation results, we carried out X-ray 

diffraction (XRD) and grazing incidence wide-angle X-ray scattering (GIWAXS) 

measurements to confirm whether these organic ammonium salts treatment produced 2D 

passivation layer. Figure 2a illustrates XRD patterns of the perovskite films treated by 20 

mg/mL of PAI, 3-APAI and 5-AVAI solutions. All perovskite films exhibited two strong 

diffraction peaks at about 14.1o and 28.3o, which was indicative of highly crystalline 

perovskite films required for efficient and stable PSCs. For PAI-modified perovskite film, two 

new characteristic diffraction peaks at 4.8o and 9.6o arose, which is ascribed to the formation 

of 2D perovskite. The generated 2D perovskite was (PA)2FA2Pb3I7 as evidenced by the 

results in Figure S2 in the Supporting Information. In case of 5-AVAI-modified perovskite 

film, a new diffraction peak at 5.7o verified the formation of 2D perovskite and generated 2D 

perovskite was (5-AVA)2PbI4 as revealed in Figure S3 in the Supporting Information. 

Therefore, PAI and 5-AVAI modification led to forming 2D/3D heterojunction, which can 

result in a favorable type-II band alignment.[26] However, 2D perovskite is not beneficial for 
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carrier transport.[35] Interestingly, we did not observe the diffraction peaks of 2D or low-

dimensional perovskites upon 3-APAI treatment even if the concentration was increased to 

80 mg/mL (Figure S4 and S5, Supporting Information). These results indicate that 2D 

perovskite was formed for PAI and 5-AVAI treatment whereas no 2D perovskite cannot be 

generated for 3-APAI, which is in accordance with the above theoretical results. Because of 

appropriate spatial conformation, -COOH and -NH3
+ groups in 3-APAI can be firmly 

anchored on the surface of perovskite films, which made the formation of 2D perovskite 

difficult. For PAI and 5-AVAI, -NH3
+ group at one side of molecules face down and the -CH3 

or -COOH face up, which is beneficial to form 2D perovskites.  From GIWAXS results in 

Figure 2b-c, we observed a new sharp and discrete Bragg spot at qz of ~0.5 in PAI-treated 

perovskite film in comparison with the control perovskite film, confirming the formation of 2D 

perovskite (PA)2FA2Pb3I7. For 3-APAI-treated film, no new Bragg spot appeared (Figure 2d), 

showing that no 2D perovskites were generated. A new sharp and discrete Bragg spot at qz 

of ~0.4 was perceived for 5-AVAI-treated film with respect to the control film, demonstrating 

the generation of 2D perovskite (5-AVA)2PbI4. The results again confirmed that 2D 

perovskites can be formed after the treatment of PAI and 5-AVAI while 3-APAI treatment can 

not result in the formation of 2D perovskite due to the synergistic effect of functional groups 

and spatial conformation.  
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We performed topview scanning electron microscope (SEM) measurements to study the 

morphology of the perovskite films without and with modifier treatment. As presented in 

Figure S6 in the Supporting Information, grain sizes were maintained after surface treatment 

while surface morphology seems to be slightly changed as revealed by a very thin 

passivation layer on the surface of 3D perovskite films when we look closely.  

 

 

Figure 2. a) XRD patterns of the perovskite films treated by high concentration of PAI, 3-

APAI and 5-AVAI (20 mg/mL). GIWAXS of the b) control, c) PAI, d) 3-APAI and e) 5-AVAI 

modified perovskite films (the concentration of modifiers is 20 mg/mL).  
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2.3 Interfacial energy level regulation 

The surface electronic properties of the films were assessed by the contact potential 

difference (CPD) from Kelvin probe force microscopy (KPFM).[45] The CPD is defined as  

difference between the work function of tip (Φtip) and that of sample (Φsample)[46]. The CPD 

value (VCPD) between the tip and the sample is defined as[47]: 

𝑉𝐶𝑃𝐷 = (𝛷𝑡𝑖𝑝 −𝛷𝑠𝑎𝑚𝑝𝑙𝑒)/−𝑒 

The KPFM images of the control and modified perovskite films are shown in Figure 3a-d. It 

can be seen in Figure 3e that the average CPD value of the control and PAI, 3-APAI and 5-

AVAI modified perovskite films is −180.18, −201.37, −274.91, and −241.01 mV, respectively. 

Since the KPFM measurement uses zero potential methods to record the volt potential 

value[48], we could deduce that the work function of perovskite surface upshifts 0.094 V after 

3-APAI treatment[47], which is in line with enhanced VOC of the 3-APAI-modified devices. 

We carried out ultraviolet photoelectron spectroscopy (UPS) measurements to study 

the surface electronic structures of the perovskite films. Figure S7 in the Supporting 

Information shows the UPS spectra of the control and modified perovskite films. Through 

UPS (Figure S7) and the optical band gap (Eg) obtained from the UV-vis absorption starting 

point (Figure S8, Supporting Information), the valence band maximum (EVB) and conduction 

band minimum (ECB) were calculated, which were plotted in Figure 3f. Obviously, EVB values 

were upshifted after the modification of PAI, 3-APAI and 5-AVAI, which is indicative of 
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reduced energy offset between perovskite film and Spiro-OMeTAD. The 3-APAI modification 

achieved a smallest energy offset, which should contribute to the most efficient hole 

extraction.  

 

 

Figure 3. KPFM of the a) control and b) PAI, c) 3-APAI and d) 5-AVAI modified perovskite 

films. e) Contact potential difference along the lines in (a)-(d). f) UPS spectra of perovskite 

films. (left) Femi edge (EF-edge), and (right) cut-off energy (Ecut-off). g) Energy level diagrams of 

the control and PAI, 3-APAI and 5-AVAI modified perovskite films. 

 

2.4 Investigation of Interfacial Carrier Dynamics 
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To investigate the effect of interface modification on carrier recombination, we performed 

steady-state photoluminescence (SSPL) and time-resolved photoluminescence (TRPL) 

spectra measurements for the control and modified perovskite films deposited on non-

conductive glass substrates with Spiro-OMeTAD as the hole carrier extracting layer. After 

the perovskite films were in contact with the Spiro-OMeTAD, notably reduced PL intensity 

was observed for all samples (Figure 4a). The strongest PL quenching was realized for 3-

APAI treated sample. The carrier lifetimes of the control, PAI-, 3-APAI-, and 5-AVAI-modified 

perovskite films were 959.13, 724.36, 488.43 and 577.40 ns, respectively (Figure 4b and 

Table S1, Supporting Information). It indicates that 3-APAI-modified perovskite film exhibited 

the shortest carrier lifetime among investigated samples, which is beneficial for hole 

extraction and transfer. The transient reflection spectroscopy (TRS) with an excitation of 

2.58, 2.07, and 1.65 eV pump pulses was measured to quantify surface extraction velocity 

(SEV) (Figure 4c-f). Compared with the control sample (10 cm/s), the PAI (107.8±209.1 

cm/s), 3-APAI (1425.2±242.2 cm/s), and 5-AVAI (1089.1±193.8 cm/s) modified samples 

possessed a much increased SEV value, suggesting that hole extraction was facilitated after 

interface modification. The fastest hole extraction was realized for 3-APAI treated sample, 

which is attributed to the optimal defect passivation effect and the smallest hole extraction 

barrier. The synergistic effect of functional groups and appropriate spatial conformation can 

well account for the most efficient hole extraction and transfer upon the treatment of 3-APAI. 
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Figure 4. a) PL and b) TRPL spectra for the control and modified perovskite films with HTL. 

Transient reflection kinetics of the c) pristine and d) PAI, e) 3-APAI, and f) 5-AVAI treated 

perovskite films with HTL. 

 

2.5 Defect Passivation Investigation 

Since no 2D perovskite was formed for 3-APAI treatment, we investigated the chemical 

interaction mechanisms between 3-APAI and perovskites by carrying out X-ray 

photoelectron spectroscopy (XPS) and Fourier-transform infrared (FTIR) spectroscopy 

measurements. As displayed in Figure S9a in the Supporting Information, the two peaks at 

142.67 and 137.77 eV in the control perovskite film were attributed to Pb 4f5/2 and Pb 4f7/2, 
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respectively, which were shifted to higher binding energies after 3-APAI modification (142.86 

and 137.98 eV), indicating the coordination bonding between -COOH and undercoordinated 

Pb2+ and/or ionic bonding of -NH3
+ with PbI64- octahedron[44, 49-51]. Figure S9b in the 

Supporting Information showed that the binding energies of I 3d3/2 (630.33 eV) and I 3d5/2 

(618.89 eV) in the control perovskite film were moved to higher values of 630.53 and 618.99 

eV for the 3-APAI-modified perovskite film, which should be put down to the hydrogen 

bonding of -NH3
+ and/or -COOH with I-[52-54]. From Figure S9c in the Supporting Information, 

the C=O stretching vibration peak of 3APAI was shifted from 1642 cm-1 to 1610 cm-1 after 

mixing with PbI2, which is indicative of the coordination interaction between -COOH and 

Pb2+. The above results manifest that the two functional groups -COOH and -NH3
+ can 

simultaneously chemically interact with perovskites by coordinating bonding, hydrogen 

bonding and ionic bonding, which is in line with the theoretical calculation results. The 

simultaneous interaction of -COOH and -NH3
+ with perovskites makes the formation of 2D 

perovskite impossible. The synergistic interaction of -COOH and -NH3
+ groups were 

anticipated to be able to fully passivate various interfacial defects (e.g., FA vacancy, 

undercoordinated Pb2+, Pb2+ vacancy, halide vacancy and PbI3- antisite). 

The positron annihilation spectroscopy (PAS) is a very powerful technique for 

characterizing the chemical nature of lattice defects.[55] Since positively charged positrons 
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are antiparticles of the electrons, one can quantify the negatively charged defects through 

PAS technique. In our case, FA vacancy, Pb vacancy and PbI3
- antisite defects could be 

simultaneously present at perovskite film surface. Therefore, we measured the positron 

annihilation lifetime spectra of the control and modified perovskite films (Figure 5a). The 

lifetime spectra were fitted by three-component fitting. The shortest component (τ1) signifies 

the free annihilation of the positron in the bulk of the perovskite. The intermediate 

component (τ2) stands for the positron lifetime at the defect site and its intensity denotes the 

relative number of defects in perovskite films. The longest component (τ3) is because of 

formation of positronium high-dimensional defects (i.e., grain boundary and large voids). It 

can be observed obviously in Table S2 in the Supporting Information that the τ2 values were 

diminished after 3-APAI treatment (733 ps) compared with the pristine film (740 ps). 

Simultaneously, the intensity of the intermediate lifetime component (I2) kept the same trend 

as τ2. It indicates that negatively charged defect density was decreased after 3-APAI 

modification, which is due to its effective passivation for FA vacancy, Pb vacancy and PbI3- 

antisite defects. 

We also carried out steady state PL and TRPL tests for the perovskite thin films without 

Spiro-OMeTAD to analyze the carrier radiative recombination processes. PL intensity was 

increased incessantly in the order of control, PAI, 5-AVAI and 3-APAI modified perovskite 
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films (Figure S10, Supporting Information). Meanwhile, the TRPL curves in Figure 5b were 

fitted by double exponential function and the fitted results are illustrated in Table S3 in the 

Supporting Information. It can be seen evidently that the PAI (350.04 ns), 5-AVAI (382.98 ns) 

and 3-APAI (491.31 ns) modified perovskite films showed longer average carrier lifetimes 

than the bare perovskite film (303.01 ns), indicating that the defects on the surface of 

perovskite films were effectively passivated after modification. Among all samples, 3-APAI 

modified perovskite film demonstrated a longest carrier lifetime, suggesting that 3-APAI salt 

had much better defect passivation effect as compared to the 2D perovskites induced by PAI 

and 5-AVAI treatment. It was previously reported that organic salt was more effective in 

passivating interfacial defects than the corresponding 2D perovskite.[43] This shows that 

defect passivation effect of modifiers can be heightened through modulating the organic 

functional groups and spatial conformation. 

2.6 Carrier Recombination Analysis of Devices 

Subsequently, we studied the carrier recombination of the control and modified PSCs. 

The built-in potential (Vbi) was obtained from Mott−Schottky plots in Figure 5c.  It is well 

known that VOC is positively correlated with Vbi.[56] Compared with the control device (1.030 

V), the PSCs treated with PAI, 3-APAI and 5-AVAI delivered a higher Vbi of 1.038V, 1.065 V 

and 1.053V, respectively. This suggests that hole separation and extraction were promoted 
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after surface modification. Moreover, the optimal hole separation and extraction was 

observed in APAI-modified device, which should be owing to its smallest hole extraction 

barrier and most effective defect passivation. As a result of much inhibited nonradiative 

recombination due to effective defect passivation and advantageous energy band alignment, 

the dark current was decreased after interface modification but the 3-APAI modified device 

exhibited the lowest leakage current (Figure S11, Supporting Information). As presented in 

Figure 5d, the ideality factor m (1.16) of the 3-APAI modified device is closer to 1 than those 

of the control (1.63), PAI (1.58) and 5-AVAI (1.30) treated devices, indicating that 3-APAI 

treatment is the most effective in suppressing interfacial nonradiative recombination. 
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Figure 5. a) Typical positron lifetime spectra for the control and modified perovskite films. b) 

TRPL spectra of the control and modified perovskite films deposited on glass substrate. c) 

Mott-Schottky plots of the control and modified PSCs. d)VOC as a function of light intensities 

for the control and PAI, 3-APAI and 5-AVAI treated PSCs. 

 

2.7 Photovoltaic Performance 

We constructed planar PSCs without and with interface modifiers and the device 

configuration is exhibited in the cross-sectional SEM (Figure S12, Supporting Information). 

Figure S13-S15 in the Supporting Information demonstrated that the optimal concentrations 

of PAI, 3-APAI, and 5-AVAI were 2.0, 3.0 and 3.5 mg/mL, respectively. Figure 6a compares 

the photovoltaic parameters of the control and modified devices with the optimal 

concentration of PAI, 3-APAI, and 5-AVAI. Compared with the control devices, PAI, 3-APAI, 

and 5-AVAI treated PSCs achieved improved average PCE values as a result of enhanced 

all photovoltaic parameters, especially for VOC and FF, which is attributed to reduced defect 

density, increased carrier lifetimes and inhibited interfacial nonradiative recombination. The 

devices with 3-APAI and 5-AVAI possessed better device performance in comparison with 

the devices with PAI, showing that -COOH group had a positive impact on surface defect 

passivation. Among the investigated three passivators, 3-APAI demonstrated the best device 
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performance. On the one hand, this indicates that organic salts could be more effective in 

defect passivation than 2D perovskite. On the other hand, the synergistic chemical 

anchoring of organic functional groups upon appropriate spatial conformation is conducive to 

maximizing defect passivation effect and minimizing interfacial nonradiative recombination. 

The J-V curves of the champion control and modified PSCs are presented in Figure 6b-e. 

The control device obtained a peak PCE of 22.10% with a JSC of 25.54 mA cm−2, a VOC of 

1.12 V, and an FF of 77.25%. In contrast, the PAI and 5-AVAI modified devices realized 

improved maximum PCEs of 22.68% (a JSC of 25.41 mA cm−2, a VOC of 1.14 V, and an FF of 

78.49%) and 23.12% (a JSC of 25.46 mA cm−2, a VOC of 1.13 V, and an FF of 80.36%), 

respectively. Particularly, the champion device with 3-APAI achieved an appealing PCE of 

24.72% (a JSC of 25.59 mA cm−2, a VOC of 1.19 V, and an FF of 81.20%), to the best of our 

knowledge, which is among the highest PCEs reported for the PSCs without antisolvents up 

to now (Table S4, Supporting Information). More importantly, we achieve an attractive 

certified PCE of 23.68% with a JSC of 25.72 mA/cm2, a VOC of 1.168 V, and an FF of 78.84% 

(Figure S16-19, Supporting Information).  

For all devices, hysteresis index (HI) was calculated according to the formula of HI = 

(PCEReverse − PCEForward)/PCEReverse). The HI values were 8.8%, 8.1%, 1.2% and 8.3% for the 

control, PAI, 3-APAI and 5-AVAI modified devices, respectively. The 3-APAI based devices 
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exhibited the smallest hysteresis among all investigated devices. Reduced defect density 

and ameliorated interfacial charge extraction should be chiefly responsible for repressed 

hysteresis.[1, 57, 58] Besides, suppressed ion migration due to the effective passivation of FA+ 

and I- vacancies also should be one of important reasons for mitigated hysteresis because 

vacancy defects can provide pathways for ion migration.[1]  

 

Figure 6. a) Statistical photovoltaic parameters of the control and modified devices. J-V curves 
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of the best-performing b) control, c) PAI, d) 3-APAI and e) 5-AVAI modified devices.  

 

2.8 Long-Term Stability 

Since long-term stability plays a decisive role in final commercial application of PSCs, 

we gained insights into the effect of interface modification on the long-term stability of the 

control and modified films and devices. We recorded optical photographs of the control and 

3-APAI modified perovskite films stored in an airtight container with a humidity of 75±10% in 

the dark at room temperature. From Figure S20 in the Supporting Information, the control 

perovskite film decomposed obviously after 5 days while the 3-APAI modified perovskite 

films still kept black under the same aging time. After 10 days of aging, significant 

degradation can be noticed for the whole control film whereas just slight degradation 

happened on the edge of the perovskite film with 3-APAI. This indicates that moisture 

resistance of perovskite films was prominently strengthened after 3-APAI modification. This 

is because the -COOH and -NH3
+ groups at both ends of 3-APAI molecules were firmly 

chemically anchored on the surface of perovskite films and simultaneously the alkyl chain 

between functional groups can suppress or block water invasion. This suggests that 

synergistic effect of functional groups and spatial conformation is beneficial for enhancing 

not only PCE but also stability. 
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Furthermore, XRD measurements were conducted to explore the moisture stability of 

the control and 3-APAI modified perovskite films. It can be found easily in Figure S21 in the 

Supporting Information that the intensity of main diffraction peaks of 3D perovskite for the 

control perovskite films reduced after aging for 10 days, diffraction peak intensity of PbI2 

markedly increased, and yellow non-perovskite phase emerged. In stark contrast, the 

intensity of main diffraction peaks of 3D perovskite was almost maintained for the 3-APAI 

modified perovskite films and no yellow non-perovskite phase was observed under the same 

aging condition. In short, 3-APAI modification remarkably enhanced moisture resistance of 

perovskite films by effective defect passivation and hydrophobic alkyl chain. We have 

observed from Figure S22 in the Supporting Information that the morphology of the control 

perovskite film has been spoiled while no evident morphology change occurred for the 3-

APAI-modified perovskite film, which again proved the enhanced moisture stability after 3-

APAI treatment.  

We evaluated the long-term operational stability of the encapsulated control and 

modified devices under continuous illumination of 100 mW/cm2 white light LED (Figure 7 and 

Figure S23, Supporting Information). The control device degraded rapidly, which was 

confirmed by retaining 56.2% (from 20.07% to 11.29%) of its initial efficiency value after 

1400 hours. In comparison, the PAI, 3-APAI and 5-AVAI modified devices exhibited much 
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improved photostability, which was evidenced by maintaining 70.1% (from 22.85% to 

16.18%), 96.1% (from 23.73% to 22.81%) and 87.8% (from 23.02% to 20.23%) of their 

original PCE values after 1400 hours of light stress, respectively. The improved light stability 

should be ascribed to suppressed trap-assisted nonradiative recombination, inhibited ion 

migration, and reinforced interfacial contact.[1, 9, 23, 30] It is worth stressing that the 3-APAI 

modified devices demonstrated the most outstanding stability, which is owing to the 

simultaneous chemical anchoring of -COOH and -NH3
+ groups on the perovskite film 

surface. This again highlights the significance of the synergistic modulation of functional 

groups and spatial conformation in managing interfacial defects and carrier dynamics toward 

the realization of stable and efficient perovskite photovoltaics. Previous studies have 

revealed that multidentate ligand chelation can strengthen the chemical interaction between 

modification molecules and perovskites and thereby prominently enhance stability and 

PCE.[23, 39-41, 59, 60]  

The moisture stability was studied by exposing the unencapsulated control and 3-APAI-

modified devices in an ambient environment with a 35±5% RH. Figure S24 in the Supporting 

Information manifests that the control device degraded to 57.2% of its initial PCE after 2000 

hours of aging, while the device with 3-APAI treatment degraded to 90.1% of its initial PCE 

under the same aging condition, indicating improved moisture resistance after 3-APAI 
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modification, which is in keeping with ameliorated film moisture stability. As for the thermal 

stability of PSCs, the encapsulated devices were aged at 100 °C in air ambient conditions. 

After heating for 108 h, 79.7% of their initial efficiencies were retained for 3-APAI modified 

devices, while 60.1% of their efficiencies were maintained for the control device, as exhibited 

in Figure S25. In conclusion, we have attested that synergistic modulation of functional 

groups and spatial conformation of modifiers is a feasible and practical approach to 

managing interfacial defects and carriers to achieve high-performance PSCs. 

 

Figure 7. The a) PCE, b) JSC, c) VOC and d) FF evolution of the encapsulated control and 
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modified PSCs under continuous one sun illumination of 100 mW/cm2 provided by white light 

LED.  

 

3. Conclusions 

In summary, we effectively managed interfacial defect and carrier dynamics by 

synergistic modulation of functional groups and spatial conformation of organic 

ammonium salt modification molecules. PAI, 3-APAI and 5-AVAI were adopted to 

treat the surface of perovskite films. PAI and 5-AVAI post-treatment resulted in the 

formation of 2D perovskite passivation layers while 2D perovskite can not be 

generated after 3-APAI treatment. Due to appropriate alkyl chain length, -COOH and 

-NH3
+ groups at both ends of 3-APAI molecules can be simultaneously chemically 

anchored on the surface of perovskite films via coordinating bonding with 

undercoordinated Pb2+ and ionic bonding and hydrogen bonding with octahedron 

PbI64-, respectively, which strengthened defect passivation effect and improved 

interfacial carrier extraction and transfer. It was revealed that 3-APAI molecules can 

passivate anionic and cationic defects by multiple chemical bonds. Therefore, the 

much better defect passivation effect was demonstrated for 3-APAI than 2D 

perovskite layers formed by PAI and 5-AVAI. Impressively, the 3-APAI modified 

device based on vacuum flash method produced a promising PCE as high as 
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24.72% (certified 23.68%), which is one of the highest efficiencies ever reported for 

the devices fabricated without antisolvents. Moreover, the encapsulated 3-APAI-

modified device maintained 96.1% of its initial PCE after 1400 h of light stress under 

one sun continuous illumination. This work provides a simple and effective strategy to 

minimize interfacial nonradiative recombination losses by synergistically modulating 

functional groups and spatial conformation of modification molecules.  
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An effective interfacial defect and carrier management strategy is developed by 

synergistically modulating organic functional groups and spatial conformation of organic 

ammonium salt modification molecules. The 3-APAI modified device based on vacuum flash 

technology achieves an alluring peak efficiency of 24.72% (certified 23.68%), which is 

among highly efficient devices fabricated without antisolvents. 
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