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Abstract 
The optical properties and stability of metal halide perovskites can be improved by reducing their 

dimensionality. Since defects at the perovskite film grain body and boundaries cause significant 

energetic losses by non-radiative recombination, perovskite films with manageable crystal size and 

macroscopic grains are essential to improve the photovoltaic properties. Through theoretical 

calculation models and experiments, we show that the carboxyl group of 4-ammonium butyric acid-

based cation (4-ABA+) can interact with the three-dimensional (3D) perovskite to produce in-situ a 

secondary grain growth by post-treatment. It passivates the trap defects and broadens the light 

absorption. 4-ABA+ could induce a 2D capping layer on top of 3D mixed cations-based perovskite to 

construct 2D /3D heterojunction. The 4-ABA+ modified perovskite film consists of large-sized grains 

with extremely low trap state densities and possesses a longer charge carrier lifetime and good stability, 

resulting in efficient perovskite solar cells with a champion efficiency of 23.16% and a VOC of 1.20 V. 

We show that the 4-ABA+ treated devices outperform the 3-Ammonium Propionic Acid (3-APA+) and 

5-ammonium valeric acid (5-AVA+) treated ones. Moreover, the devices exhibit high stability under 

high humidity and continuous light soaking conditions. This work gives a hint that our approach based 

on 4-ABA+ treatment is key to achieve better electrical properties, a controlled crystal growth, as well 

as highly stable perovskite solar cells. 

 

 

Keywords: 4-ammonium butyric acid; Hierarchical interface; 2D/3D Heterojunction; Defects 
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1. Introduction  
Organic-inorganic halide perovskites solar cells (PSCs) have received tremendous attention from 

scientists working on materials and devices during the last decade. Their present certified record power 

conversion efficiencies lie above 25%.1-3 Although efficient PSCs have ignited the passion for 

photovoltaic research, the challenging issues which remain to be overcome are mainly recombination 

losses, band alignment, and stability since PSCs are sensitive to humidity, oxygen, and heat stressors.2, 

4-5 The instability of halide perovskites originates from their ionic nature and internal defects.6-7 From 

the viewpoint of the crystal defects, three-dimensional (3D) perovskites are mainly prepared by 

solution-based technique, in which the crystallization processes include annealing and antisolvent 

promotion steps and will inevitably result in inferior crystal quality, excessive grain boundaries, and 

various forms of intrinsic defects.8-9 The absence of comprehension of how intrinsic defects are formed 

and of strategies for eliminating them will inevitably limit the photovoltaic and stability 

performances.10  

Structural engineering and interface engineering have been employed to eliminate intrinsic 

defects and enhance the stability of perovskites.7,11 Structural engineering to build layered 2D 

perovskites of Ruddlesden–Popper type (Y2An−1BnX3n+1) and Dion–Jacobson type (YAn−1BnX3n+1) 

show higher environmental stability because of the hydrophobicity of large size organic cations with 

long alkyl chains while it inevitably sacrifices the photovoltaic performance of the PSCs.12 Interface 

engineering by depositing a hydrophobic organic cation (such as Butylammonium (BA+), 

phenethylammonium (PEA+),13 and 5-ammonium valeric acid (5-AVA+)) on top of the 3D perovskite 

surface to coordinate the dangling bonds of 3D perovskite and form 3D/2D interfacial heterojunctions 

has been regarded as an effective way to mitigate the non-radiative recombination, minimize the 

density of defects and regulate the stability.14 Cations are mainly deposited or incorporated to form 

low-dimensional layers through strong hydrogen bond linkage and achieve enhanced cross-linking 

effects, leading to reduced defect density and improved interfacial charge extraction efficiency. To 

efficiently modify the perovskites, organic ammonium ions are introduced to occupy octahedral sites 

(PbI6
4-) on the top side of crystals and not into their lattice. The potential benefits of this method are 

fourfold. (i) First, during the film deposition process, the cations existing at the interface can improve 

the chemical linking ability between the absorber layer and the hole transporting layer through the 

functional groups. (ii) These cations can be used for the growth control or guidance factors and 

facilitate the formation of uniform thin films with dense morphology. (iii) Cations can passivate high-

density defects on the surface, which usually act as an origin of “pitting” to cause the decomposition 

of perovskite. (iv) Large-sized cations can form low-dimensional structures on the top side, making 

absorber thin films unaffected by moisture and then more stable in the long run.  

The photovoltaic properties of the resultant low-dimensional perovskites are greatly affected by 

the chemistry of the additive molecules, which then offer great potential for the preparation of 

perovskite materials with customized characteristics. Among the above-mentioned large cations, 5-

AVA+ has been employed as an excellent dopant to tailor the crystal structure of the absorber layer, 

resulting in an improved charge carrier lifetime.15 For example, Mei et al. showed that the MAPbI3 

crystals were strengthened by 5-AVA+ at the grain boundaries and they indicated that the 

decomposition and ionic migration could be inhibited, meeting stability standards of IEC61215:2016 
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qualification tests during 9000 h.16 However, 5-AVA+ based cationic additives studied so far are mainly 

incorporated into the adjacent perovskite crystal in a low-dimensional form. Moreover, the long alkyl 

chain (four alkyl groups inside) is still the bottleneck limiting the electrical properties of 5-AVA+ doped 

low-dimensional perovskite.13 Introducing large-sized cations with an alkyl chain will inevitably 

inhibit the longitudinal transport of carriers while improving the stability of the perovskite. Similar to 

5-AVA+, 4-ABA+ is an amino acid with three alkyl groups inside, one carboxyl group, and one amino 

functional group. The shorter alkyl chain length will benefit the charge transfer between layers in the 

produced low-dimensional perovskite. 

In this work, we develop a new organic amino-acid cation, 4-ABA+, as an interfacial ionic 

solution to obtain a 2D capping layer on top of 3D mixed cations-based perovskite to construct 2D /3D 

heterojunction. Our results demonstrate the following multiple benefits: (i) 4-ABA+ can form a low-

dimensional capping layer with higher surface potential for effectively regulating the bandgap 

alignment and reducing VOC loss; (ii) Hydrogen bonds can be formed between COOH and NH3
+ groups 

of 4-ABA+ and I− ions from PbI6
4− octahedra; (iii) −COOH in 4-ABA+ can act as a suitable hydrogen 

donor/acceptor with hydrogen bonding to each other,17 giving a hierarchical interface to reduce the 

density of defect states. (iv) 4-ABA+ enhance the perovskite recrystallization. It results in increased 

grain size by the dehydration-condensation reaction of amino acids. This strategy combines the 

advantages of defect passivation and water repellency by the low dimensional perovskite interfacial 

layer.  

 

2. Results and discussion 
The perovskite photoactive layer was prepared on SnO2 by a typical one-step spin-coating 

technique and was annealed on a hotplate at 110°C. The rapid crystallization of 3D perovskite crystals 

usually results in small-sized grains with a high density of traps. The perovskite layer was subsequently 

treated by spin-coating a solution of 4-ABAI dissolved in isopropyl alcohol (IPA) solvent and annealed 

at 110 oC to fabricate a 4-ABA+ based low-dimensional perovskite capping layer (Figure 1a). Similar 

to the popular 5-AVA+, 4-ABA+ contains a carbonyl group, an amino group, and a chain of four alkyl 

groups. Figure 1b provides the working mechanism of 4-ABA+ in the perovskite. Specifically, the 

carbonyl group can combine with under-coordinated Pb2+ ions or trap states with a positive charge to 

form Lewis adducts and passivate defects at the crystal grains or surface. As a novel organic amine 

cation, 4-ABA+ could help to form quasi-2D perovskite through the cations exchange process and in-

situ reaction with PbI2. We implemented SEM top-view imaging of the control and 4-ABA+ modified 

perovskite films. Usually, there are some bright PbI2 crystals on top of the control perovskite films 

(Figure 1c).18 Introducing 4-ABA+ markedly changed the surface morphology (Figure 1d) by in-situ 

formation of 2D (4-ABA)2An-1PbnX3n+1 perovskite on the surface. The 4-ABA+ long-chain molecules 

can effectively recrystallize the perovskite.19 Furthermore, due to the dehydration condensation 

reaction of amino acid molecules, multiple 4-ABA+ ions will produce long-chain amino acids through 

a chemical reaction and then produce H2O. These water molecules will further promote the growth of 

perovskite grains for the PbI2 crystals recrystallization through an Oswald ripening effect.20 By using 

the AFM height sensor mode (Figure 1e-f), we measured root means square (RMS) values of 25.4 nm 

and 16.6 nm for the control and 4-ABA+ modified perovskite films, respectively, demonstrating the 
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surface flattening. The 3D perovskite changed from a rough surface with small crystal grains to a flat, 

uniform, and dense morphology after the 4-ABA+ treatment. In Figure S1 (Supporting information), 

the average grain size gradually grows with the concentration of 4-ABA+ from 1 to 3 mg/mL. The 

increased grain size may be assigned to the dehydration-condensation reaction of amino acids in 4-

ABA+, which promotes the recrystallization process of perovskite. However, as the concentration 

reached 5 mg/mL, the film surface was covered with excessive 4-ABA+ or (4-ABA)2Xn-1PbnI3n+1 film, 

producing a decreased interfacial carrier transporting characteristics because of the lower conductivity 

of 2D perovskite. The optimized 2D capping layer eliminated the superficial defects and reduced the 

loss of interfacial charge by recombination. It also induced a second crystal growth of perovskite, 

which appears as a crucial factor in getting high-efficiency devices. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out on control and 4-ABA+-

modified perovskite films to determine the chemical compositions (Figure 1g-h and Figure S2, 

Supporting information). As expected, the C1s peak exhibits contributions from atmospheric CO2, 4-

ABA+ (containing a carboxyl, amide, and alkyl group), and A-site perovskite organic component (FA+, 

MA+). The active binding of 4-ABA+ was first confirmed by the appearance in the C1s spectra of the 

modified perovskite film of C=O, C-C, O=C-O, and C-OH bond signals. The O 1s peaks from XPS 

spectra are related to the 2D component, relating to the -C=O from carboxyl contained in 4-ABA+. 

Furthermore, the XPS spectra of N 1s, Pb 4f, Br 3d, I 3d, and Cs 3d show that the passivation layer 

did not alter the original structure of the control perovskite films. Fourier transforms infrared 

spectroscopy (FTIR) in Figure S3 (Supporting Information) shows that the C=O vibration peak at 

about 1700 cm-1 has shifted to a higher wavenumber, proving the strong interaction between the control 

and 4-ABA+ modified perovskite films. XRD analysis of the perovskite films and the prepared 2D 

perovskite references with various n values (n=1, 2, 3, 4) are reported in Figure 1i and Figure S4 

(Supporting information), respectively. The control film shows a clear peak at 12.7°, indicating the 

presence of excess and unreacted PbI2 in the as-prepared control perovskite films. After introducing 3 

mg/mL 4-ABA+ with an annealing temperature of 100oC, we observed the decreased PbI2 diffraction 

peak intensity, revealing that 4-ABA+ could react with PbI2 to form the low-dimensional perovskite. 

Furthermore, a characteristic peak at 6o in the 4-ABA+ modified perovskite film proves the presence 

of 2D components (Figure 1i).21-23  

The UV-Vis absorption spectra in Figure S5 reveal that the 4-ABAI modification unchanges the 

light absorbance of the perovskite layer and produces a slight redshift, which slightly expands the 

absorber light-harvesting capacity. As we discussed earlier, 4-ABA+ is a multifunctional ion due to its 

exposed carboxyl and amino functional groups. In order to prove that 4-ABA+ has advantages over 

traditional BA+ (BA+ stands for butylamonium) and 5AVA+ cations. We proved the carboxyl–iodine 

interaction in (4-ABA)2(MA)n-1PbnI3n+1 perovskites with n=2 cases by comparing (4-ABA)2MAPb2I7 

with (BA)2MAPb2I7, and (5-AVA)2MAPb2I7 compounds modelled by DFT-based calculations (Figure 

S6a-c, Table S1, Supporting information). For (4-ABA)2MAPb2I7, we observed a significant tendency 

for two -COOH atoms of 4-ABA+ to aggregate, unlike the case of (BA)2MAPb2I7, where the -CH2- 

chain remains almost upright. The closest distance between the -COOH atoms of two 4-ABA+ is about 

3 Å. It is a reasonable distance for a carboxyl-carboxyl interaction. Besides, (5AVA)2MAPb2I7 is 

similar in structure to (4-ABA)2MAPb2I7, but it has a longer alkyl chain, which deforms the perovskite. 
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The carboxyl-carboxyl interaction can make the structure more stable, thereby enhancing the stability 

of the perovskite. The electronic band structure (Figure S6d-f) shows the conduction band edge and 

valence band edge of 2D perovskite. Compared to (BA)2MAPb2I7 and (5-AVA)2MAPb2I7, the valence 

band edge of (4-ABA)2MAPb2I7 is close to the conduction band edge. The tDOS indicates that the 

energy of the valence band edge is mainly due to the iodine contribution. The strong interaction of the 

4-ABA+ molecule with the I- ion changes the band structure of the perovskite, thereby narrowing the 

bandgap and improving light absorption (Figure S6g-i, Supporting information).  

 

Figure 1. (a) Scheme of the perovskite film treatment process. Inset is the chemical structure of 4-ABAI. (b) 

Schematic crystal structure of 4-ABA+ modified perovskite to construct 2D/3D heterojunction. SEM top-view images 

of the (c) control and (d) 3 mg/mL 4-ABA+ modified Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 perovskite film. XPS spectra 

of 2D/3D perovskite films for (g) C 1s and (h) O 1s detection. AFM height sensor image of the (e) control and the (f) 

4-ABA+ modified perovskite films, (i) XRD patterns of the control and 3 mg/mL 4-ABA+ modified perovskite films.  

 

We then prepared PSCs with the device structure of FTO/SnO2/perovskite/Spiro-OMeTAD/Au 

(Figure 2a and b). It can be seen from the cross-section SEM image that the 4-ABA+ modified 

perovskite film has flatter and long-range ordered grains, while the traditional film has many small 

grains, which is consistent with the surface SEM analysis. At the same time, the functional layer 
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including glass /FTO, SnO2, perovskite, spiro-OMeTAD, and Au counter electrode of the whole device 

are evenly distributed, which is the basis of high-efficiency devices. To prove the universality of 4-

ABA+ modification on the photovoltaic performance, we simultaneously prepared two kinds of PSCs 

containing a typical mixed three cations CsFAMA precursor system 

(Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17) and a double-cations CsFA precursor system with MACl as an 

additive. The photovoltaic characteristics of these devices are analyzed in detail. A statistical 

distribution diagram of the PCEs as a function of the 4-ABA+ concentration is reported in Figure 2c 

and Figure S7 (Supporting Information). The statistical graph from 25 individual PSC devices reveals 

that the 3 mg/mL 4-ABA+ modification could help to achieve a better reproducibility.  

As for the CsFA precursor system-based high-efficiency device, the control PSCs could exhibit a 

best PCE of 19.86%, while the PCE value increased to 20.96%, 21.93%, and 23.16% for 1 mg/mL, 2 

mg/mL, and 3 mg/mL 4-ABA+ modified PSCs. It dropped to 22.15%, and 20.72% as the concentration 

reached 4 mg/mL and 5 mg/mL, respectively.24 As is illustrated from the champion photovoltaic 

performance in Figure 2d from the typical current density-voltage (J-V) results, the CsFA precursor 

system based PSC device increased from 19.86% (Voc=1.12 V, Jsc=23.37 mA/cm2, FF =75.87%) to 

23.16% (Voc=1.20 V, Jsc =24.57 mA/cm2, FF=78.55%). The integral photocurrents from the EQE 

response (Figure S8, Supporting information) exceeding 800 nm of the CsFA precursor system-based 

control and 4-ABA+ modified PSCs are 24.37 mA/cm2 and 23.00 mA/cm2, respectively. The integral 

photocurrents are consistent with the current density-voltage (J-V) results (Figure 2d). The best cell 

photovoltaic parameters with and without treatment are gathered in Table 1. In particular, the VOC was 

improved from 1.12 V to 1.20 V, which can be associated with the improved interfacial contact and 

crystal quality. As extensively reported in the literature on PSC devices, J-V curves of the control PSCs 

present strong hysteresis behavior. The hysteresis can be related to the electrical bias-induced 

instability at the perovskite/spiro-OMeTAD interface, linked to the electrochemical reactivity of the 

perovskite layer. In our case, the 4-ABA+ based low-dimensional capping layer can effectively 

passivate the A-site vacancy on the surface of 3D perovskite, improve the energy band structure of the 

interface, inhibit the halide ion migration at the same time,25 and thus reduce the hysteresis effect of 

devices. Figure S9 show the stabilized JSC and PCE for the control and 4-ABA+ modified CsFA 

precursor system-based PSCs tested at the maximum power point (MPP) with a bias voltage of 0.94 V 

and 1.02 V, respectively. After continuous illumination for 300 s, the control and modified CsFA 

precursor system-based device held a steady-state JSC of 20.87 mA·cm-2, and 22.49 mA·cm-2, 

respectively, resulting in the steady-state PCE of 22.93% and 19.61%. Simultaneously, the modified 

device exhibited a lower leakage current from the dark current densities (Figure S10, Supporting 

information). 

In the meantime, we also found that the control and 3 mg/mL 4-ABA+ modified traditional 

Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 based PSCs could achieved photovoltaic performance of 19.52% 

(Voc=1.08 V, Jsc=23.44 mA/cm2, FF=77.10%) and 22.25% (Voc=1.14 V, Jsc=23.85 mA·cm-2, 

FF=81.83%), as shown in Figure S11 (Supporting Information). This indicates that 4-ABA+ is an 

universal post-treatment agent for low dimensional modification and photovoltaic performance 

improvement of PSCs, and it is independent of the components of perovskite materials. We further 

tested the photovoltaic performance of the 3-Ammonium Propionic Acid (3-APA+) and 5-AVA+ 
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modified Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 based devices and achieved efficiencies of 22.12% and 

21.01%, respectively (Figure S12). The comparison indicates that 4-ABA+ as a space modifier has 

better photovoltaic performance than 3-APA+ and 5-AVA+. Although 4-ABA+ and 5-AVA+ exhibit the 

same terminal functional groups (carbonyl and amino), 4-ABA+ has less alkyl chain length than 5-

AVA+. As an organic spacer cation for low-dimensional modification, a shorter alkyl chain length is 

conducive to charge carrier transfer between inorganic [PbI6]
4- layers, thus promoting the improvement 

of photovoltaic performance of devices. 

In the above, we attributed the effect of 4-ABA+ on the increased grain size and device 

performance to the following aspects: (1) As an amino acid molecule, 4-ABAI can produce water 

molecules by dehydration condensation reaction between multiple 4-ABAI molecules during 

annealing after spin coating on the perovskite surface. The existence of water molecules promotes the 

secondary crystallization of perovskite films and then promotes the secondary growth of grains. This 

is a typical Oswald ripening effect caused by the presence of water molecules; (2) As an organic 

ammonium salt, 4-ABA+ can effectively hinder the charge recombination at the perovskite crystal 

surface, which is similar to PEA+, PA+, BA+, 5-AVA+ and THMA+ in previous studies16, 26. Large 

organic ammonium salts as a spacer can be inserted into the surface of 3D perovskite to form a 2D/3D 

layered structure (although it is not necessarily a pure 2D structure, it may be an A2Bn−1MnX3n+1 with 

high n-value). The recrystallized 2D perovskite on the surface of 3D perovskite will passivate the A-

site cation vacancy. 4-ABA+ constructed low dimensional perovskite also inhibits the interfacial charge 

recombination between perovskite/hole transport layers. (3) The excess or unreacted PbI2 on the 

perovskite surface will react directly with 4-ABA+, which can be seen from the significantly decreased 

XRD diffraction peak of PbI2. It shows that 4-ABA+, as a new organic ammonium salt, will definitely 

and inevitably in situ generate new low-dimensional perovskite on the surface. 

The plot of the solar cell VOC versus the light intensity provided detailed information about 

recombination processes occurring in devices due to trap states (Figure 2e). It can be modelled using 

the following formula: 

𝑉𝑂𝐶 = 𝑛 (
𝐾𝐵𝑇

𝑒
) 𝑙𝑛(𝐼) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (1) 

where n is the ideality coefficient, KB is the Boltzmann constant, e is the elemental charge, T the 

absolute temperature, and I the intensity of light. The 4-ABA+ modified PSCs exhibited a lower slope 

(n=1.26) compared to the control device (n=1.45), indicating the effectively weakened trap-induced 

carrier recombination. The impedance spectra (Figure 2f). were measured in the dark to clarify the 

charge transfer and recombination processes in the PSCs.3 The modified device exhibited a Rrec value 

of 1036 Ω, a value higher than 724 Ω measured for the control device, proving the effective suppression 

of recombination rate. The above electrical properties fully illustrate the reduced trap states for carrier 

recombination after introducing 4-ABA+, which is beneficial for high charge extraction efficiency. 
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Figure 2. Cross-sectional SEM image of the full (a) control and (b) 4-ABA+ modified 

Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 based PSC devices. (c) PCE distribution of the PSCs with different concentrations 

of 4-ABA+ from 0 mg/mL to 5 mg/mL. (d) Typical J-V curves of best champion devices with and without 4-ABA+. 

The J-V curve of the highest-efficiency device is obtained from the CsFA precursor system. (e) Seminatural-

logarithmic plots of VOC versus light intensity. (f) Nyquist plots at 0 V (1 Hz to 100 kHz) of the control and 4-ABA+ 

modified PSC device. 

 

Samples Scanning 

direction 

VOC(V) JSC (mA·cm-2) FF(%) PCE(%) 

Control RS 1.12 23.37 75.87 19.86 

FS 1.11 23.32 70.65 18.29 

With 4-ABA+ RS 1.19 24.63 77.89 22.83 
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FS 1.20 24.57 78.55 23.16 

Table 1 Photovoltaic characteristics of best CsFA devices prepared without and with 4-ABA+ treatment at forward 

(FS) and reverse (RS) scans. 

 

Kelvin probe force microscopy (KPFM) was employed to provide a reliable measure of the local 

surface potential that originates from contact potential differences (CPD) mappings (Figure 3a and b) 

between the microscope tip and the sample surface. The measure provides their relative work functions, 

the VOC promotion, and the possibility of bandgap bending along grain boundaries.27 4-ABA+ 

modification affected the mean values (Figure 3c) of the CPD in the perovskite film, which increased 

from 213~282 mV to 521~646 mV due to the abundant electron density over the outer contour of 4-

ABA+. Given that the work function of the metal tip is higher than the perovskite surface, higher CPD 

corresponds to a larger work function difference between the tip and samples. The higher surface 

potential shift indicates a better energy band alignment. It may favour electron extraction and hole 

transportation. The larger CPD points out a higher Fermi energy level which enlarges the build-in 

potential. It agrees with the improved VOC for 4-ABA+ modified PSCs. Another insight is the higher 

CPD within the interior of the grain boundaries. The properties of grain boundaries and variations in 

electronic properties at grain boundaries clarify the nature of carrier dynamics within the 4-ABA+-2D 

perovskite films.28 4-ABA+ moves along the crystal boundary and recrystallize with non-reacted PbI2, 

tending to cluster at the perovskite crystal boundary to crystalize as 4-ABA+-2D perovskite. This 

process is similar to a recrystallization accompanied by grain size enlargement. The observable energy 

band bending at grain boundaries is supposed to promote the charge carrier separation and transport. 

It explains the higher VOC . 

The modified films exhibit lower steady-state photoluminescence (PL) peak intensity (Figure 3d) 

than the control films, suggesting that 4-ABA+ can accept holes before recombination. Furthermore, 

the PL peak was redshifted for the 4-ABAI modified film, confirming the narrowed bandgap of the 4-

ABA+ modified films. Besides, the corresponding TRPL curves are recorded in Figure 3e. The detailed 

calculated PL decay constants using a bi-exponential equation are reported in Table S2 (Supporting 

Information). The average decay times τave(τave=(A1τ1
2+ A2τ2

2)/(A1τ1+ A2τ2)) of the control and 

modified films were 578.8 ns and 273.3 ns, respectively. The TRPL result reveals that the modified 

perovskite film exhibits a shorter lifetime decay, indicating that the in-situ produced low-dimensional 

capping layer exhibits a better film quality, which could effectively suppress radiative recombination 

at the interface and promotes photogenerated charge transfer and transport ability. 

J-V properties of electron-only devices with the FTO/SnO2/perovskite/PCBM/Au structure were 

then employed to estimate the electron trap-state densities by the trap-filled limit voltage (VTFL) 

measurement based on the following formula29: 

𝑉𝑇𝐸𝐿=
𝐿2 𝑒𝑛𝑡

2𝜀𝜀0
  (2) 

where nt is the trap-state density, e is the electron charge, L is the thickness of the perovskite layer, ε0 

is the vacuum permittivity and ε is the relative dielectric constant (~35)30. The VTFL values of the 

modified and the control devices were measured at 0.11 V and 0.14 V (Figure 3f), respectively, 
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revealing the lower trap density nt of 1.70×1015 cm-3 for the modified device compared to 2.16×1015 

cm-3 for the control one. 

 

 

Figure 3. KPFM image of (a) control and (b) 4-ABA+ modified perovskite films. (c) CPD cut lines drawn in (a) and 

(b). (d) Steady-state PL curves of the perovskite films deposited on glass/FTO/SnO2 as the substrate. (e) Time-

resolved PL curves of the perovskite films deposited on glass/FTO/SnO2 as substrate. (f) J-V curves of the electron-

only devices with the structure of FTO/SnO2/perovskite/PCBM/Au in the dark. 

 

DFT simulations were performed to investigate the mechanism of 4-ABA+ based low-

dimensional surface contact enhanced transfer of interfacial charge carriers. To simplify the structure, 

we constructed periodic slabs of FAPbI3 and (4-ABA)2PbI4 perovskite. We subsequently relaxed the 

position of the atoms and employed the Perdew-Burke-Ernzerhof function to get the 2D/3D structure.31 

The valence and conduction bands were mainly composed of I and Pb orbital contributions, 

respectively (Figure 4a-c). The charge carriers can be transported by the 2D/3D interface unquenched. 

It can be attributed to the presence of Pb-I-like bonds in both systems. The difference in charge density 

is also plotted to provide further insight into the mechanism of interfacial charge transport. The positive 

charge (yellow area) is mainly situated at the interface, close to the 3D plate. On the other hand, the 

negative charge (blue area) is spread near the 2D plate, which intimates that it has charge reassign 

between surface I of perovskite and –COOH of 4-ABA+. It suggests a potent interaction between I and 

-COOH. This impedes the motion of I and the formation of I vacancies. It also honor forceful interplay 

between FA of perovskite and -COOH of 4-ABA+, which curbs FA escape. The apparent distinction of 

negative and positive charges states that the direction of hole transport at the 2D/3D interface is 

directed from 3D perovskite to (4-ABA)2PbI4. Therefore, the self-grown 4-ABA+-2D perovskite can 

contribute to the hole extraction from the perovskite to the gold back electrode, thereby limiting the 

charge carriers recombination. To decode the influence of passivation by 4-ABA+ of the perovskite 
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absorber, we modelled the density of partial states (PDOS) of perovskite films and 4-ABA+-altered 

perovskite films (Figure 4d-f). FA vacancies, I-vacancies, and I interstitial at the perovskite surface 

induce trap states (highlighted by gray boxes), at the origin of non-radiative recombinations resulting 

in energy losses. DFT results show that 4-ABA+ passivation suppresses these trap states, in agreement 

with the non-radiative recombination reduction determined by the TRPL results.  

 

Figure 4. Charge density difference of 4-ABA+ passivated perovskite surface with (a) FA-vacancy, (b) I-vacancy and 

(c) I-interstitial. (b) tDOS of 4-ABA+ passivated perovskite surface with (d) FA-vacancy, (e) I-vacancy and (f) I-

interstitial.  

 

In addition to high efficiency, long-term stability is another key feature of PSC applications. We 

documented SEMs and pictures of unencapsulated Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 perovskite films 

placed under high relative humidity (80±10%) stress testing. Images in Figure 5a-b and S13 

(Supporting Information) show that the control films were heavily decomposed with significant crystal 

structure degradation and pinhole formation. On the other hand, the modified films maintained an 

intact and flat morphology. Compared with the control perovskite films with degraded yellow color, 

4-ABA+ modified films exhibited no visible color change after a 25 days long storage. Therefore, the 

film treatment by 4-ABA+ significantly enhances the ambient stability. The XRD patterns of these 

films (Figure 5c-d) confirmed that the control film decomposed markedly, with a significant increase 

in the PbI2 peak intensity due to its unstable surface. On the other hand, 4-ABA+ modified films 

exhibited no apparent XRD pattern change. The increased contact angle from 48.6o to 70.6° (Figure 

5e-f) shows a higher hydrophobicity of the 4-ABA+ modified sample. The insolubility of organic 

components on the top of the perovskite prevents moisture entrance into the crystal lattice. The 

enlarged water contact angle may be assigned to the hydrophobic alkyl chain and to the carboxyl-
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carboxyl interaction of 4-ABA+ in the 2D perovskite which protects water from entering into the 

perovskite lattice and then effectively enhances moisture stability.  

  

 

Figure 5. (a) and (b) SEM images of perovskite films stored in high humidity conditions (80±10% RH) for 25 days. 

(c) and (d) XRD patterns of perovskite layer before and after storage in high humidity (80±10% RH) for 25 days. (e) 

and (f) Water contact-angle measured on a (e) control and a (f) 4-ABA+ modified perovskite films.  

 

We monitored the photostability of the control and 4-ABA+ modified 

Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 devices under ageing conditions according to International Summit 

on Organic Photovoltaic Stability (ISOS) protocols. Precisely, the light soaking test is in line with 

ISOS-L-1 test regulations (Figure 6).47 All the unencapsulated devices were tested in N2 atmosphere, 

at room temperature, under an LED light source with an intensity of about 100 mW cm-2. As a result, 

the control PSCs almost completely degraded from 19% to 12% within 100 h, while the 4-ABA+ 

modified device could retain over 96% of its initial efficiency after 200 h. In particular, the control 

PSCs change seriously after about 80 h, which may be mainly due to the internal defects of the device 

and the irreversible degradation induced by ion migration. The excellent photostability of the 4-ABA+ 

modified device in 200 h further shows that the low dimensional interfacial heterojunction can 

effectively passivate defects. As expected, the observed higher humidity resistance and light soaking 

stability of the 4-ABA+ modified device results from the formation of the low-dimensional capping 

layer, endowing a promising practical application prospect. 
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Figure 6. Light stability tracking in N2 atmosphere to extract the photovoltaic parameters of PCE, FF, Jsc and VOC 

as a function of time for the unencapsulated control and 4-ABA+ modified PSCs.  

 

3. Conclusions 
In conclusion, we have demonstrated a high interest in fabricating 2D/3D perovskite 

heterojunction structures in-situ by employing a novel multifunctional amino acid-based organic cation, 

4-ABA+. 4-ABA+ acts as an effective interface and grain boundary passivation organic agent, which 

improves crystallinity, eliminates interfacial defects, and therefore reduces non-radiative 

recombination. The PCE was significantly enhanced from 19.86% to 23.16%, with a high VOC value 

of 1.20 V. We have also shown that the 4-ABA+ based 2D perovskite prevents moisture from entering 

into the perovskite lattice and improves moisture and light ageing stability over 200 h. This novel 

hierarchical interface perovskite fabrication method is up-and-coming for releasing highly efficient 

and ambient-air-stable PSCs and could assist the commercial application in the perovskite-based 

photovoltaic field.  

 

4 Experimental section 
4.1 DFT simulation 

All first-principles calculations were based on the plane-wave pseudopotential method within the 

framework of density functional theory (DFT) as implemented in the Vienna Ab initio Simulation 

Package (VASP) with projector augmented wave (PAW) method1-3. For 2D perovskite and perovskite 

surface with 4-ABA+ passivation, we used a plane-wave basis cutoff energy of 400 eV, 400 eV and 4 

× 4 × 1, 2× 2 × 1 Monkhorst–Pack k-point mesh for electronic Brillouin zone integration, respectively. 

For the perovskite surface, we use 2× 2 × 2 supercells and a vacuum space of 15 Å for DFT. All 

structures were relaxed until the structures were fully optimized via total energy minimization, with 
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the total energy converged to less than 0.0001 eV. 

 

4.2 Materials 

CsI, PbI2, PbCl2 and PbBr2 were purchased from Xi’an Polymer Light Technology Corp. FAI, 

MAI, MACl, MABr, 3-APAI, 4-ABAI, 5-AVAI were purchased from Greatcell Solar Limited. 

Dimethylsulfoxide (DMSO), N,N-Dimethylformaldehyde (DMF), and isopropanol (IPA) were 

purchased from Macklin Inc. SnO2 was obtained from Alfa Aesar. FTO glass, [6,6]-phenyl-C61-

butyric acid methyl ester (PCBM) and spiro-OMeTAD were purchased from Liaoning YouXuan 

Technology Co., Ltd. All these chemicals were used without further purification.  

 

4.3 Device Fabrication. 

The FTO glass substrates (TSG, 7Ω) were cleaned in a glass cleaner solution, in deionized water, 

and in ethanol for 20 min, in an ultrasonic bath. They were then treated by ultraviolet UV/Ozone for 5 

minutes to improve the surface wettability. Next, the SnO2 electron transporting layer was deposited 

by spin-coating. A droplet of SnO2 precursor solution (2.67%, in water) was deposited onto FTO 

substrates, spin-coated at 3000 rpm for 30 s and annealed on a hot plate at 150 °C for 30 min.  

The Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 precursor solution was prepared by dissolving 0.172g of 

formamidinium iodide (FAI), 0.0224g of methylammonium bromide (MABr), 0.507g of PbI2, and 

0.0734g of PbBr2 in 1 mL of DMF and DMSO (volume ratio 4:1) solvent mixture. Then, 0.320g of CsI 

was pre-dissolved to 1 mL DMSO. After that, 50 µL of CsI solution was added to the previous 

perovskite solution. The synthesized Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 precursor solution was spin-

coated onto the FTO/SnO2 substrate at 600 rpm for 5 s and 4000 rpm for 30 s in a N2 filled glovebox. 

15s before the end of the spinning routine, 400 µL of chlorobenzene anti-solvent was dripped on the 

sample. The obtained film was annealed at 110°C for 60 minutes. After that, 50 μL of IPA solution 

containing different concentrations of 4-ABA+ was dripped onto Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 

film (at 3000 rpm) and then sintered at 100°C for 10 min to get an optimized perovskite layer. For the 

CsFA perovskite precursor solution, the 1.55 M CsFA perovskite precursor was prepared for dissolving 

248.16 mg of FAI, 19.73 mg of CsI, 682.13 mg of PbI2 in a mixture of 1 mL of DMF and DMSO (4:1, 

v/v). Then 6.58 mg of RbI，35 mg of MACl, 12.74 mg of PbCl2, and 8.53 mg of PbBr2 were added to 

the above precursor solution as the intermediate additives to stabilize the black phase of perovskite. 

The 1.55 M CsFA perovskite precursor solution was spin-coated on the FTO/SnO2 substrate for 40 s 

at 4000 rpm, and then 400 µL of chlorobenzene was dropped onto the perovskite surface 15s before 

the program ended, and the films were annealed at 110°C for 20 min. After that, 50 μL of IPA solution 

containing different concentrations of 4-ABA+ was dripped onto Cs0.05FA0.95PbI3 film (at 3000 rpm) 

and then sintered at 100°C for 10 min to get an optimized perovskite layer. 

We prepared a spiro-MeOTAD based hole-transporting materials solution by mixing 100 mg of 

spiro-MeOTAD powder, 45μL of 4-tert-butylpyridine, and 45μL of a lithium bis-

(trifluoromethylsulfonyl) imide solution (340 mg/mL in acetonitrile) in 2 mL of chlorobenzene. 40 µL 

was deposited onto the surface of the perovskite layer and spin-coated at 3000 rpm for 30 s. Finally, a 

100 nm thick Au electrode was deposited by thermal evaporation. The final device structure was 

FTO/SnO2/Perovskite/Spiro-MeOTAD/Au device. A FTO/SnO2/Perovskite/PCBM/Au structured 
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device was realized to estimate the electron trap-state densities. 10 mg of PCBM was dissolved in 1 

mL of chlorobenzene. 50 μL of this solution was spin-coated onto the perovskite layer at 1000 rpm for 

30 s and sintered at 100 °C for 30 min. The preparation method for the other layers was the same as 

mentioned above. 

 

4.4 Device Characterization. 

A JEOF 7610F emission scanning electron microscope (SEM) was employed to get the surface 

and cross-sectional morphology views of the perovskite films. X-ray diffraction (XRD) patterns for 

perovskite films were recorded on a Rigaku SmartLab(9Kw)DX-ray diffractometer, using a 

monochromatized Cu Kα target radiation source at a scanning rate of 8°/min. The scanning voltage is 

5.5 kV. Agilent 5500 scanning probe microscopy was utilized for AFM topography and KPFM in 

tapping mode, whereas CS-AFMin contact mode with 1 V applied bias. Impedance spectra were 

measured with a Electrochemical Workstation (AMETEK, VersaSTAT3) and the data were processed 

using Z-View program. The absorption spectra were measured by a Shimadzu UV-1900 spectrometer. 

TRPL and steady-state PL spectra were acquired by employing the FLS980 Series of Fluorescence 

Spectrometers with an excitation wavelength of 480 nm. The J-V characteristics were measured under 

AM 1.5 G irradiation using a 71S type solar simulator system customized by SOFN Instruments Co., 

Ltd., coupled with a Keithley 2400 digital source meter. A reference silicon cell was used for the system 

calibration. ISOS-L-1 stability testing in this work stands for the light photostability at room 

temperature with a white LED-based solar simulator (Mato-led-90, Tianjin Meitong Corp., China.) 

under the open-voltage condition. The LED light source contains wavelength ranges from 400 to 950 

nm with a calibrated irradiation intensity of 100±2 mW.cm-2. The ageing test electrical data was 

acquired using the Keithley 2400 source meter controlled by the software (designed for Keithley 2400 

fully automatic control) developed by Wuhan Zeal Young Technology Co., Ltd. The self-made ageing 

test instrument for light photostability regularly scans the J-V curve to obtain the total data of 

photovoltaic parameters (PCE, Voc, Jsc and FF) changing with ageing time. The unencapsulated solar 

cell devices were placed in pure N2 (>99.99%) atmosphere with a chamber temperature kept at 

25 ± 3 °C.  

Except for special emphasis (such as the J-V curve of champion devices), most of the figures 

mentioned are obtained from the three cation Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 precursor-based 

perovskite films. This is mainly because the CsFA perovskite with higher FA ratio exhibit low bandgap 

and relatively high efficiency, while its environmental humidity stability is relatively poor, and it is 

easy to change from black α-phase to yellow δ-phase in the air environment, which affects the analysis 

of 4-ABA+ function on the perovskite. In contrast, the three cation Cs0.05(FA0.83MA0.17)0.95PbI0.83Br0.17 

exhibit overall better Operation and storage stability for characterization and analysis. 
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