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a b s t r a c t

BA2(MA)n-1PbnI3n+1 series low-dimensional (2D) perovskites have been widely investigated for their re-

markable environmental stability, but still suffer the poor light absorption and disordered phase distri-

bution, hindering their practical applications. In this work, we combine the introduction of FA and the

addition of PbCl2 to optimize the film quality, strengthen the light absorption, regulate internal phase

distribution, and promote carrier transport inside 2D perovskite films. The incorporation of FA promotes

sufficient light absorption and improve the film crystallinity. Furthermore, the addition of PbCl2 elimi-

nates the low n phase (n=1) and suppresses the forming of the low n phase of n=2, enhancing the

film conductivity and diminishing carrier recombination. The synergistic of A-site cation engineering and

phase manipulation achieves a high efficiency of 16.48%. Importantly, the synergistic prepared perovskite

film does not show any changes after 60 days in the air with an average humidity of 57% ± 3%, and the

corresponding solar cell maintains 85% of the original efficiency after more than 800 h, demonstrating

remarkable environmental stability. The results indicate that the synergistic of A-site cation engineering

and phase manipulation is promising for producing superior efficiency, along with satisfying humidity

stability.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Past decade has witnessed an earthshaking efficiency progress

for 3D perovskites [1,2]. However, because the poor chemical sta-

bility of the 3D perovskite, it is easy to degrade under environ-

mental conditions such as, oxygen, humidity and high temperature,

which greatly hinders their commercialization process [3,4]. 2D

metal halide perovskites presenting remarkable environmental sta-

bility suitable for practical application have given rise to tremen-

dous interest and making this magic material a rising star in pho-

tovoltaic technologies.

Depending on the type of introduced organic spacer cations, 2D

perovskites can form Ruddlesden-Popper (RP), Dion-Jacobson (DJ),

and alternating cations interlayer (ACI) phase three different types

[5]. Among them, 2D RP perovskites of BA2(MA)n-1PbnI3n+1 series
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(BA series) are considered to be the most promising and poten-

tial layered materials due to their superior environmental stability

and favorable reproducibility [5,6]. The PCE of BA series materials

(n≤5) has experienced a remarkable increase in recent years [7,8].

However, BA series 2D perovskite materials encounter two chal-

lenges that affect their device performance. One is inefficient light

absorption and the other is the presence of low n phases [9,10].

The low n phases are poorly conductive and act as a carrier trap,

resulting in lower efficiency devices [9,11]. For the issue of inef-

ficient light absorption, Chen et al. reported double A-site cation

2D perovskite for the first time, achieving an ideal band gap of

1.51 eV [12]. Unfortunately, they achieved only 6.88% PCE due to

poor film quality. Later, Shao et al. incorporated guanidinium (GA+)
into PEA-based RP 2D perovskite fabricating a mixed bulky (PEA,

GA)2MA4Pb5I16 2D perovskite [13]. They found that the incorporat-

ing GA+ not only enhanced the light absorption of 2D perovskite,

but also promoted the carrier transport inside the 2D perovskite

https://doi.org/10.1016/j.cclet.2024.109545
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film. Although many other efforts have been made to reduce the

band gap of 2D RP perovskites, the relatively low efficiency pro-

duced by inappropriate n value choosing has limited their further

development [14,15]. To the issue of disordered phase distribution,

Lee et al. found that addition of DMSO in DMF solvent can reduce

the intensity of low n phases, thereby reducing carrier recombi-

nation centers and improving device performance [11]. Then, Xu et

al. found 2D perovskite (BA, OA)2(MA, FA)2PbnI3n+1 (n=4) with OA

cation exhibits enhanced charge transport due to inhibition of low

n phases [16]. To realize better carrier transport, in 2020, Liu et al.

reported a synergistic effect and found optimization of solvent ra-

tio and substrate preheating temperature can gradually reduce the

intensity of low n phases [17]. Though better charge transport was

achieved within 2D perovskites through regulate the phase distri-

bution, the efficiency is still far from satisfactory since the low n

phases is only suppressed rather than eliminated.

In this work, we combine the introduction of FA and the ad-

dition of PbCl2 fabricated FA/MA mixed BA2(MA1-xFAx)4Pb5I3n+1

(n=5) layered perovskites. This method avoids the issue of poor

film quality caused by inappropriate n value selection and com-

pletely eliminates the existence of low n phase of n=1. In com-

parison with the FA-free 2D perovskite film, the optimal FA-based

film exhibits improved crystallinity and enhanced light absorption,

achieving a higher JSC of 20.01mA/cm2 than the FA-free sample of

17.86mA/cm2. After further addition of PbCl2 in the optimal FA/MA

mixed precursor solution, we observed that the low n phase of

n=1 was fully eliminated and the low n phase of n=2 was no-

ticeably suppressed. In addition, the PbCl2-added 2D perovskite ex-

hibits micron-level grain size (1.83 μm) with enhanced film crys-

tallinity. Importantly, the PbCl2-added 2D perovskite film displays

higher surface contact potential, reduced trap density, and superior

carrier transport, thus a high PCE of 16.48%. The optimal PbCl2-

added BA2(MA0.95FA0.05)4Pb5I16 film and device also display supe-

rior environmental stability after storage in an average humidity of

57% ± 3%.

The BA2(MA)4Pb5I16 (control) film was prepared by one-step

hot-casting method using (BAI), methyl ammonium iodide (MAI)

and lead iodide (PbI2) as raw materials and DMF/DMSO as a bi-

nary solvent. As discussed in the introduction, cation FA was em-

ployed to partially replace cation MA in BA2(MA)4Pb5I16 material

aiming to obtain a band gap moderate mixed A site cation 2D per-

ovskites. The amount of FA is determined according to the compo-

nents of BA2(MA1-xFAx)4Pb5I16 (x=0, 0.05, 0.10, 0.20, 0.40). For the

prepared BA2(MA1-xFAx)4Pb5I16 series, some targeted characteriza-

tions were conducted to investigate the effect of FA introduction

on the 2D perovskite films.

First, we carried out X-ray diffraction (XRD) and ultraviolet ab-

sorption spectrum (UV) to investigate the structure variation and

light absorption case upon the introduction of cation FA. Fig. 1a

represents XRD patterns of different amount of FA introduced 2D

perovskite films. All films display (111) and (202) character diffrac-

tion peaks of 2D perovskite in 14.1° and 28.3° [19,20]. After the

introduction of FA, the diffraction peak shifted to the lower diffrac-

tion angles, indicating that FA/MA layered 2D perovskite was suc-

cessfully processed [10,21]. It is worth mentioning that the full-

width at half-maximum (FWHM) value of (111) and (202) two

diffraction peaks gradually decrease as the increasing of FA ra-

tio (Fig. 1b), confirming increased crystal size and improved crys-

tallinity. Note that low angle diffraction peak appeared when the

FA content was higher than 0.05. We speculate that this could be

ascribed to the formation of BA2FAPb2I4 (low n phase) perovskite

owing excess FA introduction. The low n phase has the drawbacks

of a large band gap, poor conductivity, and mismatched energy

band structure [5,22,23], which is not conducive to device per-

formance. We observed that after the introduction of FA, the ab-

sorption of 2D perovskite film enhanced first and then attenuated

Fig. 1. (a) XRD diffraction results of different FA content-based-2D perovskite films.

(b) The (111) and (202) half-peak width values of 2D perovskite films at different

contents of FA ratios. (c, d). UV–vis absorption and PL spectra of different FA content

based-2D perovskite films.

(Fig. 1c). The optimal FA/MA mixed 2D perovskite film (0.05 FA)

exhibits absorption edge red-shifts in comparison with the control

film, from 646nm to 659nm. This result demonstrates that the ad-

dition of FA indeed reduced the optical band gap and enhanced

the light absorption. The PL results of different FA contents intro-

duced 2D perovskite films are shown in Fig. 1d. As increasing FA

ratio from 0.05 to 0.40, PL peak displayed red-shift (0.05FA) and

then blue-shift (FA > 0.05), which is due to the formation of low

n phase of 2D perovskites after FA content was higher than 5%.

The performance statistics distribution for different amounts of FA-

introduced devices is shown in Fig. S1a (Supporting information).

It is observed that the optimal FA replacement amount is 0.05, and

the device efficiency decreases when it is higher than 0.05. The

corresponding J-V curves and device parameters are displayed in

Fig. S1b and Table S1 (Supporting information). The average value

of the Jsc increased from 17.76mA/cm2 to 19.70mA/cm2 for FA-

free and FA-introduced 2D perovskite devices. The performance

improvement after the introducing cation FA may arise from the

enhancement of light absorption due to the extending of the ab-

sorption range.

We further introduced PbCl2 to regulate the crystallization pro-

cess of 2D perovskite to improve the film quality and device per-

formance. Fig. 2a exhibits the PL spectra of 2D perovskite films af-

ter the addition of different molar ratios of PbCl2. The resultant 2D

perovskite displays multiple perovskite phases, indicating a multi-

phase mixed structure. Meanwhile, we observed that after the ad-

dition of PbCl2, the peak intensity of the 3D perovskite gradually

decreases, revealing the holes and electrons are easily separated

and extracted in PbCl2-introduced 2D perovskite films [24,25]. It is

worth noting that when the PL spectrum is locally amplified (500–

675nm), we found that the addition of 1.5 mol% PbCl2 (PbCl2-

added) eliminated the low n phase of n=1 and suppressed the

formation of low n phase of n=2 (Fig. 2b). This result demon-

strates that the addition of PbCl2 effectively regulated the crystal-

lization growth process and crystallization kinetics of layered low

dimensional perovskite. Based on the above results, we propose

the schematic diagrams (Fig. 2c) of the phase distribution of PbCl2-

free and PbCl2-added perovskite. Owing to containing fewer low-n

phases, PbCl2-added 2D perovskite promotes internal carrier trans-

port, which is conducive to improving device performance [11,16].

After studying the phase distribution of 2D perovskite at dif-

ferent molar ratios of PbCl2, atomic force microscope (AFM) was
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Fig. 2. (a) PL spectra of 2D perovskite films at different molar ratios of PbCl2 (ex-

cited from perovskite back side). (b) Locally amplified PL results (500–675nm).

(c) Phase distribution schematic diagrams of PbCl2-free and PbCl2-added 2D per-

ovskites.

Fig. 3. (a) AFM images of PbCl2-free and PbCl2-added 2D perovskites. (b) 2D per-

ovskite grain size statistics based on AFM results.

performed for PbCl2-free and PbCl2-added layered low dimensional

perovskite films (Fig. 3a). The PbCl2-free 2D perovskite film shows

small grain size and uneven grain size distribution, with a root-

mean-square roughness (RMS) of 18.9 nm. However, the PbCl2-

added 2D perovskite exhibits larger grain size and uniform grain

size distribution, with an RMS value of 18.5 nm. This result demon-

strates that the introduction of PbCl2 can delay the precipitation

of FA/MA mixed supersaturated precursor solution, and is con-

ducive to forming crystal grains with larger size due to the de-

creasing of nucleation sites [26]. Meanwhile, this result also ver-

ifies again that the addition of PbCl2 indeed regulates the crys-

tallization growth process and crystallization kinetics of 2D per-

ovskite. Fig. 3b displays the grain size statistics of PbCl2-free and

PbCl2-added 2D perovskite films. The PbCl2-added 2D perovskite

has an average grain size of 1.83 μm dramatically larger than the

PbCl2-free sample, which can be seen more clearly from the sup-

plementary material (Fig. S2 in Supporting information). The in-

creased grain size implies improved crystallinity and reduced grain

boundary of FA/MA mixed 2D perovskite, which can greatly pro-

mote carrier transport within the 2D perovskite [27]. Fig. S3 (Sup-

porting information) exhibits corresponding SEM images, both the

PbCl2-free and PbCl2-added film showed uniform and complete

surface coverage.

To gain a deeper understanding of the underlying physics be-

hind charge carrier transport in PbCl2-added 2D perovskites, the

photoelectric properties of the PbCl2-free and PbCl2-added per-

ovskite films were systematically characterized. Figs. 4a and b ex-

hibit the kelvin probe force microscopy (KPFM) images of the

PbCl2-free and PbCl2-added 2D perovskites. Potential variations

from ≈ −322mV to −94mV were observed for PbCl2-free 2D per-

ovskite film, while it was enhanced to ≈−0.084mV to 0.0967mV

for PbCl2-added perovskite film. Meanwhile, the surface potential

of PbCl2-added 2D perovskite films exhibits enhanced uniformity

compared to those PbCl2-free samples (Fig. 4c). In addition, after

addition of PbCl2, the average values of the surface potentials in-

creased from −207mV to 11.2mV, indicating that 1.5 mol% PbCl2
addition promotes the separation and transportation of charge car-

riers within the perovskite film [28]. Time-resolved photolumines-

cence (TRPL) spectra (Fig. 4d) reveal that PbCl2-added 2D per-

ovskite film displays a longer average carrier lifetime of τ =11.72ns

than τ =3.80ns for PbCl2-free sample, specific attenuation param-

eters τ 1 and τ 2 are listed in Table S2 (Supporting information).

Enhanced carrier lifetime suggested that the addition of PbCl2
suppressed carrier recombination and improved the film quality

[29,30]. Meanwhile, alternating current impedance spectroscopy

measurements are conducted, corresponding Nyquist plots results

shown in Fig. 4e. The recombination resistance (Rrec) was dramat-

ically increased from 1433 � (without PbCl2) to 1837 � for the

PbCl2-added device implying that the addition of PbCl2 inhibit car-

rier recombination inside the perovskite film [31], specific resis-

tance parameters are shown in Table S3 (Supporting information).

Based on the above analysis, we can conclude that the introduc-

tion of PbCl2 promotes carrier transport, reduces defect density,

and suppresses carrier recombination within the perovskite film.

These results demonstrate that PbCl2 is a resultful additive to im-

prove the quality of layered low dimensional perovskite films.

To further investigate the charge-carrier physics in PbCl2-added

2D perovskite films, incident light intensity dependence of VOC,

dark J-V curves, and motte-schottky curves were performed. Light

intensity-dependent VOC is demonstrated to correlate with the

charge recombination loss in the usage of the devices [32]. As

shown in Fig. 5a, according to the fitting result, the PbCl2-added

solar cell has a VOC versus Plight slope of 0.947kT/q, which is much

smaller than the PbCl2-free sample of 1.16kT/q, where k is Boltz-

mann’s constant, T is temperature, and q is elementary charge. This

result suggests that trap-assisted recombination is noticeably sup-

pressed in the PbCl2-added devices [33]. Fig. 5b is the dark J-V

curves of 2D perovskite devices. The PbCl2-added device produces

a lower dark current of 2.74×10−3 mA/cm2 than the PbCl2-free

one (2.21×10−2 mA/cm2), indicating less trap states in the PbCl2-

added devices [34]. Space-charge-limited current (SCLC) method

was used to quantitatively describe the trap density within the

2D perovskite for PbCl2-free and PbCl2-added hole-only devices

(ITO/NiOx/2D perovskite/Spiro-OMeTAD/Ag). The fitting results are

shown in Fig. 5c. According to the formula of Ntrap =2εε0VTFL/qL
2

[35], where εr is the relative dielectric constant (εr =25), ε0 is the

vacuum permittivity, q is the elemental charge, and L is the thick-

ness of the photo-absorber layer (600nm), the PbCl2-added device

delivers a lower trap density of 2.05×1015 cm−3 than the PbCl2-

free sample of 3.71×1015 cm−3. This result suggested that the ad-

dition of PbCl2 can effectively reduce the trap density within the

perovskite films, thus reducing non-radiative recombination and

improving film quality. To further investigate the effect of PbCl2
addition on the carrier transport, we conducted the Motte-Schottky

curve (Fig. 5d). The PbCl2-added device generates a built-in electric

field (Vbi) of 0.814V noticeably higher than the PbCl2-free sample
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Fig. 4. (a, b) KPFM images of PbCl2-free and PbCl2-added perovskite film. (c) Surface contact potential differences (CPD) distribution statistics. (d, e) Corresponding TRPL

spectra and Nyquist plots.

Fig. 5. (a) Incident light intensity dependence of VOC for PbCl2-free and PbCl2-

added devices. (b, c) Dark J-V curves for PbCl2-free and PbCl2-added devices. (d)

Corresponding Mott-Schottky plots.

of 0.633V, which indicates that the addition of PbCl2 drives the

separation and transport of photogenerated carriers [18]. These re-

sults indicate that the addition of PbCl2 efficaciously reduces the

defect density in perovskite films, thereby facilitating carrier sepa-

ration and transport within the films.

To verify the photovoltaic performance of PbCl2-free and PbCl2-

added devices, inverted planar PSCs were fabricated with a de-

vice architecture of indium tin oxide (ITO) /NiOx/2D perovskite

/PCBM/BCP/Ag. Fig. S4 (Supporting information) exhibits the effi-

ciency distribution diagram of perovskite cells with different con-

tent of PbCl2. After adding 1.5 mol% PbCl2, 2D perovskite showed

the optimal efficiency. Table 1 displays the champion and aver-

age (Ave) device parameters of PbCl2-free and PbCl2-added solar

cells (forward scan). The PbCl2-free sample shows an average PCE

of 14.77%, Voc of 1.11V, JSC of 19.41mA/cm2, FF of 69.8%, a high-

est Voc of 1.16V, FF of 75.53%, a decent PCE of 15.72%. After ad-

dition of 1.5 mol% PbCl2 into the optimal FA-based 2D perovskite

precursor, the average PCE was enhanced to 15.46%, FF to 70.5%,

achieving a highest PCE of 16.48%. The enhanced PCE performance

Table 1

Device parameters of PbCl2-free and PbCl2-added solar cells.

PbCl2-added Device parameter VOC (V) JSC (mA/cm2) PCE (%) FF (%)

0 mol% Champ 1.16 17.91 15.72 75.53

Ave 1.11 19.41 14.77 69.8

1.5 mol% Champ 1.16 19.01 16.48 74.5

Ave 1.12 19.72 15.46 70.5

is ascribed to the effective phase regulation of 2D perovskite by

the addition of PbCl2. Fig. 6a exhibits the EQE spectrum of the

PbCl2-free and PbCl2-added champion devices. The JSC integrated

from the incident photon to current conversion efficiency (IPCE)

spectra was 17.41mA/cm2 and 18.32mA/cm2 for the PbCl2-free and

PbCl2-added solar cell, analogously matching (<5% discrepancy)

well with the value derived from the J-V curves (Fig. 6b). This re-

sult confirms the increased device performance, because of the ef-

fective phase regulation and improved charge transport.

To verify the impact of chloride additive on the stability of

layered 2D perovskite, the fabricated film and unencapsulated 2D

photovoltaic devices were placed in a harsh atmosphere with an

average humidity of 57% ± 3%. For the PbCl2-free sample, the peak

intensity of (111) and (202) diffraction planes markedly decreased

after 60 days of storage (Fig. 6c), which reflected poor humid-

ity stability. Nevertheless, as shown in Fig. 6d, the PbCl2-added

2D perovskite film displays completely unchanged peak strength.

Meanwhile, as shown in Fig. 6e, the PbCl2-added 2D perovskite

solar cell exhibits relatively higher moisture stability in compari-

son with the PbCl2-free sample after storage of more than 800h

in air. These results show that the addition of PbCl2 significantly

enhances the humidity resistance of layered perovskite films and

devices, which may be due to the reduction of defects and the im-

provement of film quality after the addition of PbCl2. We tested the

champion PbCl2-added 2D perovskite device from different scan-

ning directions (Fig. S5 in Supporting information). The resultant

PbCl2-added 2D perovskite solar cell displays ignorable hystere-

sis (less than 5%). The improved stability and negligible hysteresis

confirmed again that the addition of PbCl2 has a benign effect on

2D perovskite films, which is conducive to improving the device

performance.

Mix cation BA2(MA0.95FA0.05)4Pb5I16 perovskite films were suc-

cessfully prepared by introducing cation FA to replace cation MA.
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Fig. 6. (a) EQE spectrum of the PbCl2-free and PbCl2-added champion devices. (b)

Corresponding J-V curves (forward scan). (c, d) XRD aging test results of PbCl2-free

and PbCl2-added layered perovskite films at an average humidity of 57% ± 3%. (e)

Corresponding photovoltaic device humidity resistance results.

The incorporation of FA strengthened the light absorption range

and enhanced the crystallinity of 2D perovskite contributing to no-

tably improved JSC. After further introduction of PbCl2, the low n

phase of n=1 was eliminated and the low n phase of n=2 was no-

tably suppressed. Meanwhile, the addition of PbCl2 promoted the

formation of 2D perovskite films with large grain size and less de-

fect density, which greatly facilitated the carrier transport within

the 2D perovskite film. Importantly, the PbCl2-added layered per-

ovskite film and device show significantly enhanced moisture sta-

bility in contrast to the PbCl2-free sample. The synergistic effect

of A-site cation engineering and phase regulation achieves an im-

pressive PCE of 16.48%. Our results highlight a promising future of

efficient and sTable 2D PSCs toward commercialization.
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