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SUMMARY

Low-band-gap metal halide perovskite semiconductor based on mixed Sn/Pb is a key component

to realize high-efficiency tandem perovskite solar cells. However, the mixed perovskites are un-

stable in air due to the oxidation of Sn2+. To overcome the stability problem, we introduced

N-(3-aminopropyl)-2-pyrrolidinone into the CH3NH3Sn0.5Pb0.5IxCl3-x thin film. The carbonyl group

on the molecule interacts with Sn2+/Pb2+ by Lewis acid coordination, forming vertically oriented

2D layered perovskite. The 2D phase is seamlessly connected to the bulk perovskite crystal, with

a lattice coherently extending across the two phases. Based on this 2D/3D hybrid structure, we

assembled low-band-gap Sn-based perovskite solar cells with power conversion efficiency greater

than 12%. The best device was among the most stable Sn-based organic-inorganic hybrid perov-

skite solar cells to date, keeping 90% of its initial performance at ambient condition without

encapsulation, and more than 70% under continuous illumination in an N2-filled glovebox for

over 1 month.

INTRODUCTION

Organic-inorganic hybrid perovskite shows excellent optoelectronic properties with high absorption coef-

ficient, high charge carrier mobility, long carrier diffusion lengths, and tunable band gaps, making it a prom-

ising light-harvesting layer for next-generation photovoltaic cells (Eperon et al., 2014; Snaith, 2013; Xing

et al., 2013; Stranks et al., 2013). After rapid development over the past decade, the pace of perovskite solar

cell (PVSC) advancement in terms of power conversion efficiency (PCE) slowed down in the past 2 years, but

still reached over 23%, which is on par with the best CuInxGa1-xSe2 (CIGS) andCdTe solar cells but lower than

that of crystalline Si solar cells (Research Cell Efficiency Records; Accessed November, 2018). One promising

strategy to further improve the PCE of PVSCs is to fabricate a tandem solar cell, which is composed of sub-

cells with different band gaps to selectively harvest different portions of the solar spectrum to reduce the

overall thermalization energy loss during the photocurrent generation process. Several different types of

tandem cells were proposed including the perovskite/Si-, perovskite/CIGS-, and perovskite/perovskite-

based double-junction cells (Werner et al., 2018; Shen et al., 2018; Eperon et al., 2016; Yu et al., 2016; Meil-

laud et al., 2006). The first two can be realized by incorporating a large-band-gap (�1.7–1.9 eV) perovskite

cell to harvest the visible light, and the all-perovskite tandem cell requires an additional low-band-gap

(�0.9–1.2 eV) perovskite cell to harvest the near-infrared (NIR) light. The latter one was proved to be feasible

because low-band-gap perovskites can be achieved by partially replacing Pb2+ with Sn2+ in the perovskite

lattice and the smallest band gap is achieved when half of the Pb2+ is replaced by Sn2+ (Ogomi et al., 2014).

However, low-band-gap perovskites typically show very poor stability as the bivalent Sn2+ in the perovskite is

easily oxidized to Sn4+ in ambient condition, which destroys the crystal lattice and quickly degrades the de-

vice performance (Stoumpos et al., 2013; Wang et al., 2016a). Therefore, although high PCEs of 17%–18%

have been demonstrated in low-band-gap PVSCs, the development of stable mixed Sn/Pb-based PVSCs

is critically important to realize stable perovskite tandem cells as well as other optoelectronic applications,

such as NIR photodetectors and light-emitting diodes (Zhao et al., 2017a; Xu et al., 2018; Zhu et al., 2018;

Hong et al., 2016).

Several studies have demonstrated that organic-inorganic two-dimensional (2D) layered perovskites are

more stable than three-dimensional (3D) perovskites in terms of ambient stability as the organic layer

can serve as a physical barrier to prevent moisture from penetrating into the perovskite film to destroy

the perovskite crystal structure (Wang et al., 2018a; Jiang et al., 2018). Therefore, 2D perovskites can

improve the stability of perovskite optoelectronic devices, regardless of solar cells or light-emitting diodes

(Chen et al., 2017a, 2017b; Yuan et al., 2016; Tsai et al., 2016; Liao et al., 2017). However, unlike 2D perov-

skite light-emitting diodes, the performance of 2D PVSCs are much more sensitive to the orientation of the
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2D perovskite planes. In a typical PVSC, laterally oriented 2D layered perovskite is unfavorable as the insu-

lating organic layer could block the charge transport in the vertical direction and reduces the photocurrent.

Conversely, in vertically oriented 2D perovskite, charge transportation is not impeded by the insulating

organic layer, therefore leading to solar cells with much better PCEs when compared with those having

laterally oriented 2D perovskites. Therefore, forming a vertically oriented 2D perovskite is a possible

method to achieve stable low-band-gap mixed Sn/Pb-based PVSCs without sacrificing device perfor-

mance. In recent years, with the introduction of butylammonium (BA) or phenylethylammonium (PEA) in

perovskite thin films, it is possible to obtain the desired vertically oriented medium-band-gap 2D perov-

skites of (BA)2(MA)n�1PbnI3n+1, (PEA)2(FA)n�1SnnI3n+1, and (BA)2Cs3x(MA)3-3xPb4I13 (Tsai et al., 2016; Liao

et al., 2017; Chen et al., 2017b, 2018; Zhang et al., 2017a).

As the smallest band gap mixed Sn/Pb perovskite is composed of stoichiometrically identical Sn2+ and

Pb2+, we therefore attempt to incorporate the most commonly used PEA and BA small molecules into

the CH3NH3Sn0.5Pb0.5IxCl3-x perovskite, aiming to create 2D layered perovskites with improved perfor-

mance (Tsai et al., 2016; Liao et al., 2017). However, unlike the cases in FASnI3- and MAPbI3-based 2D

perovskite systems, according to Tables S1 and S2, the incorporation of PEA or BA has a negative effect

on the device performance. Therefore, we try to identify a better molecular layer that can possibly form

stronger interactions with Sn2+ and Pb2+ in CH3NH3Sn0.5Pb0.5IxCl3-x to evaluate their effect on the nano-

structural control of the perovskite films as well as their corresponding device performance. As we know

that solvents containing C=O group such as g-butyrolactone and N,N-dimethylformamide can interact

strongly with the perovskite because the two electron lone pairs on the oxygen atom can make them a

Lewis base and coordinate with bivalent metal (Sn2+/Pb2+), which acts as a Lewis acid, they are therefore

good solvents for the perovskite precursor solution (Cao et al., 2016, 2017). Moreover, Zhang and co-

workers reported that the C=O group in polyvinylpyrrolidone (PVP) could strongly interact with Pb2+

ions because of the same reason and that such interaction provided a powerful means to modulate the

nucleation and growth of CH3NH3PbI3-xClx perovskite (Zhang et al., 2017b). Based on such rationale, we

believe that molecules containing C=O group could be a better choice for the formation of vertically

oriented 2D low-band-gap perovskite film. Inspired by the chemical structure of PVP, we therefore selected

N-(3-aminopropyl)-2-pyrrolidinone (NAP), whose molecular structure is shown in Figure 1A, as the organic

molecular layer in our study.

By the incorporation of NAP into the CH3NH3Sn0.5Pb0.5IxCl3-x perovskite, here we demonstrate an

interesting 2D/3D hybrid perovskite nanostructure in which a periodic vertically oriented 2D perovskite

is seamlessly connected to a 3D perovskite phase, forming a coherent 2D/3D interface. To the best of

our knowledge, this is the first report of such a hybrid 2D/3D perovskite structure. Furthermore, we success-

fully fabricate low-band-gap PVSCs with a PCE of greater than 12% based on the 2D/3D hybrid perovskite

structure. More encouragingly, the devices show excellent stability, making them one of the most stable

Sn-based PVSCs reported to date.
RESULTS AND DISCUSSION

Morphology and Film Structure

The pristine perovskite film was prepared by spin-coating the precursor solution containing methylam-

monium iodide (MAI), PbI2, and SnCl2 on poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

(PEDOT:PSS) followed by a vacuum annealing process to promote the perovskite crystal formation.

Such method facilitates a one-step conversion of the precursor film into perovskite film with negligible

amount of Cl in the resultant film (details can be seen in the Methods section) (Liu et al., 2018). The 2D

perovskite films were prepared by adding different molar ratios of NAP into the precursor solution,

and the same annealing process was applied. Based on the scanning electron microscopic images

(top view) in Figure 1B, the pristine film presented a rough surface with some pinholes. After adding

9 and 18 mM NAP to the perovskite films, we obtained smoother films with fewer pinholes. Moreover,

when we further increased the NAP concentration to over 36 mM, crystals with more regular shape

were formed in the films. As revealed by both the top view and cross-sectional scanning electron

microscopic images, square-shaped plate-like crystals with size greater than 1 mm were obtained

when the NAP concentration was increased to 144 mM. However, in such sample the crystal grains

became more isolated with lower film coverage. Such evolution of perovskite film morphology from

irregular to regular crystals suggested that NAP may not only change the morphology of the
338 iScience 9, 337–346, November 30, 2018



Figure 1. Morphologies and Crystal Orientations of CH3NH3Sn0.5Pb0.5IxCl3-x Films with Different Concentrations

of NAP

(A) The choice of NAP molecule is inspired by the chemical structures of g-butyrolactone and polyvinylpyrrolidone, which

can strongly interact with perovskite due to the C=O group in the pyrrolidinone unit.

(B) Scanning electron microscopic images (top view/cross-sectional view) and GIWAXS measurements of

CH3NH3Sn0.5Pb0.5IxCl3-x thin films with different concentrations of NAP.

(C) Magnified image of the marked area in B; besides the 3D{110} signals, there are two diffraction dots in the small qxy-

value region, which are assigned as the 2DA(n = 1) and 2DB(n = 1) structures of (NAP)2Sn0.5Pb0.5I4 perovskite, and their

normalized signals along the qxy axis are also shown, illustrating that 2D perovskite started to form after adding 72 mM

NAP. See the main text for a detailed discussion.
perovskite films but also participate in forming new crystal phases, such as the 2D layered structure as

expected.

To further investigate the crystal quality, orientation, and nanostructures of the resultant perovskite films,

we also performed grazing-incidence wide-angle X-ray scattering (GIWAXS) study for the different perov-

skite films, and the results are also shown in Figure 1B. The diffraction rings presented in the GIWAXS

pattern of the pristine film suggested that in the absence of NAP, a polycrystalline perovskite film with

random crystal orientations was formed. When increasing the concentration of NAP from 9 to 144 mM,

the diffraction rings gradually disappeared and changed to several diffraction dots, which suggested

that crystals with preferential orientations were formed. Taking the case of 144 mM NAP as an example,

the sharp and distinct diffraction dots revealed the formation of highly oriented perovskite thin film, sug-

gesting that the crystals in the corresponding scanning electron microscopic images were almost in the

same crystal orientation. More interestingly, according to the GIWAXS data in the case of 72 mM NAP,

several diffraction dots appeared in the small q-value region, which is indicated by a red dashed line in Fig-

ure 1B, and the corresponding magnified image is shown in Figure 1C for clarity. Along the out-of-plane

direction (the qxy axis), two diffraction dots at (qxy = 0.576 Å�1, qz = 0) and (qxy = 0.683 Å�1, qz = 0) were

observed. The corresponding lattice distance for these two peaks are 10.9 Å and 9.2 Å, respectively, which

we assigned to be the polymorphs of the 2D layered (NAP)2Sn0.5Pb0.5I4 perovskites both containing layer

number (n) equal to 1. The one with longer lattice distance is assigned to be 2DA(n = 1), whereas the shorter

one is 2DB(n = 1). These two diffraction dots in the out-of-plane direction provide strong evidence that a

periodic vertically oriented 2D perovskite phase is formed in the film. It is worth noting that the films
iScience 9, 337–346, November 30, 2018 339



Figure 2. TEM Images of CH3NH3Sn0.5Pb0.5IxCl3-x Thin Film with 72 mM NAP

(A) The 2DA(n = 1) structure and the magnified area 1 (marked with a red dashed line). The red lines in the magnified figure

show a head-to-head alignment between adjacent [MI6]
4- planes.

(B) The 2DB(n = 1) structure and the magnified area 2 (marked with a red dashed line). The red lines in the magnified figure

show a shift between adjacent [MI6]
4- planes by a distance of half of the lattice.

(C) The non-periodic vertically oriented 2D perovskites contain higher layer numbers.

(D) Schematic diagram of the nanostructure of 2D/3D hybrid perovskite grains.

(A), (B), and (C) have the same magnification, and the scale bar shown in (A) also applies to (B) and (C).
containing high concentrations of NAP are not pure 2D perovskite films, as from the GIWAXS patterns (Fig-

ure 1C) we can also observe diffraction dots that are corresponding to the 3D bulk perovskite phase but

with better crystal orientation when compared with the randomly oriented ones in the pristine film. There-

fore, it is very likely that a 2D/3D hybrid perovskite is formed in the films that contain high concentration of

NAP, and it will be very interesting to further study how these different phases are distributed in the film and

how they are interacting with each other.

To further evaluate the structural property of the 2D/3D perovskite films, we performed high-resolution

transmission electron microscopic (HRTEM) study of the film with 72 mM NAP. As the difference in

electron diffraction capabilities can produce a considerable phase contrast between the crystalline

[MI6]
4- (M = Sn2+/Pb2+) planes and amorphous organic layers, HRTEM offers the chance to directly probe

the crystal structures with atomic resolution. To prepare the TEM sample, a poly(methyl methacrylate)

(PMMA) precursor solution (100 mg/mL in chlorobenzene) was spin-coated on indium tin oxide (ITO) to

form the PMMA layer, followed by the depositions of PEDOT:PSS and perovskite films. The PMMA served

as a sacrificing layer and was removed by soaking in chlorobenzene, which is a non-solvent to PEDOT:PSS

and perovskite, leaving a floating film of PEDOT:PSS/perovskite that was then picked up by a TEM grid for

the study. In such case, we made sure the TEM probing was done from the top of the film, which is impor-

tant to reveal the vertical orientation of the 2D perovskite phase. The TEM study was performed onmultiple

areas of the film, and few representation images were used to illustrate our findings. In Figure 2A, an

obvious vertically aligned periodic 2D perovskite phase with a repeating distance of 10.64 Å was observed,

which correlated very well with the diffraction dot of 2DA(n = 1) perovskite in the GIWAXS result. Most inter-

estingly, the 2DA(n = 1) perovskite phase seamlessly connected to the 3D bulk phase with lattice coherently

extended across the two phases (as shown in the magnified TEM image in Figure S1A), forming a very

unique 2D/3D perovskite microstructure. Figure 2B shows another vertically oriented 2D perovskite with
340 iScience 9, 337–346, November 30, 2018



a repeating lattice distance of 9.02 Å, which correlated with the diffraction dot of 2DB(n = 1) perovskite in

the GIWAXS result. Similar to the case of 2DA(n = 1), the 2DB(n = 1) phase also connected coherently to the

3D bulk perovskite phase as shown in Figure S1B. To the best of our knowledge, this is the first time that

polymorphs of 2D metal halide perovskite were directly observed in a single perovskite film. By further

analyzing the TEM result, we attribute that the origin of the formation of polymorphs is the difference in

arrangement of the adjacent [MI6]
4- planes in the 2DA(n = 1) and 2DB(n = 1) structures. In the 2DA(n = 1)

structure, according to the magnified image of area 1 in of Figure 2A, all the lattices in the adjacent

[MI6]
4- planes perfectly aligned with each other, suggesting that there was no lattice shift between adjacent

[MI6]
4- planes, as depicted in the schematic diagram in Figure 2D. In contrast, according to the magnified

image of area 2 of Figure 2B, in the 2DB(n = 1) structure there was a half-lattice shift between adjacent

[MI6]
4- planes (as also illustrated in Figure 2D). This shift in adjacent [MI6]

4- planes alignment also led to

the difference in the arrangement of the organic layer, which resulted in the difference in lattice distance

between the 2DA(n = 1) (10.64 Å) and 2DB(n = 1) (9.02 Å) perovskite phases. In the latter case, better use of

space could be achieved between adjacent [MI6]
4- planes, resulting in closer stacking of the organic layer

and a smaller repeating distance.

In addition to the polymorphs of 2D perovskite with n = 1, the HRTEM study also revealed that 2D perov-

skite with higher layer numbers also coexisted in the film. Figure 2C shows that the film contained vertically

orientated 2D perovskites with mainly n = 2 and n = 3, which are embedded within the 3D bulk perovskite

phase. However, the GIWAXS study did not reveal a diffraction signal of these two types of structures in the

small q-value region. We attribute this result to the non-periodic alignment of the n = 2 and n = 3 2D planes

(as seen in the TEM image) as well as to the relatively small amount of those phases when compared with

the n = 1 2D perovskite, which resulted in the absence of Bragg diffraction and hence the absence of

GIWAXS signal.
Solar Cell Performance

To evaluate the photovoltaic properties of the 2D/3D hybrid perovskites solar cells with different concen-

trations of NAP, solar cell devices were fabricated based on the device architecture of ITO/PEDOT:PSS/

perovskite/PCBM/Phen-NaDPO/Ag, as shown in Figure 3A. The best performances of the solar cells are

summarized in Table 1, and the statistical performances of 30 devices for each case are summarized in

Figure S2. Figures 3B and 3D also show the I-V curves and continuous output of the optimized PVSC based

on the 2D/3D hybrid perovskite film to which 72 mM NAP was added, which illustrated a highly stable

output with no photocurrent hysteresis for forward and reverse bias scans. With the external quantum

efficiency (EQE) edge of low-band-gap CH3NH3Sn0.5Pb0.5IxCl3-x PVSCs reaching over 1,000 nm, as shown

in Figure 3F, all devices achieved a relatively high short-circuit current density (Jsc), suggesting that the for-

mation of periodic vertically oriented 2D perovskite did not impede photocurrent extraction. In addition,

the integrated Jsc of 0, 9, 18, 36, 72, and 144 mM NAP cases were 23.12, 26.24, 26.06, 25.71, 25.89, and

26.02 mA/cm2, respectively, which were in the deviation of less than 3.5% compared with the Jsc measured

under illumination of the solar simulator as shown in Table 1. The obvious shift of EQE spectra after the for-

mation of 2D perovskites was attributed to the enhanced excitonic absorption of 2D perovskite at around

600 nm, as shown in Figure S3. Transient photocurrent measurement (TPC) was also employed to evaluate

the charge extraction properties. According to Figure S4A, a longer charge extraction time was observed in

pristine PVSC compared with the devices with NAP, illustrating a more efficient charge extraction in NAP-

modified devices. In addition, all the NAP-modified devices showed similar charge extraction properties,

which also correlated well with the EQE and Jsc measurements.

Compared with the pristine device, the addition of 9 mM NAP to the CH3NH3Sn0.5Pb0.5IxCl3-x thin film

improved all the device parameters, which led to a PCE improvement from 10.3% to 13.4%. We attributed

this performance enhancement to the better film morphology (fewer pinholes and a smoother surface) and

the better crystal quality, as shown in Figure 1. Also, transient photovoltage measurement (TPV) was em-

ployed to study the charge recombination property in PVSCs. According to Figure S4B, the voltage decay

time increased with the NAP concentration, illustrating that a slower charge recombination occurred in the

perovskite after the introduction of NAP molecules. We attributed this result to the improved perovskite

trap passivation effect provided by the NAP molecules (Chen et al., 2017a). However, when 18, 36, and

72 mM NAP were added to the CH3NH3Sn0.5Pb0.5IxCl3-x thin films, the device performances dropped

slightly, although the films had a better crystal quality, smoother surface, and lower trap density. Therefore,

we attributed these slight drops in performance to the increasing number of pinholes and increasing
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Figure 3. Device Architecture, Performance, and Stability of PVSCs

(A) Solar cell architecture.

(B) I-V curves of PVSC with 72 mM NAP.

(C) Device stability of PVSCs with different concentrations of NAP (average stability of 4 devices). All devices were stored

in ambient condition with relative humidity of 30% G 5% without any encapsulation.

(D) The time-dependent stabilized power output of the PVSC with 72 mM NAP measured at the maximum power point.

(E) Device stability of PVSCs with different concentrations of NAP under continuous illumination in an N2-filled glovebox

(average stability of 4 devices).

(F) EQEs and the integrated current densities of PVSCs with different concentrations of NAP.
amount of insulated NAP. In the case of perovskite film with 144 mM NAP, despite the film showing excel-

lent crystal quality, relatively low film coverage was obtained. The voids in the perovskite film allowed the

contact between the hole and electron transport materials, leading to a further drop in the performance of

the solar cell through leakage current. Since the main advantage of the formation of 2D perovskite is

improvement of the film stability, we also evaluated the stability of the devices with different concentrations

of NAP in addition to their photovoltaic efficiencies. Figure 3C shows that when we increased the NAP con-

centration in the perovskite films, the devices without any encapsulation showed significant improvement

in stability in ambient condition (relative humidity: 30%G 5%). The best device was based on the perovskite

film to which 144 mM NAP was added, which maintained 90% of its initial performance over 1 month when

stored in ambient conditions. On the contrary, devices based on pristine perovskite film showed very poor

stability and their performance dropped to less than 50% of the initial value when just stored at ambient

conditions for only 3 days. We further evaluated the oxidation state of Sn in perovskite film with and without

NAPmolecules by X-ray photoelectron spectroscopy. Figure S5 shows that a much slower oxidation rate of

Sn2+ to Sn4+ was found in the 144-mM case compared with the pristine perovskite film, which correlated

well with the stability results. Moreover, to mimic the actual working conditions of PVSCs with proper

encapsulation, in which water and oxygen content in the device are minimized, we also measured the sta-

bility of PVSCs under continuous illumination in an N2-filled glovebox (H2O andO2 < 1 ppm). We also found

that the stability of the devices improved significantly as the concentration of NAP in the PVSCs increased,

and the best device retained more than 70% of its initial performance after continuous illumination

over 1 month, as shown in Figure 3E. It is worth to note that to the best of our knowledge, according to

Table S4, our results are one of the most stable Sn-based organic-inorganic hybrid PVSCs reported to

date and we attribute the enhanced stability to the formation of 2D/3D perovskite, better crystal quality,

and the surface passivation effect provided by the hydrophobic NAPmolecules. The last reason is probably
342 iScience 9, 337–346, November 30, 2018



NAP Concentration (mM) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

0 0.66 23.3 67.1 10.3

9 0.71 27.1 69.5 13.4

18 0.69 26.7 66.9 12.3

36 0.68 26.3 68.5 12.3

72 0.68 26.1 68.6 12.2

144 0.64 26.5 64.8 10.9

Table 1. Performance of CH3NH3Sn0.5Pb0.5IxCl3-x Solar Cells with Different Concentrations of NAP
the most critical one as it had also been reported that in other 2D perovskite films hydrophobic organic

layers such as BA and PEA could improve the stability of the perovskite film by providing a physical barrier

effect to prevent moisture and oxygen to diffuse into the grain boundary of the perovskite film (Tsai et al.,

2016; Liao et al., 2017; Wang et al., 2016b). However, as we have shown in the supporting information, not

every organic layer could work well with the Sn/Pb-based perovskite system and only the specially de-

signed NAP provides positive effect both on the device performance and stability, so it will be important

to further correlate the molecular design of the organic layer and its chemical interaction with the perov-

skite to provide better guideline for choosing appropriate molecules to generate the desired hybrid perov-

skite nanostructures.

Interaction between NAP and Perovskite

The formation of periodic vertically oriented 2D perovskite is strongly related to the interactions between

the NAP molecule and the perovskite. In our case, because the two electron lone pairs on the oxygen atom

of the C=O group can make the NAP molecule to act as a Lewis base and then coordinate with the bivalent

metal (Sn2+/Pb2+), which acts as a Lewis acid, and such coordination could also affect the structural forma-

tion of the perovskite (Zhang et al., 2016; Ahn et al., 2015; Wu et al., 2017). To confirm such interaction, we

carried out Fourier transform infrared spectroscopy (FTIR) to study the corresponding bonding interaction.

According to Figure S6, the featured infrared (IR) absorption of the C=O group in pure NAP was located at

wave number of 1,673 cm�1 and no signal from the C=O group could be detected in the pristine perovskite

film. However, compared with the pristine perovskite, two extra peaks, A and B, appeared in the perovskite

film with the NAP molecules. The appearance of a relatively weak peak A (1,673 cm�1) indicated the pres-

ence of free C=O groups in the film, whereas the appearance of B (1,625 cm�1) with reduced wave number

indicated that the electron density in the C=O group was dragged away from the carbon site by another

electron-withdrawing group (which are the bivalent metal Sn2+ or Pb2+ in our case), which enhanced the

IR absorbance of the C=O group, forming a strong peak B with a downshift in the wave number in the

FTIR. This result suggests that strong interactions exist between the C=O group and bivalent metals in

the film.

To further confirm that the presence of C=Ogroup is critical for the formation of periodic vertically oriented

2D perovskite, we performed a control experiment by adding a reference molecule, 1-(3-aminopropyl)pyr-

rolidine (chemical structure is shown in Figure S7B), which is structurally similar to NAP but without the C=O

group, into the precursor solution. GIWAXS study was also carried out on the perovskite films with different

concentrations of 1-(3-aminopropyl)pyrrolidine. As shown in Figure S7A, no diffraction signal appeared in

the (qxy<1, qz = 0) region with different additive concentrations, which suggested that no periodic vertically

oriented 2D perovskite was formed after adding 1-(3-aminopropyl)pyrrolidine. Moreover, as the amount of

1-(3-aminopropyl) pyrrolidine in the perovskite thin film increased, the crystal quality of the perovskite

gradually decreased. We also fabricated PVSCs with different concentrations of 1-(3-aminopropyl) pyrroli-

dine based on the device architecture discussed above, and the device performance is summarized in

Table S3. The device performance dropped significantly as the amount of 1-(3-aminopropyl)pyrrolidine

increased. The dramatic decreases in the Jsc also indirectly reflected the unsuccessful formation of the verti-

cally oriented 2D perovskite. According to Figure S8, the poor morphology and rough surface also ac-

counted for the inferior performances of these PVSCs. Particular in the 144-mM case, the irregular crystal

shape also suggested poorer crystal quality of perovskite after the introduction of 1-(3-aminopropyl)
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pyrrolidine. Therefore, we can conclude that the interaction between the C=O group in NAP and the biva-

lent metal (Sn2+/Pb2+) plays a major role in the formation of the periodic vertically oriented 2D perovskite

structure in our study.

Impact of the Ratio between Sn2+ and Pb2+

As the formation of periodic vertically oriented 2D perovskite is related to the interaction between the C=O

group in NAP and Sn2+ and/or Pb2+, we expected that the ratio between Sn2+ and Pb2+ would also affect

the formation of the structure. Therefore, we modulated the ratio between Sn2+ and Pb2+ in

CH3NH3SnyPb1-yIxCl3-x (y = 0, 0.25, 0.5, 0.75, 1) films with 144 mM NAP and again studied their crystallog-

raphy using GIWAXS. In Figure S9, the 2DA(n = 1) and 2DB(n = 1) structures have already formed in

CH3NH3PbIxCl3-x perovskite with 144 mM NAP. However, the 2DA(n = 1) structure grew laterally, whereas

the 2DB(n = 1) structure mainly grew laterally along with the other orientations. The GIWAXS pattern

suggested that the film is polycrystalline. In the CH3NH3Sn0.25Pb0.75IxCl3-x perovskite film with 144 mM

NAP, 2DA(n = 1) perovskite structure with both lateral and vertical orientations were observed. The

diffraction ring of the 2DB(n = 1) structure started to change to distinct dots, suggesting the narrowing

of the distribution of crystal orientations, and the overall crystal quality also improved. In the

CH3NH3Sn0.5Pb0.5IxCl3-x perovskite with 72 mM NAP, both vertically oriented 2DA(n = 1) and 2DB(n = 1)

structures were present in the film, as shown in Figure 1. However, in the CH3NH3Sn0.5Pb0.5IxCl3-x perov-

skite with 144 mM NAP, most of the 2DA(n = 1) structures grew in the vertical direction, whereas

the 2DB(n = 1) structures almost disappeared. A highly ordered film with an extremely narrow crystal-orien-

tation distribution was obtained in this case. Interestingly, in the CH3NH3Sn0.75Pb0.25IxCl3-x and

CH3NH3SnIxCl3-x perovskites with 144 mM NAP, no periodic 2D perovskite was formed and the crystal

quality of the films was reduced, according to the GIWAXS study. Therefore, we can conclude that the for-

mation of periodic vertically oriented 2D perovskite is also strongly related to the ratio between Sn2+ and

Pb2+ in the perovskite films as well as the concentration of NAP.

Conclusion

This is the first report that a periodic vertically oriented 2D organic-inorganic hybrid low-band-gap perovskite

could be formed by introducing specially designedmolecule into a CH3NH3Sn0.5Pb0.5IxCl3-x precursor solution.

The GIWAXS results revealed two types of periodic vertically oriented 2Dperovskites in the film, which were as-

signed as 2DA(n = 1) and 2DB(n = 1). In the 2DA(n= 1) structure, the adjacent [MI6]
4- planes perfectly alignedwith

each other, whereas a half-lattice shift between adjacent [MI6]
4- planes was observed in the 2DB(n = 1) structure.

In the HRTEM study, we observed both non-periodic and periodic vertically oriented 2D perovskite structures

and both of them seamlessly connected with the 3D bulk phase of the perovskite. The former one is typically

formedby the 2Dperovskite with higher layer numbers, whereas the latter one is formedwhen the layer number

is equal to 1. Furthermore, we studied the factors that affected the formation of the periodic vertically oriented

2Dperovskite structure. The interaction between the C=Ogroup inNAP and Sn2+/Pb2+was found to be impor-

tant to promote the formation of such structure, and the ratio between Sn2+ andPb2+ in the perovskite films and

the concentration of NAP also affected its formation.

Eventually, we have successfully fabricated a stable low-band-gap Sn-based PVSC based on the 2D/3D

hybrid perovskite structure. Our optimized PVSC achieves a PCE of greater than 12%, which is the best re-

ported result based on a 2D/3D hybrid low-band-gap perovskite. The devices also show improved ambient

stability and illuminated stability as the NAP concentration increases, making one of the most stable

Sn-based organic-inorganic hybrid PVSCs, which suggests that the formation of 2D/3D perovskite could

provide a solution to the degradation of Sn-based perovskite.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

Limitations of Study

In this study, we observed that the introduction of NAP slowed down the oxidation process of Sn2+ to Sn4+

in perovskite films in ambient condition, which facilitated a better ambient stability of Sn-based PVSCs.

However, we could not show a fundamental mechanism or a convincing reason for this observation.

More investigation is needed to further reveal the role of NAP in perovskite stability, as which is possible

to promote a development of stable Sn-based PVSCs.
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Figure S1. The detailed configurations of 2D/3D hybrid structure in HRTEM images, related to 

Figure 2. (A) 2DA(n=1) perovskite seamlessly connects to 3D bulk perovskite. (B) 2DB(n=1) 

perovskite seamlessly connects to 3D bulk perovskite. These results suggest that the growths of 2D and 

3D structures are correlated. 



 

Figure S2. Statistical performances of CH3NH3Sn0.5Pb0.5IxCl3-x perovskite solar cells with 

different concentrations of NAP, related to Table 1. We collected the data from 30 devices in each 

case. 

 



 

Figure S3. Absorptions of CH3NH3Sn0.5Pb0.5IxCl3-x perovskites with different concentrations of 

NAP, related to Figure 3. The absorption peak at around 600 nm is the excitonic absorption of 2D 

perovskite. 

 

 

Figure S4. Charge extraction and recombination properties of CH3NH3Sn0.5Pb0.5IxCl3-x 

perovskite with different concentrations of NAP, related to Figure 3. (A) TPC measurement and (B) 

TPV measurement. 

 



 

Figure S5. XPS measurement of Sn3d signal in CH3NH3Sn0.5Pb0.5IxCl3-x film with and without 

144 mM NAP, related to Figure 3. (A) Fresh CH3NH3Sn0.5Pb0.5IxCl3-x film. (B) 

CH3NH3Sn0.5Pb0.5IxCl3-x film after exposure in ambient condition for 4 days. (C) Fresh 

CH3NH3Sn0.5Pb0.5IxCl3-x film with 144 mM NAP. (D) CH3NH3Sn0.5Pb0.5IxCl3-x film with 144 mM NAP 

after exposure in ambient condition for 4 days. 

 

 

Figure S6. FTIR of CH3NH3Sn0.5Pb0.5IxCl3-x perovskite with and without 72 mM NAP, related to 

Figure 1. The extra peaks of A and B in the blue curve indicate the signal of the C=O bond. 



 

 

Figure S7. Crystal quality of CH3NH3Sn0.5Pb0.5IxCl3-x thin films with different concentrations of 

1-(3-aminopropyl) pyrrolidine, related to Figure 1. (A) GIWAXS study of CH3NH3Sn0.5Pb0.5IxCl3-x 

thin films with different concentrations of 1-(3-aminopropyl) pyrrolidine. (B) Molecular structure of 

1-(3-aminopropyl) pyrrolidine. 

 

 

Figure S8. Morphologies of CH3NH3Sn0.5Pb0.5IxCl3-x thin films with different concentrations of 

1-(3-aminopropyl) pyrrolidine, related to Figure 1. 



 

 

Figure S9. The effect of the ratio of Sn
2+

 to Pb
2+

 on the formation of periodic vertically oriented 

2D perovskite, related to Figure 1. (A) GIWAXS study of CH3NH3SnyPb1-yIxCl3-x (y = 0, 0.25, 0.5, 

0.75, 1) thin films with 144 mM NAP. (B) Radially integrated intensity plots along the ring at q = 0.576 

Å
-1

 and q = 0.683 Å
-1

, corresponding to 2DA(n=1) and 2DB(n=1) structures, respectively. For fair 

comparison, the data around 90° in CH3NH3Sn0.75Pb0.25IxCl3-x were eliminated because the signal in 

this region mainly came from the reflected X-ray rather than diffraction. The periodic 2D perovskites 

only existed in the CH3NH3SnyPb1-yIxCl3-x films (y = 0, 0.25, 0.5) and their orientations gradually 

transferred from the lateral to the vertical direction as the amount of Sn increased. 

 



Table S1. Performances of CH3NH3Sn0.5Pb0.5IxCl3-x solar cells with different concentrations of 

PEA, related to Table 1. The device architecture was ITO/PEDOT:PSS/perovskite/PCBM/ 

Phen-NaDPO/Ag. 

Concentration Voc (V) Jsc (mA/cm
2
) FF (%) PCE (%) 

0 mM 0.66 23.3 67.1 10.3 

9 mM 0.60 25.1 63.2 9.53 

18 mM 0.56 24.7 61.8 8.56 

36 mM 0.55 23.3 60.5 7.80 

72 mM 0.54 22.3 58.8 7.10 

144 mM 0.53 21.6 53.4 6.11 

 

Table S2. Performances of CH3NH3Sn0.5Pb0.5IxCl3-x solar cells with different concentrations of BA, 

related to Table 1. The device architecture was ITO/PEDOT:PSS/perovskite/PCBM/ 

Phen-NaDPO/Ag. 

Concentration Voc (V) Jsc (mA/cm
2
) FF (%) PCE (%) 

0 mM 0.66 23.3 67.1 10.3 

9 mM 0.58 24.4 66.8 9.44 

18 mM 0.52 23.5 66.2 8.09 

36 mM 0.51 21.7 63.5 7.04 

72 mM 0.50 21.5 60.2 6.50 

144 mM 0.47 21.0 57.7 5.68 

 

Table S3. Performances of CH3NH3Sn0.5Pb0.5IxCl3-x solar cells with different concentrations of 

1-(3-aminopropyl) pyrrolidine, related to Table 1. The device architecture was 

ITO/PEDOT:PSS/perovskite/PCBM/ Phen-NaDPO/Ag. 

Concentration Voc (V) Jsc (mA/cm
2
) FF (%) PCE (%) 

0 mM 0.66 23.3 67.1 10.3 

9 mM 0.60 16.45 73.4 7.19 

18 mM 0.57 15.46 63.8 5.64 

36 mM 0.56 11.79 65.9 4.32 

72 mM 0.55 5.73 65.7 2.09 

144 mM 0.50 2.53 57.3 0.73 

 



 

Table S4. Summary of lifetimes of Sn-based organic-inorganic hybrid perovskite solar cells, 

related to Figure 3. 

Composition Aged Conditions (Without 

Encapsulation) 

Lifetime Ref 

(PEA)2(FA)n−1SnnI3n+1 Stored in an N2-filled glovebox T96=100 h 
Liao et al., 

2017 

FA0.75MA0.25SnI3 Stored in an N2-filled glovebox T80=400 h 
Zhao et al., 

2017 

(FASnI3)0.6(MAPbI3)0.4 Stored in an N2-filled glovebox T80=600 h 
Xu et al., 

2018 

FA0.7MA0.3Sn0.3Pb0.7I3 Stored in an N2-filled glovebox T80=720 h 
Wang et 

al., 2018 

MAPb0.5Sn0.5(I0.8Br0.2)3 Stored in an N2-filled glovebox T92=720 h 
Yang et 

al., 2017 

MA0.5FA0.5Pb0.75Sn0.25I3 Stored in an N2-filled glovebox T94=720 h 
Yang et 

al., 2016 

(FAPbI3)0.7(CsSnI3)0.3  Stored in an N2-filled glovebox T98.3=288 h 
Zong et 

al., 2018 

MA0.5FA0.5Pb0.5Sn0.5I3 Stored in an N2-filled glovebox T99=720 h 
Xu et al., 

2017 

(NAP)2(MA)n−1(Sn0.5Pb0.5)nI3n+1 
Under continuous illumination in an 

N2-filled glovebox 
T70=720 h This work 

Composition Aged Conditions (Without 

Encapsulation) 

Lifetime Ref 

FASnI3 
Stored in ambient condition, with 

illumination 
T50=1 h 

Ke et al., 

2017 

MAPb0.5Sn0.5(I0.8Br0.2)3 Stored in ambient condition, 30–50% RH T44=336 h 
Yang et 

al., 2017 

MAPb0.75Sn0.25I3 Stored in ambient condition, 30–40% RH T80=96 h 
Yang et 

al., 2016 

MAPb0.75Sn0.25I3 Stored in ambient condition, 30–50% RH T80=168 h 
Liu et al., 

2017 

MA0.5FA0.5Pb0.75Sn0.25I3 Stored in ambient condition, 30–40% RH T80=288 h 
Yang et 

al., 2016 

FASnI3 Stored in ambient condition, encapsulated T85=720 h 
Liao et al., 

2016 

(FAPbI3)0.7(CsSnI3)0.3 
Stored in ambient condition, 20% relative 

humidity (RH) 
T90=288 h 

Zong et 

al., 2018 

(NAP)2(MA)n−1(Sn0.5Pb0.5)nI3n+1 
Stored in ambient condition, 30 % ± 5 % 

RH 
T90=720 h This work 



 

Transparent Methods 

Perovskite solution preparation 

A mixture of 4 mmol of MAI, 1 mmol of PbI2 and 1 mmol of SnCl2 were dissolved in 1 ml DMF to 

form a pristine perovskite precursor solution. Subsequently, appropriate NAP (or 1-(3-aminopropyl) 

pyrrolidine) molecules were added into the pristine precursor solution in the concentration of x mM. 

The solution was stirred at room temperature for one day. 

Perovskite film characterization 

The SEM images were obtained in the sample structure of ITO/PEDOT:PSS/perovskite, using a Zeiss 

EVO 18. GIWAXS measurement was carried out with a sample structure of 

quartz/PEDOT:PSS/perovskite by Xeuss 2.0 (Xenocs company) with MetalJet-D2 (Excillum) as the 

X-ray source and Pilatus3R 1M (Dectris) as the detector. FTIR spectra were recorded by a Thermo 

Scientific Nicolet iS 50 in transmittance model. TEM samples were prepared according to the structure 

of ITO/PMMA/PEDOT:PSS/perovskite. The PMMA film was dissolved in chlorobenzene, and the 

PEDOT:PSS/perovskite film could be separated from the substrate, which was suitable for TEM 

measurement. The TEM samples were measured by JEM-2100F. XPS measurement was carried out by 

ESCALAB 250Xi (Thermo Fisher Scientific Inc.) 

Perovskite solar cell fabrication 

ITO-coated glasses were cleaned by sonication in detergent, followed by acetone, deionized water, and 

finally isopropyl alcohol. After 4 min of oxygen plasma treatment, a 30-nm-thick PEDOT:PSS was 

spin-coated on the ITO substrate and then annealed at 150 °C for 20 min using a hot plate. The 

perovskite precursor solution was then spin-coated on PEDOT:PSS at a speed of 3000 rpm for 40 s and 



annealed at 100 °C for 45 min in an vacuum oven pumped down to ~ 1000 pa (Liu et al., 2018). A 

40-nm-thick PCBM was spin-coated on the perovskite layer, followed by the deposition of 

Phen-NaDPO (3 nm) and Ag (100 nm) via thermal deposition in a high vacuum condition. 

Perovskite solar cell characterization 

The current density-voltage (J-V) characteristics of the devices were measured in a scan rate of 0.1 V/s 

and under 100 mW/cm
2
 air mass 1.5 global (AM 1.5G) illumination with a solar simulator (Taiwan, 

Enlitech, SS-F5). The light intensity was calibrated using a National Renewable Energy Laboratory 

calibrated silicon photodiode with a KG5 filter. The device effective area was confirmed by a 0.04-cm
2
 

mask. The EQE study was performed on a commercial EQE measurement system (Taiwan, Enlitech, 

QE-R3011). The stability measurement under continuous illumination was measured by white-light 

LED sources with a total intensity of 100 mW/cm
2
. For the transient photovoltage and transient 

photocurrent measurements, the device was serially connected to a digital oscilloscope (Tektronix TDS 

3052C), and the oscilloscope’s input impedance was set to 1 MΩ and 50 MΩ, respectively, to form the 

open- and short-circuit conditions. The transient photovoltage was measured under 0.3 Sun 

illumination. An attenuated laser pulse (0.54 μJ/cm
2
; 530 nm) was used as a small perturbation to the 

device’s background illumination. The device’s transient photocurrent was measured by applying 

530-nm laser pulses with a pulse width of 120 fs and a low pulse energy to the short-circuited devices 

in the dark. The laser pulses were generated from an optical parametric amplifier (TOPAS-Prime) 

pumped by a mode-locked Ti:sapphire oscillator seeded regenerative amplifier, with a pulse energy of 

1.3 mJ at 800 nm and a repetition rate of 1 KHz (SpectraPhysics Spitfire Ace). The time resolution of 

the overall measurement is near 1 ns. 
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