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ABSTRACT  

An effective strategy to improve the performance and stability of perovskite solar cells is to deposit 

a 2D perovskite capping layer on the 3D perovskite. However, when exposed to light, small A-site 

cations in 3D perovskite exchange with the bulky cations in the 2D layer and degrades of the 

2D/3D interface. Therefore, to achieve long-term stability in perovskite solar cells, it is important 

to understand the nature of photogenerated charge carriers that cause cation migrations at the 

2D/3D interface. In this work, we fabricated 2D/3D perovskite stacks on glass, ITO, ITO/PTAA, 

ITO/PTAA/CuI and ITO/SnO2. A combination of grazing incidence X-ray diffraction, steady-state 

and time-resolved photoluminescence studies reveals the link between the light-induced 
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degradation and the photogenerated charge carrier dynamics. Upon illumination, the stability of 

the 2D layers follows this trend: ITO/PTAA/CuI≈ITO>ITO/PTAA>glass>ITO/SnO2 (from stable 

to unstable). This trend suggests that extracting holes efficiently from the 3D layer can improve 

the stability of the 2D layer. We also found that 2D/3D stacks degrade faster when illuminated 

from the 2D side instead of the 3D side. Our studies suggest that to achieve a stable 2D/3D 

interface, hole accumulation in the 3D layer should be avoided and the exciton density in the 2D 

layer should be reduced. 

INTRODUCTION 

Ruddlesden-Popper 2D perovskites are often used as capping layers on 3D perovskites to 

improve the stability and power conversion efficiency (PCE) of perovskite solar cells (PSCs).1–3 

The alignment of the energy levels in the 2D/3D bilayer heterostructures facilitate efficient charge 

extraction at the 2D/3D interface,4 which results in higher PCEs in PSCs.5 The 2D layer can also 

passivate surface defects of the 3D layer, reduce recombination, prevent moisture uptake, and 

inhibit volatilization of A-site organic cations from the 3D perovskite, which leads to better 

stability.6–8 Many of the best PSCs take advantage of the 2D or quasi-2D perovskite capping layers 

on top of 3D perovskite.9–13 

However, the 2D/3D interface could potentially lead to instability issues under illumination 

and thermal stress. Many studies show that the ion migration at the 2D/3D interface degrades the 

interface and reduces the PCE.14,15 Upon heating or under light, the small A-site cations from the 

3D perovskite might permeate into the 2D layer and turn the 2D layer into quasi-2D perovskite 

with high n-values.16,17 The large spacer cations from the 2D layer might migrate into the 3D 

layer, create cation vacancies in the 2D layer, and change the composition of the 3D layer.5 The 
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trap states in the degraded 2D/3D interface increases recombination rates. As such, the interface 

becomes a barrier for charge transport to the electrodes.14,17 Therefore several approaches have 

been studied to arrest cation migration across the 2D/3D interface. They include engineering the 

reactivity of the spacer cations18, inserting a cation-blocking polymer layer between the 2D and 

3D layer4, and improving the phase purity of the 2D layer.6 While these approaches show some 

promise, the choices of spacer cations are limited and the fabrication becomes complex , thus 

limiting scalability.  

In PSCs, light is a principal driving force of ion migration.19 Light can induce halide and cation 

segregation in mixed-halide or mixed-cation PSCs.20–23 Photogenerated charge carriers reduce 

the energy barrier for ion migration, induce defects and accelerate the defect-assisted ion 

migration.22,24–27 Thus, delineating how photogenerated charge carriers trigger ion migration at 

the 2D/3D interface would allow us to stabilize the 2D/3D interface. In this work, we fabricated 

2D/3D bilayer perovskite films on various charge transport layers, including poly[bis(4-

phenyl)(2,4,6-trimethylphenyl)amine (PTAA), PTAA/CuI bilayer, and SnO2, and monitored 

their stability under continuous illumination. We investigated the impact of the underlying 

charge transport layers on the morphology and composition of the 2D/3D stacks. We illuminated 

the 2D/3D stacks from either the 2D side or the 3D side and used grazing incidence X-ray 

diffraction (GIXRD) to monitor the depth-resolved crystallinity change of the 2D and 3D layers 

under different illumination conditions. We then used steady-state photoluminescence 

spectroscopy and time-resolved photoluminescence spectroscopy to study the charge carrier 

dynamics of the 2D/3D bilayer stacks and correlated the photogenerated charge dynamics to the 

stability of the 2D/3D interface. We found that the choice of hole transport layers (HTL) or 

electron transport layers (ETL) under the 2D/3D stacks significantly impacts the stability of the 
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interface. The 2D/3D stacks deposited on HTL, and bare ITO exhibit better stability than those 

on bare glass while those on ETL have the worst stability. We therefore conclude that the 

accumulation of holes in the 2D/3D stacks results in fast degradation of the 2D layer. We also 

found that the incident light direction, which determines the charge carrier photo-generation rate 

profile in the 2D and 3D layers, plays an important role in the charge carrier dynamics and 

stability of the 2D/3D interface. Illuminating the 2D/3D stacks from the 3D layer side reduces 

the exciton photo-generation rate in the 2D layer and improves the stability of the 2D layer. Our 

work reveals that reducing the photogenerated hole accumulation in the 3D perovskite layer and 

the photogenerated exciton density in the 2D layer can suppress the cation migration and 

improve the stability of the 2D/3D interface. 

MATERIALS AND METHODS 

Materials. The indium tin oxide (ITO)-coated glass substrates were purchased from Kintec 

Company. PTAA (average Mn 7000-10000), CuI (anhydrous, 99.995%), SnCl2·2H2O (98%), 

2,2,2-trifluoroethanol (TFE) and PMMA were purchased from Sigma-Aldrich. PbI2 (ultra dry, 

99.999%) and KI (99%) were purchased from Thermo Fisher. Methylammonium iodide (MAI) 

and phenethylammonium iodide (PEAI) were purchased from Greatcell Solar Materials. PCBM 

was purchased from Nano-C. Tertiary amino-fulleropyrrolidine (C60-N) was purchased from 1-

Material. Gamma-butyrolactone (GBL), dimethyl sulfoxide (DMSO), SnO2 (15 % colloidal 

solution in water), ethanol, isopropyl alcohol (IPA), acetonitrile, and chlorobenzene (CB) were 

purchased from Alfa Aesar. Ag pellets (99.99%) for evaporation were from Kurt J. Lesker 

Company.  



 5 

Fabrication of 2D/3D perovskite films. Glass and ITO-coated glass substrates were 

ultrasonicated in soap water, water, acetone, and IPA for 10 min, respectively. PTAA solution 

was prepared by dissolving PTAA in chlorobenzene (2 mg mL-1). CuI solution was prepared by 

dissolving CuI (15 mg mL-1) in acetonitrile. The MAPbI3 precursor solution (1.4 M) was 

prepared by dissolving MAI (225.6 mg), and PbI2 (677.7 mg with 5% excess) in GBL:DMSO 

(v:v 7:3). PEAI solution (40 mM) was prepared by dissolving 9.96 mg of PEAI in IPA. PMMA 

solution (150 mg mL-1) was prepared by dissolving PMMA in chlorobenzene. The PTAA 

solution was spin-coated on glass or ITO-coated glass substrates at 4000 rpm for 30 s, followed 

by annealing at 100 °C for 10 min. For PTAA/CuI bilayers, CuI solution was spin-coated on the 

PTAA layer at 3000 rpm for 60 s, followed by annealing at 100 °C for 10 min. The SnO2 layer 

was formed by spin-coating the 2.5% SnO2 colloidal solution on the glass or ITO-coated glass 

substrates, followed by annealing at 150° for 30 min. The 3D MAPbI3 layer was formed by spin-

coating the MAPbI3 precursor solution. at 1500 rpm for 20 s followed by 2000 rpm for 60 s. 200 

µL of chlorobenzene was dropped on the substrate after 40 s. The 3D perovskite films were 

annealed at 100 °C for 10 min. The 2D perovskite layer was deposited via spin-coating the PEAI 

solution on the 3D perovskite film at 4000 rpm for 30 s, followed by annealing at 100 °C for 10 

min. In the last step, 75 µL of PMMA was spin-coated on the perovskite films at 2000 rpm to 

provide an encapsulation layer. 

Fabrication of PSCs. For the fabrication of PSCs with PTAA or PTAA/CuI as the HTL, 

PTAA(2 mg mL-1) was spin-coated on ITO-coated glass substrate at 4000 rpm for 30 s, followed 

by annealing at 100 °C for 10 min. For PTAA/CuI bilayers, CuI solution was spin-coated on the 

PTAA layer at 3000 rpm for 60 s, followed by annealing at 100 °C for 10 min. The 3D MAPbI3 

layer was formed by spin-coating the MAPbI3 precursor solution at 1500 rpm for 20 s followed 
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by 2000 rpm for 60 s. 200 µL of chlorobenzene was dropped on the substrate after 40 s. The 3D 

perovskite films were annealed at 100 °C for 10 min. For the 2D layer, the PEAI precursor 

solution in IPA (4 mM) was spin-coated dynamically on the 3D layer at 4000 rpm for 30 s, 

followed by annealing at 100°C for 10 min. For the electron transport layer, PCBM (20 mg mL-1 

in chlorobenzene) was spin-coated on the perovskite films at 2000 rpm for 30 s. Then, C60-N (3 

mg mL-1 in trifluoroethanol) was spin-coated on PCBM at 4000 rpm for 30 s. Finally, silver was 

deposited on C60-N by thermal evaporation to form a 100 nm-thick electrode. 

J-V measurements. The J-V measurements were conducted under AM1.5G (100mW cm-2) 

irradiation using a Newport 92193A-1000 solar simulator. J-V scans were obtained from -0.2 to 

1.2 V (forward) and 1.2 to -0.2 V (reverse) at a scan rate of 0.12 V s-1 using a Keithley 2440 

source meter. The average photovoltaic metrics were calculated based on 12 devices.  

Grazing incidence X-ray diffraction (GIXRD). GIXRD was measured by a Rigaku 

SmartLab SE X-ray diffractometer with a Cu Kα source (1.542 Å). The height of the thin film 

samples was calibrated before each scanning. The incident angle (ω) of the X-ray was set to be 

0.2° and 3°, respectively. The 2θ scanning range was from 2.5° to 36° at the speed of 8°/min. 

Steady-state photoluminescence spectroscopy and time-resolved photoluminescence 

spectroscopy (TRPL). The steady-state photoluminescence (PL) was performed by a Horiba 

Fluorolog-3 spectrometer. The samples were kept in the N2-filled box and in dark for 1 day 

before the TRPL measurement. The samples were excited by the 465 nm light from a Xeon lamp 

with a monochromator. The emission spectrum was collected ranging from 500 to 900 nm. The 

TRPL was obtained by an Edinburgh FLS1000 Fluorometer using a 405 nm laser (EPL-405, 



 7 

pulse width ~55 ps) as the excitation source. The emission lifetimes were determined by 

reconvolution fits using the experimentally measured instrument function (IRF). 

Scanning electron microscopy (SEM). The cross-sectional SEM images were obtained by an 

FEI Megellan field-emission electron microscope with 15 kV accelerating voltage. The samples 

were prepared by scribing the glass substrates on the back and subsequently splitting the glass 

substrates to expose the cross-section.  

Energy-dispersive X-ray spectroscopy (EDS).  EDS was performed by an Apreo 

VolumeScope SEM with varied acceleration voltage to probe the elemental distribution of Cu 

and K at the top of ITO/PTAA/CuI/3D and ITO/SnO2-K/3D, respectively.  

RESULTS AND DISCUSSION 

To study the impact of various charge transport layers on the stability of the 2D/3D interface, 

we deposited MAPbI3 on bare substrates (glass or ITO-coated glass), and on ITO substrates 

coated with the hole transport layer (PTAA, PTAA/CuI) or electron transport layer (SnO2). We 

then added a 2D capping layer by spin-coating a solution of PEAI on the 3D MAPbI3 and 

annealed the films at 100 °C. To minimize the effect of ambient moisture or air, we deposited a 

layer of PMMA layer on top of the 2D layer. 

To investigate the impact of the underlying HTL and ETL on the perovskite films’ 

morphology, we used SEM and AFM to image the morphology of the 3D and 2D/3D stacks. As 

shown in Figure S1, all 3D layers exhibited complete coverage without any pinholes. Notably, 

the 3D perovskite film on ITO/PTAA/CuI showed a larger average grain size (315.6 nm) 

compared to those on glass (241.1 nm), ITO (214.1 nm), ITO/PTAA (255.5 nm), and ITO/SnO2 



 8 

(284.2 nm). Root mean square (rms) roughness values calculated from AFM images (Figure S2) 

indicated that the 3D perovskite films on ITO/PTAA (19.61 nm) and ITO/PTAA/CuI (20.25 nm) 

were rougher compared to those on glass (17.11 nm), ITO (16.76 nm), and SnO2 (16.18 nm). 

SEM images of the 2D/3D stacks indicated the formation of a complete and smooth 2D layer 

(Figure S3), with all 2D layers exhibiting a similar rms roughness of approximately 23-25 nm 

(Figure S4). 

The underlying HTL and ETL may introduce impurities into the 3D perovskite layer, 

potentially altering its composition and affecting its stability. In the case of ITO/SnO2/3D/2D, 

the SnO2 ETL was fabricated using the commercial SnO2 colloidal solution from Alfa Aesar, 

which contains KOH as a stabilizing agent.28 This could potentially introduce K+ ions into the 

3D perovskite layer. While some studies have reported that potassium salts, such as KI29,30, 

KNO3
31 and KCl32, can passivate defects in perovskite films, leading to enhanced performance 

and stability,  it was also reported that KI additives reduce the stability of triple-cation PSCs. 33 

For the ITO/PTAA/CuI/3D/2D structure, it is possible that Cu+ ions from the CuI layer could 

migrate into the 3D perovskite, passivating cation vacancies and thereby affecting the 3D 

perovskite composition. If K+ or Cu+ ions accumulate at the top surface of the 3D layer, they 

could also impact the formation of the subsequent 2D capping layer and the ion migration at the 

2D/3D interface. We characterized the distribution of K+ and Cu+ in the 3D perovskite films 

deposited on ITO/SnO2 and ITO/PTAA/CuI using energy-dispersive X-ray spectroscopy (EDS). 

We increase the accelerating voltage of the electron beam from 4 kV to 9 kV to obtain a 

qualitative depth profile of the distribution of K and Cu. For the ITO/SnO2/3D sample, EDS data 

showed that at an accelerating voltage of 4 kV, no peaks associated with K were observed 

(Figure S5 and Table S1). At higher voltages (6 kV, 7 kV, 8 kV, and 9 kV), K percentages were 
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measured to be 1.9%, 1.7%, 3.0%, and 8.0%, respectively, while Sn percentages were 0.9%, 

1.1%, 2.0%, and 4.4%, respectively (Figure S5 and Table S1). These results suggest that K⁺ is 

not present at the immediate top surface but may be present deeper in the sample. The co-

existence of peaks associated with K and Sn indicates that the K+ is associated with SnO2 layer. 

For the ITO/PTAA/CuI/3D sample, EDS data showed that at an accelerating voltage of 4 kV, no 

Cu was detected, while at higher voltages (6 kV, 7 kV, 8 kV, and 9 kV), Cu percentages were 

measured at 0.5%, 0.5%, 1.1%, and 0.8%, respectively (Figure S6 and Table S2). This pattern 

suggests that Cu⁺ is not concentrated at the immediate top surface but may be distributed within 

the bulk of the film. We note that the resolution of EDS is limited and cannot be used for 

quantitative depth profiling across ~400 nm perovskite layer. The EDS data conclusively shows 

the absence of K+ and Cu+ at the top surface. Therefore, we conclude that even though they are 

present in the charge transport layer, they do not get incorporated at the 2D/3D interface.  
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Figure 1. (a) Schematic representation of the penetration depth of the grazing incidence X-rays 

with ω=3° and ω=0.2°. GIXRD patterns of glass/3D/2D under (b, f) top illumination and (c, g) 

bottom illumination. The intensities of the (020) peak decreased during illumination, indicating 

degradation of 2D layer. GIXRD patterns of ITO/SnO2/3D/2D under (d, h) top illumination and 

(e, i) bottom illumination. For both glass/3D/2D and ITO/SnO2/3D/2D, the top illumination leads 

to faster degradation than the bottom illumination. Schematic representations of sample 

architectures and illumination directions are attached to the top of each column of GIXRD patterns. 

We used GIXRD to probe the depth-resolved composition change of the 2D/3D stacks during 

illumination aging. The penetration depths of grazing X-ray for perovskite were estimated to be 

~8 and 500 nm for the incident angles of 0.2° and 3°, respectively.34 The thickness of the 2D/3D 
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perovskite stacks was measured to be ~400 nm by the cross-sectional SEM (Figure S7). Thus, 

the diffraction data from the low incident angle of 0.2° contains structural information close to 

the 2D/3D interface. The X-ray diffraction data from the higher incident angle of 3° includes 

structural information of the bulk of 2D/3D stacks. (Figure 1a) When ω=3°, The GIXRD patterns 

show characteristic peaks of the 3D MAPbI3 at 14°, 28°, and 31.8°, corresponding to (110), 

(220) and (310) planes, respectively (Figure S8a).35 For the 2D phase, the GIXRD patterns show 

characteristic peaks at 5.4°, 10.8° and 16.2° corresponding to (020), (040) and (060) planes of 

n=1 PEA2PbI4, respectively.36 A peak at 4° corresponding to the (020) planes of n=2 

PEA2MAPb2I7 is also observed, implying that the 2D layer is a mixture composed predominantly 

of n=1 with a small amount of n=2 2D perovskite (Figure S8a). We note that for 

ITO/PTAA/CuI/3D/2D, the content of n=2 2D phase increased compared to other configurations. 

When ω=0.2°, the GIXRD patterns show a diffraction peak at 5.4°, corresponding to the (020) 

plane of n=1 PEA2PbI4 (Figure S8b). The peaks related to 3D MAPbI3 can barely be seen. Given 

that the penetration depth of the incident X-ray is estimated to be ~8 nm, the diffraction data 

mainly captures the crystal information at the surface of the 2D layer, which allows us to 

disentangle the ion migration and resultant crystallinity changes close to the 2D/3D interface and 

in the bulk. 

We illuminated the encapsulated 2D/3D stacks on different HTLs and on SnO2 with white 

LED light (100 mW cm-2) in ambient air. The samples were illuminated either from the top (2D 

layer side) or from the bottom (3D layer side) to investigate how illumination direction affects 

the ion migration at the interface. GIXRD data was obtained on these 2D/3D stacks after 10, 24, 

and 45 h of illumination. The diffraction data with ω=3°, after illumination, shows that the 

intensity of the (020) peak of the 2D phase decreased, which indicates the degradation of the 2D 
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layer, irrespective of the illumination direction (Figures 1 and 2). We used the area of the (020) 

peak to quantify the degradation.37 Figure 3a and 3b summarize the trend of the (020) peak area 

with top and bottom illumination, respectively. When the glass/3D/2D stack was illuminated 

from the top, the (020) peak was at 78.1% of the pristine peak area after 10 h, 60.5% after 24 h 

and 46.4% after 45 h. The 2D/3D stacks on the SnO2 showed faster degradation rate as the (020) 

peak area of ITO/SnO2/3D/2D stack was 47.6% of the pristine peak after 10 h, 23.2% after 24 h 

and 8.9% after 45 h. The degradation of the 2D/3D stacks on the HTL were slower than those on 

glass and on ITO/SnO2. Specifically, ITO/3D/2D samples exhibited similar stability as 

ITO/PTAA/CuI/3D/2D.  The degradation of ITO/3D/2D and ITO/PTAA/CuI/3D/2D samples 

were slower than ITO/PTAA/3D/2D. When we illuminated the 2D/3D stacks from the bottom, 

the trend in the changes in (020) peak of the 2D layer was 

ITO≈ITO/PTAA/CuI>ITO/PTAA>glass>ITO/SnO2 (from stable to unstable).  
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Figure 2. GIXRD patterns of (a, b, c, d) ITO/PTAA/3D/2D, (e, f, i, j) ITO/PTAA/CuI/3D/2D, and 

(g, h, k, l) ITO/3D/2D under either top or bottom illumination. The intensities of the (020) peak 

decreased during illumination, indicating degradation of the 2D layer. The surface and bulk of the 
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2D/3D stacks under bottom illumination are more stable than the 2D/3D stacks under top 

illumination.  

 

Figure 3. Summary of the evolution of the (020) peak area of 2D/3D stacks under (a) top and (b) 

bottom illumination. For both top and bottom illumination, 2D/3D stacks on HTL and ITO show 

better stability than glass/3D/2D. 2D/3D stacks on ETL exhibit the worst stability, as their (020) 

peak area decreased significantly faster than other samples.  

Although EDS indicated the absence of K+ and Cu+ ions at the 2D/3D interface, we wanted to 

ascertain any impact of free ions in solution that may impact the stability. It is known that Cu+ 

from PTAA/CuI and K+ from the SnO2 from Alfa Aesar (denoted as SnO2-K) can affect the 

stability the 3D perovskite.28,33,38–40 Therefore, we fabricated two samples, one with added 1% 

CuI and the other with 1% KI as additive in the MAPbI3 precursor solution and subjected them 

to same illumination conditions. In the GIXRD measurements, both glass/MAPbI3-CuI and 

glass/MAPbI3-KI samples exhibited slightly better stability compared to glass/MAPbI3, which 

are consistent with the passivation effects of Cu+ and K+, respectively (Figure S9a and b). 

Additionally, we fabricated SnO2 ETL with no K+ impurities following the methods reported by 
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Ke et al.41 We deposited the SnO2 layer by spin-coating a SnCl4·2H2O solution followed by 

thermal annealing in air at 180 °C for 1 hour, resulting in the SnO2 ETL. (denoted as SnO2-no-

K). This method produced nanocrystalline SnO2 films with no K+ impurities. The 2D layer in the 

2D/3D stacks on SnO2-no-K exhibited reduced stability to those on SnO2-K, which could be also 

attributed to the passivation effect of K+. (Figure S9c) Overall, both added Cu⁺ and K⁺ ions 

appear to have a passivation effect that helps mitigate ion migration, thereby enhancing the 

stability of the 2D/3D interface. These results are also consistent with our conclusions from the 

EDS results that Cu+ and K+ do not get incorporated at the 2D/3D interface. 

During the illumination aging, the 2D/3D stacks were also subjected to heating by the LED 

light source, which is a scenario commonly encountered in real-world conditions. It has been 

reported that thermal stress, as well as the combination of thermal stress and illumination, can 

accelerate the degradation of the 2D/3D interface.5,16,17 In our illumination experiments, the 

ambient temperature reached approximately 40°C due to the light source. To isolate the effects 

of thermal stress, we conducted stability tests on glass/3D/2D samples in the dark at 40°C. The 

(020) peak of the 2D perovskite remained stable during 45 hours of thermal aging, suggesting 

minimal degradation under thermal stress alone. (Figure S9d) These findings indicate that the 

degradation of the 2D/3D interface under illumination is likely driven by the effects of light 

exposure or the combined influence of both thermal and light stress, rather than by thermal stress 

alone. 

When we compared the stability of the 2D layer in the 2D/3D stacks with the same 

configuration between the top and bottom illumination, we found that the 2D layers undergoing 

bottom illumination are more stable than those undergoing top illumination (Figure S10). We 

employed UV-visible absorbance spectroscopy (UV-vis) to characterize the light absorption by 
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the 3D layer during bottom illumination. As shown in Figure S11a, all 3D samples exhibited a 

percent transmittance of approximately 0.1% at 518 nm, which corresponds to the absorption 

peak of PEA₂PbI₄ (Figure S11b). When the 2D/3D stacks are illuminated from the bottom, the 

3D layer absorbs the light and the photogenerated carriers are generated closer to the bottom and 

away from the 2D/3D interface. We therefore conclude that reducing the charge carrier 

generation in the 2D layer or in the vicinity of the 2D/3D interface can improve the stability of 

the 2D/3D interface. 

We then changed the incident angle of X-rays to 0.2° to monitor the illumination-induced 

changes at the surface of the 2D/3D stacks during illumination. For top or bottom illumination, 

the 2D (020) peak intensities decreased, indicating the degradation of the 2D surface. For 2D/3D 

stacks with the same configuration, the 2D surface degraded faster with top illumination than 

those with bottom illumination. (Figure 1 and 2). We note that the interaction volume of the X-

ray of ω=0.2° with the sample is small because the estimated penetration depth is only 8 nm. It is 

a surface-sensitive measurement as the surface roughness and inhomogeneity might affect the 

interaction volume and the diffraction peak intensity. Thus, we only used the diffraction data of 

ω=0.2° for qualitatively probing stability. To disentangle the (020) peak intensity changes at the 

surface and in bulk, we calculated the changes in the normalized surface/bulk peak area ratio (see 

calculation details in Figure S12) during illumination.17 The changes of diffraction intensity 

ratios of all 2D/3D stacks after 45 h of top illumination remained within ~20% compared to the 

pristine samples. (Figure S12a) For bottom illumination, the changes of diffraction intensity 

ratios of most 2D/3D stacks remained within ~20% compared to the pristine samples except for 

glass/3D/2D, which decreased to 40% of the pristine sample (Figure S12b). These results 

qualitatively suggest that for top illumination, the surface of 2D layers degrades approximately 
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as fast as the bulk for all samples. For bottom illumination, the surface of glass/3D/2D degrades 

faster than the bulk while the surface of ITO/3D/2D, ITO/PTAA/3D/2D, ITO/PTAA/CuI/3D/2D 

degrade as fast as the bulk.  

We then examined the changes in the (110) peak of 3D perovskite during illumination aging. 

Unlike the (020) peak of 2D perovskite, the (110) peaks of 3D perovskite exhibit fluctuations but 

a drastic decrease in peak area is not observed (Figure S13). It suggests that changes in the 

crystallinity of the 3D layer are minimal. The fluctuations in peak intensity can be attributed to 

the complex dynamic ion migration process at the interface during illumination. Light soaking 

has also been reported to be able to induce the passivation of defects, which can improve 

crystallinity. At the same time, the cation exchange at the interface results in the incorporation of 

PEA+ cation and loss of MA+ in the 3D perovskite.5 The stability of the 3D layer is also observed 

in the previous investigation of the 2D/3D stack under heat stress, suggesting that the 3D layer is 

not sensitive to the cation composition change.35 Overall, the 3D layers in the 2D/3D stacks do 

not show severe degradation during illumination. 

To characterize the photogenerated charge carrier extraction, we performed steady-state 

photoluminescence spectroscopy (PL) on the 2D/3D stacks. The samples were excited either 

from the top or bottom. For top excitation (Figure 4a), all 2D/3D stacks show a strong emission 

peak at 522 nm, corresponding to the n=1 2D PEA2PbI4 phase.42 A weak emission peak at 560 

nm indicates the existence of a small amount of n=2 2D PEA2MAPb2I7 phase.43 This is 

consistent with the GIXRD result that the majority of the 2D layer is n=1 PEA2PbI4 with a small 

amount of n=2 PEA2MAPb2I7. The emission peak at 770 nm corresponds to the 3D MAPbI3 

phase.44 For bottom excitation (Figure 4b), the PL spectra of the 2D/3D stacks show a peak at 

770 nm of the 3D phase and a weak peak at 522 nm of the n=1 2D phase. We noticed that the 2D 
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PL peak intensities were significantly weaker when the samples were excited from the bottom 

than those on top, which could be attributed to the strong light absorption capability of the 3D 

layer. It also suggests that the charge carrier generation profiles are different between top and 

bottom excitation conditions. The photogenerated exciton density in the 2D layer is higher for 

top illumination.  

 

Figure 4. Steady-state photoluminescence spectroscopy of 2D/3D stacks. (a) The excitation is 

from the top (2D layer side). The peaks at 522 nm and 560 nm correspond to the n=1 and n=2 2D 

phase, respectively. The inset shows the magnified peaks at 770 nm, corresponding to the 3D 

phase. (b) The excitation is from the bottom (3D layer side). The peaks at 522 nm and 770 nm 

correspond to the n=1 2D and 3D phase, respectively. In this case, the 522 nm 2D peaks are weaker 

than those with top excitation, suggesting lower charge carrier generation and recombination rate 

in the 2D layer with bottom excitation.  

2D/3D stacks deposited on ITO/PTAA, ITO/PTAA/CuI, ITO/SnO2 and bare ITO show 

quenched PL intensity of the 770 nm peak compared to that on glass, which could be indicative 

of charge extraction or increased non-radiative recombination. We summarize the 770 nm peak 
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intensity of glass/3D/2D, ITO/PTAA/3D/2D and ITO/PTAA/CuI/3D/2D in Table S3 to 

investigate the hole extraction efficiency by the HTL and ITO. ITO/PTAA/CuI/3D/2D and 

ITO/3D/2D display the lowest PL intensity of the 770 nm peak, due to better hole extraction than 

PTAA. Interestingly, the intensity of the 522 nm peaks of the 2D/3D stacks deposited on ITO 

and ITO/PTAA/CuI are lower than those on glass, ITO/PTAA and ITO/SnO2, with top 

excitation. This implies that the efficient hole extraction from the 3D layer could also impact the 

photogenerated charge carrier densities in the 2D layer above it, which could be attributed to the 

charge transfer between the 2D and 3D layers.  

 

Figure 5. PL decay transients in the 500 ns range of 2D/3D stacks with (a) top excitation and (b) 

bottom excitation. For both top and bottom excitation, 2D/3D stacks on HTL, ETL and ITO exhibit 

faster PL decay than glass/3D/2D. For the HTL used, PTAA/CuI shows a distinctive 2-stage decay 

profile due to the faster hole extraction. The difference in hole extraction capabilities of PTAA/CuI 

and PTAA allows us to correlate the hole extraction rate to the stability of the 2D/3D stacks.  

Table 1. Summary of lifetime constants of 2D/3D stacks  
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Sample Excitation direction τ1 (ns) τ2 (ns) 

glass/3D/2D Top 12.16±0.61 27.94±1.40 

glass/3D/2D Bottom 27.99±1.40 119.72±5.99 

ITO/PTAA/3D/2D Top 9.07±0.45 40.81±2.04 

ITO/PTAA/3D/2D Bottom 9.66±0.48 25.99±1.30 

ITO/PTAA/CuI/3D/2D Top 0.58±0.03 28.57±1.43 

ITO/PTAA/CuI/3D/2D Bottom 3.19±0.16 48.53±2.43 

ITO/SnO2/3D/2D Top 10.75±0.54 27.67±1.38 

ITO/SnO2/3D/2D Bottom 14.15±0.71 28.97±1.45 

ITO/3D/2D Top 3.94±0.20 18.72±0.94 

ITO/3D/2D Bottom 3.63±0.18 14.16±0.71 

 

To further understand the charge carrier dynamics in the 2D/3D stacks, we performed time-

resolved photoluminescence spectroscopy (TRPL). The samples are excited by a 405 nm laser 

and the PL decay is recorded at 770 nm. Figure 5a and 5b show the PL transients with top and 

bottom excitation, respectively. The decay of TRPL is governed by bimolecular radiative 

recombination, monomolecular trap-assisted recombination, and charge transfer to the 

underlying charge transport layers.45–49 The PL transients of 2D/3D stacks on HTL, ETL and 

ITO display faster decay than on bare glass, resulting from the charge extraction. The PL 

transients were fitted to a bi-exponential decay model to extract the lifetime constants. The 

lifetime constants, τ1 and τ2, are summarized in Table 1. The fast lifetime, τ1, is attributed to 

charge extraction by the HTL, ETL or ITO while the slower lifetime, τ2, is attributed to 

bimolecular bulk or interface recombination.46,47 The τ1 of ITO/PTAA/CuI/3D/2D (top 

excitation: 0.58 ns; bottom excitation: 3.19 ns) and ITO/3D/2D(top excitation: 3.94 ns; bottom 

excitation: 3.63 ns) are smaller than the τ1 of ITO/PTAA/3D/2D(top excitation: 9.07 ns; bottom 
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excitation: 9.66 ns ). The smaller τ1 indicates faster charge transfer from the 3D layer to 

PTAA/CuI or ITO than to PTAA.  

We note that relying solely on PL quenching as evidence of efficient charge extraction could 

be misleading. The observed shorter PL lifetimes and reduced peak intensities should be 

interpreted with caution, as they may also indicate increased non-radiative recombination rather 

than solely efficient charge extraction. To further verify the hole extraction capabilities of the 

PTAA/CuI bilayer compared to PTAA alone, we fabricated full photovoltaic devices with 

structures of ITO/PTAA/3D/2D/PCBM/C60-N/Ag and ITO/PTAA/CuI/3D/2D/PCBM/C60-N/Ag. 

The photovoltaic performances are summarized in Table S4. The devices with PTAA/CuI as the 

HTL exhibited superior photovoltaic parameters, including higher Voc (1.042 V vs. 1.024 V), Jsc 

(25.36 mA cm⁻² vs. 23.93 mA cm⁻²), FF (72.57 vs. 70.88), and PCE (19.18% vs. 17.37%) 

compared to those with PTAA alone. The higher Voc and Jsc of the PTAA/CuI devices provide 

evidence of more efficient hole extraction and possibly better passivation at the HTL/3D 

interface. The improvement in device performance further supports the faster PL decay observed 

in the TRPL measurements, indicating better charge transfer dynamics with the PTAA/CuI 

bilayer.  

With the studies of the stability of 2D/3D stacks by GIXRD and studies of the charge carrier 

extraction by PL and TRPL, we are now able to correlate the impact of the photogenerated 

charge carriers on the stability of the 2D/3D interface. For either top or bottom illumination, 

2D/3D stacks on HTL and ITO exhibit slower degradation of the 2D layer than 2D/3D stacks on 

glass while 2D/3D stacks on ETL exhibit faster degradation than 2D/3D stacks on glass. These 

samples represent 4 types of charge carrier conditions in the 3D layer: (1) extracting holes 

(ITO/PTAA, ITO/PTAA/CuI), (2) no charge carrier extraction (glass), (3) extracting electrons 
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(ITO/SnO2), and (4) non-selective charge carrier extraction (ITO). Thus, we hypothesize that the 

accumulation of photogenerated holes in the 3D layer results in faster illumination-induced 

degradation of the 2D perovskite layer. Among the HTL used, PTAA/CuI showed slower 

degradation of the 2D layer than PTAA. Samples on ITO show a degradation rate compared to 

PTAA/CuI. The PL and TRPL studies indicate that PTAA/CuI and ITO are more efficient in 

hole extraction than PTAA, which is consistent with our previous work.38 Thus, we speculate 

that the more efficient hole extraction from the 3D perovskite increases the stability of the 2D 

layer under illumination.  

When we compare the stability of the 2D layer of the 2D/3D stacks with the same 

configuration but different incident direction of illumination, we find that illuminating samples 

far from the 2D/3D interface (bottom) results in a slower degradation than illuminating samples 

closer to the 2D/3D interface (top). The PL study shows that the directions of excitation light 

significantly affect the emission peak intensity of the 2D perovskite. The 522 nm peak intensity 

is significantly stronger with top excitation light than with bottom excitation light. It also 

suggests that the exciton density in the 2D perovskite is higher when the 2D/3D stacks are 

illuminated from the 2D layer side because the 3D perovskite strongly absorbs the light if the 

2D/3D stacks are illuminated from the 3D layer side. Thus, we conclude that reducing the 

exciton density in the 2D layer can slow down the degradation.  

We also find that the surface of the 2D layer degrades as fast as the bulk for top illumination. 

For bottom illumination, the surface of glass/3D/2D degrades faster than the bulk while the 

surface of 2D/3D stacks on HTL or ITO degrades as fast as the bulk. If the degradation of the 2D 

layer is solely due to the cation exchange at the interface, one would expect that the top surface 

of the 2D layer (away from the interface) degrades slower than the part closer to the interface. 
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However, our GIXRD data with ω=0.2° suggests that the loss of crystallinity at the surface of the 

2D layer is not slower than the bulk. A recent study by Perini et al. used GIWAXS and XPS to 

study the thermal-induced reconstruction at the surface and in the bulk of 2D/3D perovskite.17 

They found that FA+ diffusion-induced phase transformation and the loss of crystallinity together 

contributed to the loss of orientation of the 2D layer upon thermal annealing. Similarly, we posit 

that photogenerated charge carriers not only aggravate the cation migration at the interface but 

also result in loss of crystallinity in the whole 2D layer. It is necessary to arrest the ion migration 

in the 2D layer and also the 2D/3D interface to achieve long-term stability. 

For the stability of the 3D layer under illumination, we did not observe severe degradation as 

the area of (110) peak of 3D perovskite did not show drastic degradation. A recent study by 

Mathew and Kamat probed the thermal-driven cation migration at the interface of physically 

paired 2D and 3D perovskite films.35 In their findings, the migration of MA+ toward the 2D layer 

transforms the n=1 2D phase into phases with higher n-values. The 2D phase is sensitive to the 

exchange of cations because a small change in the ratio of small/large A-site cations can change 

the phase of 2D. On the other hand, a combination of XRD and PL studies showed that the 3D 

phase is less sensitive to cation composition changes. Based on their observations and our 

GIXRD studies, we therefore conclude that the illumination-induced cation migration will not 

lead to severe degradation in the 3D layer. This is consistent with many studies in which the 2D 

layer serves as a protective capping layer to improve the stability of PSCs.1,7,9,50,51 

Based on the discussion above, we propose the correlation between the photogenerated charge 

carriers and the degradation of the 2D/3D interface. The charge carriers in both the 2D and 3D 

layers need to be considered for the cation migration. When illuminated from the top, the high 

exciton density in the 2D perovskite reduces the barriers for ion migration in the 2D layer. The 
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aggravated cation exchange at the 2D/3D interface and aggravated ion migration in the 2D layer 

together contribute to the loss of crystallinity of the 2D layer. In terms of the photogenerated 

charge carriers in the 3D layer, extracting holes efficiently from the 3D layer suppresses the 

cation activity in the 3D layer and thus reduces the cation exchange at the 2D/3D interface.  To 

achieve stable 2D/3D interface, the holes in the 3D layer should be efficiently extracted and the 

exciton density in the 2D layer should be reduced. 

CONCLUSIONS 

In this work, we investigated the impact of photogenerated charge carriers on the stability of the 

2D/3D interface. We fabricated 2D/3D perovskite stacks on glass, ITO, ITO/PTAA, 

ITO/PTAA/CuI and ITO/SnO2 and used GIXRD to monitor their stability under illumination. 

GIXRD studies show that the intensity of the (020) peak of the 2D perovskite decreases during 

illumination aging, indicating the degradation of the 2D layer. The stability of the 2D layer 

follows the trend of ITO/PTAA/CuI≈ITO>ITO/PTAA>glass>ITO/SnO2 (from stable to 

unstable). This trend reveals that the accumulation of photogenerated holes, instead of electrons, 

is the cause of ion migration at the 2D/3D interface. Illuminating the 2D/3D stacks from the 2D 

side results in faster degradation than illuminating the 2D/3D stacks from the 3D side. The 3D 

layer undergoes dynamic ion migration but does not exhibit severe degradation. After acquiring 

the stability of the 2D/3D stacks under illumination, we use PL and TRPL to investigate the 

charge carrier extraction in these 2D/3D stacks. PL and TRPL on these 2D/3D stacks show that 

ITO and ITO/PTAA/CuI exhibit more efficient hole extraction than PTAA. For different incident 

light directions, 2D/3D stacks with top illumination show a stronger emission peak at 522 nm 

than with bottom illumination, suggesting that the top illumination induces a higher exciton 

density in the 2D layer. Thus, the faster degradation of the 2D layer with top illumination is 
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associated with the high exciton density. Based on these observations, we propose that the charge 

carriers in both the 2D and 3D layers have an impact on the stability of the 2D/3D interface. The 

high photogenerated exciton density in the 2D layer and the accumulation of holes in the 3D 

layers accelerate the MA+ migration from the 3D to 2D layer, leading to faster degradation of the 

2D layer. To achieve a stable 2D/3D interface, hole accumulation should be avoided in the 3D 

layer and the exciton density in the 2D layer should be reduced. 
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