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ABSTRACT 

2D perovskite-stabilized FACsPbI3 (FA = Formamidinium) perovskite solar cells were 

fabricated in both normal-type and inverted-type architectures. While the normal-type devices 

exhibited a high power conversion efficiency of 20.2%, their reproducibility was limited. On the 

other hand, the inverted-type devices exhibited an efficiency of 18.2% with a greater stability and 

higher reproducibility than those of the normal-type devices. The reduced reproducibility of the 

normal-type devices was associated with the crack formation on the perovskite films during a spin-

coating process. The hardness of both the perovskite and the sublayer was directly linked to the 

crack formation. Inverted-type 2D/3D FACsPbI3 with ozone-treated poly(triarylamine) as sublayer 

exhibited highest phase stability owning to the hydrophobic nature of poly(triarylamine) and 

improved energy level alignment upon an ozone-treatment. In addition, strong interaction between 

phenethylamine cations of the 2D perovskite and of the 3D FACsPbI3 crystal at grain boundaries 

contributed to the high phase stability.  

INTRODUCTION 

Organic–inorganic lead halide perovskite solar cells (PSCs) have attracted great attention owing 

to high absorption coefficient, low fabrication cost, and flexible applications. The high absorption 

arises from a suitable bandgap of perovskite materials, which is close to the Shockley–Queisser 

limit of 1.4 eV.1 The bandgap of perovskite materials can also be tuned by substituting either 

cations and anions.2–4 Substitution of iodide anions by a smaller halide increases the bandgaps.4 

Substitution of methylammonium (MA) cation by a bigger formamidinium (FA) cation decreases 

the bandgap, while retaining the cubic structure.5–7 FA lead iodide perovskite (FAPbI3) has been 

reported to possess an ideal bandgap of 1.4 eV, which corresponds to sunlight absorption up to 
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approximately 886 nm (Figure S1).8–10 Thus, FAPbI3 is potentially more suitable as an active 

material than MAPbI3 for PSCs. However, pure FAPbI3 has been reported to exhibit low stability 

because its trigonal α-phase is sensitive to humidity,11 and readily turns into a nonphotoactive 

hexagonal δ-phase at room temperature.12,13 Although more thermally and structurally stable 

FAPbI3 has been realized through partial substitution of FA by Cs (FACsPbI3),14–16 the stability 

should be improved further to surpass MAPbI3. Recently, 2D perovskite-added FACsPbI3 (2D/3D 

FACsPbI3), in which the quasi-structured 2D perovskite17,18 protecting the 3D perovskite grains 

from humidity, was reported;19 the 2D/3D FACsPbI3-based PSCs in a normal-type structure gave 

a certified (PCE) efficiency of 19.8% with a remarkable stability. 

Even though normal-type PSCs give higher PCE inverted-type PSCs have also attracted 

scientists.20,21 This is because inverted-type PSCs do not require metal oxide electron-transporting 

layers (ETLs), which translate to a wider selection of flexible substrates,22 devices with reduced 

hysteresis,23 and improved device stability under UV illumination24. Thus far, there have been only 

a few reports on FAPbI3–based inverted-type PSCs; Yuan et al.25 demonstrated FAPbI3–based 

inverted-type PSCs with a PCE of 13.6%. Han and colleagues26–28 demonstrated higher PCEs, but 

with the use of a small amount of MA compounds, which led to a higher bandgap than the ideal 

bandgap of FA-based PSCs. Herein, we demonstrate inverted-type 2D/3D FACsPbI3 PSCs and 

show that the devices exhibit higher reproducibility and stability than the normal-type devices. 

The strain caused by both 2D perovskites at grain boundaries and the big size of FA led to 2D/3D 

FACsPbI3 being liable to form cracks.29 However, the inverted-type 2D/3D FACsPbI3 PSCs did 

not manifest such a problem owing to the mechanically elastic nature of the poly(triarylamine) 

(PTAA) sublayer, onto which the brittle 2D/3D FACsPbI3 film was formed, compared with the 

brittle SnO2 sublayer of the normal-type PSCs. The higher stability of the inverted devices came 
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from the reduced trap-charge,30,31 hydrophobicity of (PTAA),32 and exclusion of 2,2',7,7'-

tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-MeOTAD)33. In addition, 

we discovered that the strong hydrogen bonding interaction of phenethylamine (PEA) cations of 

the 2D perovskite with the adjacent 3D perovskite is the key to preventing the degradation by the 

phase change as well as by ion migration.  

 

METHODS 

Synthesis of Perovskite. A 2D/3D FACsPbI3 solution is prepared using a mixture of FAI (163.0 

mg, TCI), CsI (5.0 mg, TCI), PEAI (8.2 mg, TCI), PbI2 (453.4 mg, TCI), and N-Methyl-2-

pyrrolidone (NMP) (97.4 mg, Sigma Aldrich), mixed in 560 mg DMF (Sigma Aldrich). A 3D 

FACsPbI3 solution is prepared using a 0.97:0.03:1 molar mixture of FAI (154.8 mg, TCI), CsI (12 

mg, TCI), PbI2 (461 mg, TCI), and NMP (97.4 mg, Sigma Aldrich), mixed in 560 mg DMF (Sigma 

Aldrich). A bare FAPbI3 perovskite solution is prepared using a 1:1:1 molar mixture of FAI (172 

mg, TCI), PbI2 (461 mg, TCI), and NMP (97.4 mg, Sigma Aldrich), mixed in 560 mg DMF (Sigma 

Aldrich). A 2D PEA2PbI4 perovskite solution is prepared using a 2:1 molar mixture of PEAI (24.9 

mg, TCI) and PbI2 (23.0 mg, TCI), mixed in 950 mg DMF (Sigma Aldrich). All FA-based 

perovskite mixtures were stirred without heating, filtered using 0.02 µm, and pre-heated at 95 °C 

before spin-coating.  

   

Material Characterizations. Optical microscopy, Olympus BX51, was used to analyze the 

presence of cracks of perovskite layers. 10x, 20x, and 50x lenses were used to observe the cracks 

using the Stream Start software. The surface morphology and the cracks on perovskite were 

analyzed by SEM using S-4800 (Hitachi). Shimadzu UV-3150 was used for the UV–vis–NIR 
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measurement. The surface roughness of charge carrier layers was obtained using atomic force 

microscopy (AFM) operating in tapping mode (SPI3800N, SII). The water contact angle 

measurements were performed using a contact angle meter (DMo-501, Kyowa Interface Science 

Co., Ltd.). The substrates were annealed on a hot plate at 110 °C for 10 min before performing the 

water contact angle measurements to evaporate the vapor deposited on the films. The nano-

indentation tests were performed at room temperature with an indenter aligned normally using 

Elionix ENT-NEXUS. Mechanical properties were deduced from the load-displacement curves 

generated. The valence band and Fermi levels measurements of the perovskite and charge carrier 

layers were performed using Riken Keiki PYS-A AC-2 and Kelvin probe spectroscopy in air 

(ESA), respectively. The PL quenching measurements were performed using a JASCO 

spectrofluorometer (FP-8300). The out-of-plane X-ray diffraction tests were carried out on a 

Rigaku Smartlab diffractometer using Cu-Kα radiation operating with a power of 9 kW (45 kV, 

200 mA). The diffraction pattern of each sample was recorded between an angular 2θ of 3º and 

50º. A Raman microscope with a ×50 lens and 5 × 10−6% of 200 mW power (Renishaw InVia with 

532 nm excitation) was used. The photoemission measurements of the perovskite and charge 

carrier layers were performed using XPS (PHI5000, Versa Probe) with monochromatic Al Kα 

radiation. The XPS analysis was conducted at ultrahigh vacuum at pressures below 10−9 mbar.  

Device fabrication. Indium-doped ITO glass substrates were cleaned with successive sonication 

in a detergent, deionized (DI) water, acetone, and 2-propanol baths for 15 min. The cleaned 

substrates were treated with UV-ozone for enhanced wettability. For reference inverted devices, 

PEDOT:PSS was spin-coated at 3000 rpm for 45 s as an HTL. For inverted devices with PTAA as 

an HTL, a 4 mg ml−1 solution of PTAA (Sigma Aldrich) was prepared by dissolving 2 mg of PTAA 

in 500 µl of toluene. The mixture was prepared inside the glove box, stirred without heating, left 
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for complete dissolution, and filtered using a 0.02 µm syringe filter before the use. For best-

performing devices, the PTAA solution was spin-coated at 5000 rpm for 30 s, annealed at 110 for 

10 min, and subjected to UV/O3 treatment for 3 min. The 2D/3D FACsPbI3 perovskite layer was 

prepared by the adduct approach. The 2D/3D FACsPbI3 perovskite solution was spin-coated at 

5000 rpm for 20 s, to which 0.15 mL of diethyl ether (anhydrous, >99.0%, contains BHT as 

stabilizer, Sigma-Aldrich) was dropped after 10 s. The resulting transparent adduct film was heat-

treated at 100 oC for 1 min followed by 150 oC for 10 min. A thin layer of PC61BM (2mg ml−1 in 

1,2-dichlorobenzene) was spin-coated on perovskite layer at 5000 rpm for 30 s. A total 30 nm of 

C60 was deposited on PC61BM at 0.3 Å/s via thermal evaporation in vacuum. The device 

fabrication was completed with thermal evaporation of bathocuproine (BCP) (8 nm) and silver 

electrodes (70 nm). For normal reference devices, a 30 mM SnCl2∙2H2O (Aldrich, >99.995%) 

solution was prepared in ethanol (anhydrous, Decon Laboratories Inc.) as a precursor solution for 

deposition of a compact SnO2 layer. The solution was filtered by a 0.2 μm syringe filter, followed 

by spin-coating on the cleaned substrate at 3000 rpm for 30 s. The spin-coated film was annealed 

at 150 oC for 30 min. After cooling down to the room temperature, another cycle of the spin-

coating process was performed, which was followed by annealing at 150 oC for 5 min and 180 oC 

for 1 h. SnO2-coated ITO glass was treated with UV-ozone before spin-coating of the perovskite 

solution. A 2D/3D FACsPbI3 perovskite layer was prepared by the adduct approach described 

above.28–29 However, the best-performing devices had a perovskite solution spin-coated at 4000 

rpm for 20 s, to which 0.15 mL of diethyl ether was dripped after 10 s, annealed at 100 oC for 1 

min followed by 150 oC for 10 min. A spiro-MeOTAD solution was prepared by dissolving 85.8 

mg of spiro-MeOTAD (Lumtec) in 1 mL of chlorobenzene (anhydrous, 99.8%, Sigma-Aldrich), 

which was mixed with 33.8 μl of a 4-tert-butylpyridine (96%, Aldrich) and 19.3 μl of Li-TFSI 
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(99.95%, Aldrich, 520 mg/mL in acetonitrile) solution. The spiro-MeOTAD solution was spin-

coated on the perovskite layer at 3000 rpm for 20 s by dropping 17 μl of the solution during the 

spinning. For deposition of a metal electrode, an approximately 100-nm-thick silver layer was 

thermally evaporated at 0.5 Å/s on top of the spiro-MeOTAD layer.  

Device characterizations. The J–V and MPPT characteristics of the devices were recorded using 

a Keithley 2401 source meter under simulated one sun illumination (AM 1.5G, 100 mW/cm2) 

generated from Oriel Sol3A with class AAA solar simulator (Newport) under ambient 

conditions. The source meter was calibrated using a silicon diode (BS-520BK, Bunkokeiki). The 

external quantum efficiency measurement system consisted of an MLS-1510 monochromator to 

scan the UV−vis spectrum. 

 

RESULTS AND DISCUSSION 

We fabricated 2D/3D FACsPbI3 PSCs using a composition of [(PEA)2PbI4]1[FA0.97Cs0.03PbI3]59. 

Both the normal-type and inverted-type PSCs were fabricated (Figure 1a). The normal-type 

2D/3D FACsPbI3 PSCs using SnO2 as an ETL gave a PCE of 20.2%, whereas the inverted-type 

2D/3D FACsPbI3 PSCs using poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) as a hole-transporting layer (HTL) gave a PCE of 15.6%. Although the PCEs of the 

inverted-type PSCs were lower than those of the normal-type PSCs, the reproducibility was much 

higher for the inverted-type devices than that of the normal-type devices (Figure 1b). When the 

HTL of the inverted-type devices was changed from PEDOT:PSS to PTAA, a much higher PCE 

of 18.2% was obtained (Figure 1c, Table 1, Figure S2). A careful observation using optical 

microscopy and scanning electron microscopy (SEM) showed that the reproducibility difference 

between the normal-type and inverted-type devices originates from cracks on the perovskite films 
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(Figure 1d). The 2D/3D FACsPbI3 films readily formed cracks after the spin-coating process, and 

the 2D/3D FACsPbI3 films for normal-type devices were more liable to form cracks than those for 

the inverted-type devices. In the case of the normal-type PSCs, delicately controlled timing and 

drop-casting of an anti-solvent were necessary to avoid the crack formation. For the optimal 

inverted-type 2D/3D FACsPbI3 PSCs, pre-heating the perovskite solution at a temperature of 95 °C 

was necessary to improve the film coverage on the hydrophobic PTAA film (Figure 1e, Table S1 

and S2). In addition, 3 min ozone treatment of the PTAA HTL was necessary for the optimized 

result (Table S3, Figure S3). The PTAA-based inverted-type PSCs exhibited a PCE of 18.2% 

with a negligible hysteresis (Figure 1f). A constant maximum power point tracking (MPPT) value 

of approximately 17.5% was recorded for more than 500 s (Figure 1g, Figure S4). 
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Figure 1. (a) Illustration of a 2D/3D FACsPbI3-based PSC. (b) PCE distribution of 67 normal-

type 2D/3D FACsPbI3-based PSCs fabricated on SnO2 (red bar) and 40 inverted-type 2D/3D 

FACsPbI3-based PSCs fabricated on PEDOT:PSS. (c) PCE distribution of 76 inverted-type 2D/3D 

FACsPbI3-based PSCs fabricated on PTAA. (d) Microscopic image of cracks formed on 2D/3D 

FACsPbI3 films and a magnified SEM image of the same film as inset. (e) Structural schematics 

of a 2D/3D FACsPbI3-based PSCs using PTAA as HTL (f) J–V curves under forward and reverse 

bias and (g) Maximum Power Point Tracking of inverted-type 2D/3D FACsPbI3-based PSCs 

fabricated on PTAA. 
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Table 1. Photovoltaic parameters of the normal-type 2D/3D FACsPbI3 PSCs on SnO2 and the 

inverted-type 2D/3D FACsPbI3 PSCs on PEDOT:PSS, PTAA, and PTAA (UV/O3-treated for 3 

min) under 1 sun (AM 1.5 G, 100 mW cm−2). 

 
 

It has been reported that films with thicknesses over their critical film thickness hcritical result in 

crack formation (1).34 Perovskite films in general have a thickness of around 500 nm, which 

exceeds the critical film thickness. Cracks are formed when evaporating dimethylformamide 

(DMF) solvent concentrates the perovskite grains into a closed packed array, causing liquid 

menisci at the top layer of the perovskite particles to exert compressive capillary force on the 

particle network (Figure 2a).35,36 The film resists deformation in the transverse direction giving 

rise to transverse tensile stress (2).37 If the grains are soft, they deform to close the pores, but if the 

grains are hard, the film cracks to release the stress. FAPbI3 is reported to be theoretically stiffer 

(harder) than MAPbI3.29 Considering the degree of crack formation, it is clear that FACsPbI3 films 

exhibit more cracks than MAPbI3 films, and 2D/3D FACsPbI3 films produce even more cracks 

than FACsPbI3 films (Figure S5). We assume that 2D perovskites at the grain boundaries of 3D 

FACsPbI3 films impose a great strain in 2D/3D FACsPbI3 films. The nano-indentation test was 

conducted to analyze the film hardness. The indentation hardness (S1), elastic modulus (S2), and 

Martens hardness (S3) were derived from the load-displacement curves (Figure S6, Figure S7, 

ETL/HTL 
JSC 

(mA cm-2) 
VOC 
(V) 

FF RS (Ω) RSH (Ω) 
PCEforward 

(%) 
PCEtotal 

(%) 
Hysteresis 

Index 

SnO2 25.3 1.05 0.72 75.5 5.82 × 105 20.2 18.4 0.28 

PEDOT:PSS 25.1 0.86 0.71 18.6 3.99 × 103 15.5 15.0 0.07 

PTAA 23.7 1.00 0.66 30.5 2.34 × 104 16.0 15.7 0.04 

PTAA (3 min 
UV/O3) 

24.6 1.02 0.72 21.2 9.09 × 103 18.2 17.7 0.06 
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Figure S8, Figure 2b and c).38 The test results reveal that the 2D/3D FACsPbI3 films are 

expectedly harder than the FACsPbI3 films and the MAPbI3 films (Figure 2b, Figure S8a, c, and 

e). Since the 2D/3D FACsPbI3 crystals are intrinsically hard, they resort to forming cracks. 

However, this can be alleviated if the sublayers, onto which the perovskite solution is drop-casted, 

are soft enough to release the transverse stress at the interface (Figure 2a). The crack formation 

can be intensified further during the annealing and cooling steps of the perovskite film fabrication. 

This is because of the tensile stress caused by the thermal expansion coefficient mismatch between 

the perovskite films and the sublayers beneath them. The nano-indentation test results of the 

sublayers show that metal oxide SnO2 is much stiffer (harder) than PEDOT:PSS and PTAA, both 

of which are organic polymers (Figure 2c, Figure S8b, d, and f). PTAA was measured to be 

slightly harder than PEDOT:PSS, which explains a slight reduction in reproducibility of PTAA-

based devices compared to PEDOT:PSS (Figure 1b and c, Figure S5). The results indicate that 

the mechanical properties of both the sublayer and the perovskite film are directly related to the 

crack formation, thus the device reproducibility.39 Wettability (Figure S9) and roughness (Figure 

S10) of the sublayers did not affect the crack formation of the films. 

 

ℎ  ~ 𝛾
/

/   (1) 

𝜎 𝐺𝜀     (2) 
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Figure 2. (a) Illustration of crack formation in perovskite films on SnO2 (upper, red) and 

PEDOT:PSS (lower, blue) with different indentation depths, h, indicating different transverse 

stresses. Martens hardness (HM) of (b) three different perovskite films (2D/3D FACsPbI3, 3D 

FACsPbI3, and MAPbI3) and (c) three different sublayers (PEDOT:PSS, PTAA, and SnO2).  

 

The energy level alignment is also an important factor for the device performance. Photoelectron 

yield spectroscopy (PYS) and the Kelvin probe measurement were used to measure the energy 

levels of the films used in this work (Figure S11). Using the obtained data, an energy level diagram 

is drawn in Figure S12. The energy level diagram shows that ozone treatment shifts the highest 

occupied molecular orbital (HOMO) level of PTAA down from −5.3 eV to −5.6 eV, aligning with 

the valence band of the 2D/3D FACsPbI3 film better than before the treatment. According to the 

energy diagram, both PEDOT:PSS and ozone-treated PTAA exhibited better energy matching with 
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the 2D/3D FACsPbI3 film than SnO2. This is corroborated by photoluminescence (PL) data, in 

which both PEDOT:PSS and ozone-treated PTAA display stronger quenching of PL than SnO2 

(Figure S13). In addition, the quenched PL spectra blue-shifted with a reduced full-width half 

maximum, indicating more spontaneous radiative recombination and reduced shallow trap 

density.40–42  

 

 

Figure 3. (a) UV-vis absorption spectra change of the perovskite films on various sublayers after 

10 days in ambience (25 °C, 40% R.H). b) Raman spectra of FACsPbI3 (red line) and 2D/3D 

FACsPbI3 (blue line) after one day in ambience. c) XRD spectra of FAPbI3 (yellow line), 

FACsPbI3 (red line), and 2D/3D FACsPbI3 (blue line) left in ambience for 10 days. XPS spectra 

of FACsPbI3 (red line) and 2D/3D FACsPbI3 (blue line) for d) iodine peak, e) lead peak, and f) 

nitrogen peak. 
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The perovskite films on different sublayer films were exposed to constant illumination of one 

sun for the stability test. Both the color change (Figure S14) and the UV-vis absorption spectra 

decrease of the perovskite films over time (Figure 3a, Figure S15) show that 2D/3D FACsPbI3 

on ozone-treated PTAA exhibits the highest stability among the samples. The stability of the 

2D/3D FACsPbI3 film on PTAA is slightly higher when the PTAA sublayer is ozone-treated. We 

attribute this to better energy alignment of ozone-treated PTAA, because lingering charge arising 

from energy misalignment induces faster degradation of perovskite films.31 The 2D/3D FACsPbI3 

films on SnO2 degraded even faster owing to the energy misalignment and high chemical 

capacitance of SnO2.30,31 The 2D/3D FACsPbI3 on PEDOT:PSS degraded much faster despite a 

better energy alignment of PEDOT:PSS with 2D/3D FACsPbI3. We ascribe this to the hygroscopic 

nature of PEDOT:PSS as well as its acidic nature, which can etch the tin oxide (ITO) 

electrodes.43,44 2D/3D FACsPbI3 based PSCs using ozone-treated PTAA as sublayer also exhibited 

much higher stability than those using SnO2 and PEDOT:PSS as sublayer (Figure S16). It is 

important to note that the 3D FACsPbI3 films degraded much faster than the 2D/3D FACsPbI3 

films even on ozone-treated PTAA (Figure 3a, Figure S15). The Raman spectra of 2D/3D 

FACsPbI3 and 3D FACsPbI3 after being left in ambience for one-day show that 3D FACsPbI3 

contains more nonphotoactive hexagonal δ-phase than 2D/3D FACsPbI3 (Figure 3b). The blue-

shifted peak at 145.3 cm−1 for the 2D/3D FACsPbI3 film is indicative of the in-plane vibration of 

trigonal α-phase FA cations.9,45 The X-ray diffraction (XRD) patterns of the perovskite films left 

in ambience for 10 days clearly demonstrate the phase stability difference between 2D/3D 

FACsPbI3 and 3D FACsPbI3 (Figure 3c). The pure yellow phase δ-FAPbI3 peaks of bare FAPbI3 

depict a complete phase change from α-FAPbI3 to δ-FAPbI3. 3D FACsPbI3 retained the α-FAPbI3 

for 3 days, but transitioned to δ-FAPbI3 phase thereafter. 2D/3D FACsPbI3 demonstrates the 
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highest phase stability to the phase change under ambient conditions as can be seen from the peaks 

corresponding to pure black phase α-FAPbI3. The origin of the phase stability of 2D/3D FACsPbI3 

was studied using X-ray photoelectron spectroscopy (XPS). All the spectra were calibrated by the 

C 1s peak. Since 2D PEA2PbI4 sits at the grain boundaries of 3D FACsPbI3, it is important to 

analyze the interaction between PEA cations and I atoms in octahedral PbI6
4− using the N 1s peak. 

The N 1s peak of PEA2PbI4 is at a higher binding energy than that of 3D FACsPbI3 (Figure 3d). 

This indicates that there is hydrogen bonding between the ammonium heads (NH+) of PEA to the 

adjacent I in PbI6
4− in PEA2PbI4 (Figure S17).46 In 2D/3D FACsPbI3, the ammonium heads (NH+) 

of PEA form hydrogen bonding with both the bridging I atoms and the terminal I atoms of PbI6
4− 

octahedra, which affect FA+–I and Pb–I, respectively (Figure S18). The hydrogen boding 

influencing FA+–I is evidenced by the N 1s peak of 2D/3D FACsPbI3 positioned at a lower binding 

energy than that of 3D FACsPbI3. This is because in 2D/3D FACsPbI3, the bond strength of FA+–

I is reduced by the pull from the PEA cations at the grain boundaries (Figure S18). The hydrogen 

boding influencing Pb–I is evidenced by both the I 3d and Pb 4f peaks of 2D/3D FACsPbI3 

positioned at lower binding energies than those of 3D FACsPbI3 (Figure 3 e and 3f). Such strong 

interactions result in the increase in the bond lengths of Pb–I (reduction in the bond strength). It is 

worth noting that there are small shoulders in the Pb 4f spectrum of 2D/3D FACsPbI3. They 

correspond to Pb0 atoms from the broken Pb–I bonds caused by strong pull of PEA cations, 

corroborating our hypothesis (Figure S18). Pb–I bonds are reported to be significantly short in δ-

FAPbI3 than in α-FAPbI3.47 Therefore, the phase transition from the α-FAPbI3 phase to the δ-

FAPbI3 phase is more difficult to occur in 2D/3D FACsPbI3 (Figure S19).48–50 In addition to this, 

it is reported that the presence of PEA cations suppresses the iodide migration, which reduces 

hysteresis, thus improving the stability against the ion migration from the metal electrode.48 The 
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combination of these characteristics explains why 2D/3D FACsPbI3 shows an exceptional 

operational stability, particularly in the inverted structure. 

 

CONCLUSIONS  

The inverted-type 2D/3D FACsPbI3 PSCs were demonstrated. It was found that the inverted-

type devices exhibit higher reproducibility and stability, despite marginally lower PCEs. We 

conclude that the high reproducibility is linked to the mechanical properties of the perovskite films 

and sublayers. 2D/3D FACsPbI3 was found to possess a robust phase stability, which is attributed 

to strong hydrogen bonding between PEA cations and the 3D FACsPbI3 crystal grain surface. We 

are confident that this finding will provide a better understanding of the 2D/3D perovskite 

technology, consequently contributing to the field of solar cell research.   
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Figure S1. Graph depicting the relationship between the Shockley–Queisser limit and perovskite 

materials (left), illustration of UV-vis absorption spectra of MAPbI33 and FAPbI3 with their energy 

levels as an inset (middle), and 3D depiction of FAPbI3 molecular crystallography. 

 

 
Figure S2. Forward bias J–V curves of inverted type PSCs on PEDOT:PSS (blue), PTAA (green), 

ozone-treated PTAA (light green); and a normal-type PSC on SnO2 (red). 

 

 

Table S1. Photovoltaic performance of inverted type PSCs with different annealing temperatures 

of the perovskite solution. 

 

 

Temperatures (°C) JSC (mA cm−2) VOC (V) FF PCE (%) 

55 23.2 0.80 0.67 12.9 

75 24.1 0.82 0.66 13.0 

95 24.2 0.85 0.66 13.6 

105 23.8 0.72 0.66 11.4 
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Table S2. Photovoltaic performance of inverted type PSCs with different PTAA concentrations. 

 

 

 

Table S3. Photovoltaic performance of inverted type PSCs with different ozone-treatment times 

on the PTAA layer. 

 

 

 

 

 
 
 

 
 

Figure S3. Pictures showing improvements in the perovskite (PVK) film coverage after ozone-

treatment and heating. 

 

PTAA concentration (g ml−1) JSC (mA cm−2) VOC (V) FF PCE (%) 

2 24.8 0.86 0.60 12.9 

3 24.3 0.97 0.69 16.3 

4 23.9 0.99 0.69 16.6 

5 22.1 0.98 0.66 14.2 

UV/O3 time (min) JSC (mA cm−2) VOC (V) FF PCE (%) 

5 23.5 0.908 0.68 14.5 

4 24.3 0.937 0.64 15.0 

3 24.6 1.02 0.72 18.2 

2 24.7 1.01 0.70 17.5 

1 23.0 1.01 0.66 15.8 

0 23.7 1.00 0.66 16.0 
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Figure S4. (a) MPPT data of the optimized inverted type 2D/3D FACsPbI3-based PSC using 

PTAA. (b) External quantum efficiency of the same device with integrated JSC.  

 

 
 

Figure S5. Optical microscopic images of 2D/3D FACsPbI3 films on (a) SnO2, (b) PEDOT:PSS 

(photographic images as insets), and (c) PTAA and FACsPbI3 on (d) SnO2, (e) PEDOT:PSS, and 

(f) PTAA. 
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Nano-indentation Test 

The indentation hardness, elastic modulus, and Martens hardness were derived from the load 

displacement curves (Figure S6).1 The indentation hardness is given by 

 
max max

IT 2
p c c23.96

L L
H

A h h
 


, (S1) 

where pA  is the projected area of the indenter as a function of the contact depth ch  at the 

maximum load maxL . For a perfect Berkovich indenter, the projected area is given by 

2
p c23.96A h  . The contact depth is calculated from  c max max rh h h h   , where maxh  is the 

maximum depth and rh  is found as the crossing of the x-axis of a line originating from the top of 

the unloading curve with the slope of the tangent of the unloading curve (the contact stiffness 

S dL dh ), and   is the intercept factor. For a perfect Berkovich indenter, 0.75  . The 

elastic modulus is defined as follows: 

 
 

2

s
IT 2

i

r i

1

11
E

E E











, (S2) 

where s  and i  are the Poisson’s ratios of the specimen and the indenter, respectively. iE  is the 

elastic modulus of the indenter and rE  is the reduced modulus, which takes into account the 

induced elastic deformations in both the indenter and the specimen. The value of rE  is given as 

 r p2E C A , where C  is the contact compliance C dh dL . (The contact compliance 

is the reciprocal of the contact stiffness.) The Martens hardness is given by 

 
max

2 2
s max

HM
26.43 26.43

LL L

A h h h
  

 
 (S3) 



 

S-6

where L is the load and As is the contact area between the indenter and the specimen as a function 

of the displacement of the indenter h. For a perfect Berkovich indenter, the contact area is given 

by 2
s 26.43A h  .  

 

Figure S6. Loading-unloading during nano-indentation test (left) and derived load-displacement 

curves (right). 

 

Figure S7. Photographic images of the nano-indentation test on (a) MAPbI3, (b) FACsPbI3, (c) 

2D/3D FACsPbI3, (d) SnO2, (e) PEDOT:PSS, and (f) PTAA. 
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Figure S8. Load displacement curves of the nano-indentation test on a) the perovskite films and 

b) the sublayers. Indentation hardness plots of c) the perovskite films and d) the sublayers. Elastic 

modulus plots of e) the perovskite films and f) the sublayers. 
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Figure S9. Water contact angles of (a) a SnO2 film, (b) a PEDOT:PSS film, (c) a PTAA film, and 

(d) an ozone-treated PTAA film. 

 

 

 

Figure S10. AFM images in 5 μm × 5 μm (above) and 2 μm × 2 μm (below) scales for (a) SnO2 

film, (b) PEDOT:PSS film, and (c) PTAA film with Ra values. 
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Figure S11. PYS data of (a) MAPbI3, (b) 3D FACsPbI3, (c) 2D/3D FACsPbI3, (d) SnO2, (e) 

PEDOT:PSS and (f) PTAA. 
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Figure S12. Energy level diagram of the films measured using PYS and the Kelvin probe. 

 

 

 

 

 
Figure S13. Photoluminescence data of 2D/3D FACsPbI3 on various sublayers. 
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Figure S14. Pictures of the perovskite films on different sublayers degrading over 15 days. 

 

 

 

 

 
Figure S15. UV-vis absorption spectra of perovskite films on (a) Day 0 (b) Day 5 and (c) Day 10 

on various sublayers (25 °C, 40% R.H). 
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Figure S16. Stability test result of unencapsulated PSCs using a SnO2 (red), PEDOT:PSS (blue) 

and UV/O3 treated PTAA (green) under constant illumination in air (20 °C, 40% R.H). 

 

 

 

Figure S17. Illustration of interactions at the boundaries of 2D/3D FACsPbI3. 
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Figure S18. Illustration of interactions between molecules at the boundaries of 2D/3D FACsPbI3. 

 

 

Figure S19. Illustration of δ-phase (left) and α-phase (right) formed by FAPbI3 (modified images 

reproduced with permission from ref 50. Copyright © 2017, American Chemical Society) 
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