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ABSTRACT: The interfaces between perovskite and charge transport layers greatly impact the 

device efficiency and stability of perovskite solar cells (PSCs). Inserting an ultrathin wide bandgap 

layer between perovskite and hole transport layers (HTL) has recently been shown as an effective 

strategy to enhance device performance. Herein, a small amount of organic halide salt, N,N’-

dimethylethylene-1,2-diammonium iodide, is used to create 2D-3D heterojunctions on MAPbI3 

thin film surfaces by facile solution processing. The formation of ultrathin wide bandgap 2D 

perovskite layer on top of 3D MAPbI3 changes the morphological and photophysical properties of 

perovskite thin films, effectively reduces the surface defects, and suppresses the charge 

recombination in the interfaces between perovskite and HTL. As a result, a power conversion 

efficiency of ~ 20.2%, with an open circuit voltage of 1.14 V, a short-circuit current density of 

22.57 mA cm-2, and a fill factor of 0.78, is achieved for PSCs with enhanced stability.  

1. INTRODUCTION 

Metal halide perovskites have attracted tremendous attentions as new generation functional 

materials for a variety of optoelectronic devices, owing to their exceptional optical and electronic 

properties, as well as low temperature solution processability.1-8 Remarkable successes have 

been achieved for perovskite solar cells (PSCs) during the last decade, with the power 

conversion efficiency (PCE) improved from 3.8 % in 2009 to nowadays more than 23%, thanks 

to relentless efforts on materials engineering and device structure optimization.1, 5, 7, 9, 10  

Among various approaches to enhancing the device performance of PSCs, surface passivation 

and interface engineering have been shown to not only significantly increase the PCE, but also 

the stability.11-14 To achieve effective surface passivation, formation of ultrathin wide bandgap 

layer on top of light harvesting three-dimensional (3D) perovskites to suppress charge 
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recommendation in the interfaces between perovskite and charge transport layers is perhaps the 

most successful strategy established to date.5, 13, 15, 16 Different types of materials have been 

developed to form such a layer, including two-dimensional (2D) perovskites,5, 17-22 insulating 

polymer,23-27 small organic molecule,12, 15, 28-30 organic halide salts,10, 31-34 etc.13, 20, 35, 36  

2D perovskites have attracted great attention for photovoltaic (PV) appliations, owing to their 

relatively high stability.19, 37, 38 Recently, creating 2D-3D perovskite heterojunctions on the 

surfaces of 3D perovskites by cation exchange has been demonstrated as an effective approach to 

enhancing the performance and stability of PSCs.37, 39 For instance, phenethylammonium iodide 

(PEAI) was employed to fabricate PEA2PbI4-MAPbI3 perovskite thin films,20 with which PSCs 

withPCEs of up to 19.89% were achieved with enhanced device stability.39, 40 Other organic 

cations used to form 2D-3D peovskite heterojunctions include phenylammonium iodide (PAI), 

phenylmethylammonium iodide (PMAI), n-butylammonium iodide (BAI), iso-butylammonium 

iodide (iBAI), and n-butylammonium bromide (BABr) 18, 37, 41, 42 The photovoltaic devices with 

2D-3D graded structures all showed improved stability as compared to their 3D counterparts.  

Despite those remarkable achievements, most of reports are about the monoammonium halide 

salts on the formation of 2D-3D perovskite thin films. In general, monoammonium cations (1+) 

intend to form Ruddlesden-Popper phase 2D perovskites.43, 44 A disadvantage of these 2D 

perovskites is the weak interactions between layers caused by van der Waals gaps, which 

potentially affect the optoelectronic properties and stability of perovskite thin films as well as 

devices.44, 45 The Dion-Jacobson (DJ) phase 2D perovskites can overcome above drawbacks to 

some extent due to the strengthening effect of hydrogen bonding interactions between 

diammonium cations and inorganic slabs. Based on previous reports, diamine-based organic 

ligands (2+) could form DJ phase 2D perovskites.43-46 However, according to the best of our 
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knowledge, there is no report on the use of diammonium halide salt to form 2D-3D 

heterojunctions for efficient PVs. In addition, the surface treating methods reported to date still 

have many drawbacks, especially the multistep heated procedures. It is therefore of great interest 

to develop simple methods for surface passivation of metal halide perovskites.32 

Here we report a facile surface functionalization approach to creating 2D-3D heterojunctions on 

perovskite (MAPbI3) thin film surfaces by solution processing of isopropanol (IPA) solution 

containing an diamine halide salt, N,N′-dimethylethylene-1,2-diammonium iodide (DMEDAI2). 

Detailed structural characterizations and photophysical studies were performed to reveal the 

formation of an ultrathin 2D perovskite layer on top of 3D MAPbI3 thin films. The device 

performance of PSCs is improved from ~ 18.7 % for the control device without surface treatment 

to ~ 20.2 % for the device with an ultrathin 2D perovskite layer sandwiched between 3D 

MAPbI3 perovskite and hole transport spiro‐OMeTAD layers. The device stability is also 

improved due to the formation of 2D-3D heterojunctions. 

2. RESULTS AND DISCUSSION 

The procedure of preparing pristine and DMEDAI2 treated MAPbI3 thin films is shown in Figure 

1a. Briefly, MAI-PbI2 precursor solution was firstly deposited on SnO2/ITO substrate by a two-

step sequential spin-coating process. During the second step, chlorobenzene was dropped onto 

the rotating substrate as antisolvent to assist the formation of perovskite thin films (see 

Experimental Section for details). For the preparation of DMEDAI2 treated perovskite thin films, 

DMEDAI2 dissolved in IPA with the concentrations of 0 (abbreviated as IPA), 0.25 (0.25-

DMEDAI2), and 0.5 mg mL-1 (0.5-DMEDAI2) were dropped on the pristine perovskite thin films 

and stood for 30 sec before spinning. The stand time was optimized and the influence of stand 
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time on the thin film properties was discussed in the Supporting Information (Figure S1-S3). X-

Ray Diffraction (XRD) was used to characterize the obtained pristine and treated perovskite thin 

films with the results shown in Figure 1b. The diffraction peaks located at about 14.1°, 20.0°, 

28.4°, and 31.9° in all patterns are corresponding to the (110), (112), (220), and (222) crystal 

planes of MAPbI3 with a tetragonal phase, respectively, suggesting that the DMEDAI2 treating 

process occurred on the surface of perovskite thin films and did not destroy MAPbI3 perovskites 

underneath.11, 47, 48 UV-vis absorption spectra of the obtained perovskite thin films shown in 

Figure 1c also confirmed the preservation of 3D MAPbI3 perovskites after the surface treatment. 

No obvious change of the absorption intensity after treating by IPA and DMEDAI2 would ensure 

efficient light absorption of perovskite thin films.  
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Figure 1. (a) Schematic illustration of the preparation of pristine and DMEDAI2 treated 

perovskite thin films. (b) XRD patterns and (c) Uv-vis spectra of MAPbI3 thin films treated by 

different concentration of DMEDAI2. Inset of (c) is a zoom-in view near the absorption edge. 

Top-view SEM and AFM topographic images of MAPbI3 treated with different solution: (d) 

pristine MAPbI3, (e) 0 mg mL-1 (IPA), (f) 0.25 mg mL-1, and (g) 0.5 mg mL-1. Inset of SEM 

image highlighted by white square is the corresponding macroscopic digital photograph of 

perovskite thin films (scale bars, 0.5 cm). 

The film morphologies of the perovskite thin films before and after treatment were further 

characterized by using top-view scanning electron microscope (SEM), and atomic force 

microscope (AFM) images, as well as the corresponding macroscopic digital photographs, as 

shown in Figure 1d-g. Crystalline grains with sizes of several hundreds of nanometers can be 

seen clearly in Figure 1d with the shining surfaces for macroscopic observation. After treating by 

IPA, some nanosheets with different contrast from the adjacent MAPbI3 particles appeared 

within the white oval in Figure 1e. This could be ascribed to the formation of PbI2 after IPA 

rinsing, as evident by its characteristic diffraction peak of 12.7° in Figure 1b.47, 49, 50 When 

treated by a 0.25-DMEDAI2 solution, newly formed nanoparticles covered the surface and grain-

boundary of the pristine MAPbI3 (Figure 1f). The morphology of these new nanoparticles is 

different from the above-mentioned PbI2, and the color of treated perovskite thin films slightly 

changed. By increasing the concentration of DMEDAI2 solution to 0.5 mg mL-1, the 

nanoparticles further grew to form condensed coverage on the MAPbI3 surface, and changed the 

film color to dark green (Figure 1g), suggesting the formation of more new species on the 

MAPbI3 surface. 
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However, the XRD peaks indexed to the newly formed materials could hardly be distinguished 

due to the high intensity of MAPbI3 peaks in Figure 1b. In order to get a better understanding on 

the newly formed species upon DMEDAI2 treatment, thinner MAPbI3 films of about 100 nm (the 

concentration of perovskite precursor solution was controlled at 0.4 mol L-1) were fabricated and 

treated under the same conditions to reduce the effect of MAPbI3 phase and obtain more 

distinguishable XRD peaks of the new materials (Figure S2a, S4a-b). A series of new periodic 

peaks located at 13.6°, 18.1°, 22.6°, and 27.2° were observed, which could not be explained by 

the presence of DMEDAI2 itself (Figure S4c). Indeed, these new peaks could be indexed as a 

layer structure stacked parallel to the substrate, suggesting the formation of a 2D perovskite layer 

on top of 3D MAPbI3 to create 2D-3D heterojunctions.4, 51 The intensity of PbI2 peak at 12.7° 

reduced significantly after the DMEDAI2 treatment, which was likely attributed to the reaction 

between PbI2 and DMEDAI2 at room temperature.52 UV-vis absorption spectra of the thinner 

perovskite films were also recorded and shown in Figure S4d. The absorption edge of pristine 3D 

MAPbI3 is 770 nm (bandgap of 1.61 eV). A new peak with the absorption edge of 574 nm could 

be clearly seen after 0.25-DMEDAI2 treatment, and the relative peak intensity was enhanced by 

increasing the concentration of DMEDAI2 without changing the position. The bandgap of the 

new formed material is estimated to be around 2.16 eV, which is comparable to those of 

previously reported 2D perovskite materials.4, 17, 45, 53-55 

Fourier-transform infrared (FT-IR) spectra of perovskite powders scraped from the glass 

substrates were measured to further probe the changes of perovskite thin films after treating by 

DMEDAI2 (Figure S5). DMEDAI2 powder was used as a reference. The peaks around 3170 cm–1 

and 3100 cm-1 could be observed in all spectra, which are corresponding to two N-H stretch 

vibrations in MAPbI3.3, 56, 57 A new peak located at 3033 cm-1 was observed after DMEDAI2 
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treating, which is different from that of DMEDAI2 powder and could be indexed to N-H stretch 

vibrations of newly formed 2D perovskites. Furthermore, five emerging peaks located from 1350 

cm-1 to 750 cm-1 were also detected in DEMDAI2 treated samples (Figure S5b). The first two 

peaks have the same locations as those of DMEDAI2 powder, but the last three peaks located at 

1021 cm-1, 857 cm-1, and 755 cm-1 were not observed in spectra of DMEDAI2 or MAPbI3, likely 

correspond to the newly formed 2D perovskites. These results suggested that DMEDAI2 did not 

physically attach to the surfaces of MAPbI3, but underwent cation exchange with MA in 3D 

MAPbI3 or reacted with PbI2 to form 2D perovskites,58, 59 which changed the structural and 

optical properties of the pristine MAPbI3 thin films. 

 

Figure 2. (a) TEM and (b) HRTEM images of MAPbI3 treated by 0.25-DMEDAI2 solution. Inset 

of a demonstrates the low magnification image, and the white rectangle highlighted regions (1) 
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and (2) were magnified in a and b, respectively. (c, d) and (e, f) demonstrate the Fast Fourier 

transform (FFT) analysis and simulated HRTEM images of the area of (3) and (4), respectively.  

Transmission electron microscope (TEM) and high resolution TEM images of the MAPbI3 film 

treated by 0.25-DMEDAI2 were analyzed to further confirm the formation of 2D-3D 

heterojunctions, as shown in Figure 2. The inset of Figure 2a is a chunk with the size of several 

hundred nanometers scratched from 2D-3D perovskite films. In Figure 2a, different contrasts 

were observed on the heighted region (1), the edge area. By further magnifying the region (2), 

two distinct areas with “narrow” and “wide” inter-planar spacings can be seen in Figure 2b, 

which were attributed to two different materials. The HRTEM image of the region (3) was 

simulated by Fast Fourier transform and shown in Figure 2c-d. An inter-planar spacing of 0.31 

nm is well-matched with the (110) reflection of tetragonal 3D MAPbI3.11 Figure 2f was 

simulated from the region (4). The inter-planar distance of 0.71 nm could be correlated to a 2D 

perovskite, which is similar to the (002) reflection (0.80 nm) of 2D PEA2PbI4 reported by Yang 

and coworkers.60 The same results were observed in other samples, as shown in Figure S6, 

confirming the formation of 2D-3D heterojunctions throughout the 3D MAPbI3 thin film surface 

by DMEDAI2 treatment. 

Steady-state photoluminescence (PL) spectra of perovskite thin films were recorded to reveal the 

influences of DMEDAI2 treatment on the photophysical properties. As shown in Figure 3a, the 

perovskite thin film treated by 0.25-DMEDAI2 exhibited higher peak intensity than those of the 

pristine and pure IPA treated MAPbI3 thin films, suggesting that the formation of 2D-3D 

heterojunctions could passivate surface defects and reduce nonradiative recombination.29, 61, 62 

The decreasing of peak density after treating by a higher concentration DMEDAI2 (0.5 mg mL-1) 

could be ascribed to the removal of MAPbI3 and possible formation of new defects. A small 
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blue-shift of the PL peaks suggests effective passivation for reducing trap densities near the band 

edge of DMEDAI2 treated perovskite thin films.61 The broadening of PL peaks was observed in 

the normalized spectra (Figure S7a), which could be attributed to the formation of 2D-3D 

heterostructures.14, 60 Furthermore, the PL signal belonging to the new formed 2D perovskite can 

be detected as shown in inset of Figure 3a. The PL peaks centered around 570 nm are observed 

from the spectrum of DMEDAI2 treated samples compared with that of pristine 3D MAPbI3. 

These peaks are related to the new formed 2D perovskite on top of 3D MAPbI3.37, 42 The steady-

state PL was also performed on back side of the perovskite films (Figure S7b). The only PL peak 

originated from 3D MAPbI3 can be observed, indicating that the 2D perovskites only formed on 

surface of 3D perokvsite thin films. 

 

Figure 3. (a) Steady-state and (b) time-resolved PL spectra of the perovskite thin films with and 

without DMEDAI2 treated (architecture: glass/perovskite). Inset of (a) is a zoom-in view near 
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near 570 nm. (c) Steady-state and (d) time-resolved PL spectra of the perovskite/spiro-OMeTAD 

films (architecture: glass/perovskite/spiro-OMeTAD). 

The corresponding PL decay lifetimes were investigated by time resolved PL (TRPL) and fitted 

with bi- (pristine and IPA treated samples) and tri-exponential (DMEDAI2 passivated 2D-3D 

samples) equations (Figure 3b and Table S1). The 0.25-DMEDAI2 treated film displayed a longer 

average lifetime (168 ns) than those of the pristine MAPbI3 (136 ns), IPA (99 ns), and 0.5-

DMEDAI2 treated (142 ns) films. The prolonged lifetime of the PL decay supports the reduction 

of defects on the surfaces.14, 61 All these results further confirmed the formation of 2D-3D 

heterojunctions. 

The interfacial charge transfer dynamics between the treated perovskite thin films and hole 

transport layers (HTLs, spiro-OMeTAD) were investigated by steady-state PL and TRPL. The 

intensity of the PL peak of 0.25-DMEDAI2 treated perovskite thin film coupled with spiro‐

OMeTAD was the lowest, suggesting that the formation of ultrathin 2D-3D heterojunctions 

accelerates charge transfer from the perovskite thin films to the HTLs (Figure 3c).10, 49, 61 However, 

the PL peak intensity of DMEDAI2 (0.5 mg mL-1) treated sample is higher than that of pristine 

MAPbI3. This result can be attributed to too thick 2D perovskite was formed on top of 3D MAPbI3 

thin films after treating with higher concentration of DMEDAI2, affecting the charge transfer 

between perovskites and HTL. Nevertheless, the trends of changes of PL intensities for 

glass/perovskite thin films and glass/perovskite/HTL devices are comparable with the increasing 

of DMEDAI2 concentration. Figure 3d shows the corresponding TRPL spectra of the 

perovskite/spiro-OMeTAD films. The lifetimes were fitted with bi-exponential model and 

presented in Table S2. The 0.25-DMEDAI2 treated perovskite thin film displayed a lifetime of 7.5 
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ns, which was lower than those of pristine (10.4 ns), IPA (21 ns), and 0.5-DMEDAI2 treated (13 

ns) samples. 

 

Figure 4. (a) J-V curves of the best-performing devices based on pristine and DMEDAI2 treated 

MAPbI3 thin films. (b) J-V curves of the PSCs measured in different scan directions. (c) 

Statistical distribution (JSC, VOC, FF, and PCE) of the devices based on different perovskite thin 
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films (mg mL-1). (d) Nyquist plots of PSCs measured in the dark with a bias of 1.1 V. Inset: the 

equivalent circuit model. (e) EQE and the corresponding integrated JSC curves of PSCs. 

Planar n-i-p PSCs with a device configuration of ITO/SnO2/perovskite/spiro-OMeTAD/Ag were 

fabricated and tested to investigate the impact of DMEDAI2 treatment (Figure S8). The fabrication 

procedures were kept the same, except varying the perovskite layers. The current density-voltage 

(J-V) curves for the best performing devices are shown in Figure 4a, and the corresponding 

photovoltaic characteristics were summarized in Table 1. The PSCs based on pristine MAPbI3 

gave a PCE of 18.7 % with a short-circuit current density (JSC) of 22.14 mA cm-2, an open-circuit 

voltage (Voc) of 1.11 V, and a fill factor (FF) of 0.76, respectively. The device fabricated with 0.25-

DMEDAI2 treated perovskite exhibited an increased JSC of 22.57 mA cm-2, a VOC of 1.14 V, a FF 

of 0.78, subsequently an enhanced PCE to 20.2 %. While the devices based on IPA and 0.5-

DMEDAI2 treated perovskite films just gave the PCE of 17.8 % and 18.5 %, respectively. 

Additonally, PSCs based on thinner perovskite films were fabricated to evaluate the performance 

of thinner films (about 100 nm) in solar cells. The J-V curves and corresponding photovoltaic 

parameters are shown in Figure S9 and Table S3, respectively. The changes of VOC, FF, and PCE 

of PSCs based on these thinner perovskite films are consistent with those of devices based on 

thicker perovskite films, validating the positive effects of this surface passivation process. 

Table 1. Photovoltaic characteristics of the best-performing devices.  

Sample  JSC (mA cm-2) VOC (V) FF PCE (%) 

Pristine 22.14 1.11 0.76 18.69 

0 mg mL-1 21.76 1.11 0.74 17.79 

0.25 mg mL-1 22.57 1.14 0.78 20.18 
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0.5 mg mL-1 22.06 1.12 0.75 18.54 

 

The devices were measured under both forward and reverse scans to evaluate their hysteresis 

behaviors (Figure 4b and Table S6). The hysteresis index (H = (PCEreverse - PCEforward)/PCEreverse) 

was used to determine the degree of hysteresis.63 PSCs based on 2D-3D perovskites showed a 

lower hysteresis (6%) compared with that of pristine MAPbI3 (11%). The lower hysteresis of 2D-

3D devices can be attributed to the new formed 2D perovskite layer on top of 3D MAPbI3, which 

suppresses the migration of iodide ions, and inhibits the ion accumulation at the interfaces between 

the perovskite and HTL (Spiro-OMeTAD). On the other hand, the formation of 2D-3D perovskites 

could deactivate the surface traps of 3D perovskite (discussed on PL spectra in Figure 3a) and 

further improve the hysteresis behavior of PSCs.37, 64 To evaluate the reproducibility of the PSCs, 

more than 30 cells were fabricated and tested for each case with results shown in Figure 4c and 

Table S4. The devices of pristine MAPbI3 had an averaged JSC of 21.76 mA cm-2, VOC of 1.11 V, 

FF of 0.73, and PCE of 17.6 %, respectively. After treating by 0.25-DMEDAI2, the parameters 

were enhanced to an averaged JSC of 22.40 mA cm-2, VOC of 1.13 V, FF of 0.76, and PCE of 19.2 

%, respectively. All the other average photovoltaic characteristics were well-matched with the best 

performing devices, indicating the reliability of testing results. The improved device performance 

for PSCs containing ultrathin 2D-3D heterojunctions (0.25-DMEDAI2) is believed to be a result 

of reduced nonradiative recombination in the interfaces between perovskite and spiro-OMeTAD 

layers.28  

Electrical impedance spectroscopy (EIS) measurement was performed in dark at a bias of 1.1 V to 

investigate the contact resistance and electron transport properties. Figure 4d displays the Nyquist 

plots of PSCs with the pristine and 0.25-DMEDAI2 treated perovskite layer. The inset of Figure 
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4d is the equivalent circuit model, and the fitted results are presented in Table S5. The series 

resistance (Rs) correspond to the high-frequency element, and the main arc at the low frequency 

region is corresponding to the recombination resistance (Rrec) at the perovskite/HTL interfaces.23, 

56, 65 The Rrec value of the PSC based on 0.25-DMEDAI2 treated perovskite thin film (1215 Ω) is 

higher than that of pristine MAPbI3 (839 Ω). These results, in agreement with the PL quenching 

results described in Figure 3c, clearly show that the formation of 2D-3D heterojunctions 

effectively reduced electron-hole recombination at the perovskite/HTL interfaces, thus improved 

the VOC and FF in PSCs.66 External quantum efficiency (EQE) was measured and shown in Figure 

4e to confirm the photocurrents of the J-V scans. The integrated JSC of the device containing 2D-

3D heterojunctions is 21.86 mA cm-2. This is higher than that of pristine MAPbI3 device (21.45 

mA cm-2). The result well-matched with the JSC value derived from the J-V measurement (about 

3%). 

 

Figure 5. (a) The moisture stability of unencapsulated PSCs stored in ambient conditions (60%-

80% relative humidity at room temperature under ambient air). (b) The operational stability of 

unencapsulated devices under continuous AM 1.5G illumination (60% relative humidity at 40 oC 

under ambient air). 
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The unencapsulated PSCs based on pristine and 2D-3D (0.25-DMEDAI2) containing perovskite 

thin films were systematically examined to better understand their stability. These devices were 

stored under ambient conditions with humidity of 60%-80% at room temperature to evaluate the 

long-term stability. Figure 5a shows the changes of PCEs of the devices in 30 days. The 2D-3D 

heterojunctions containing PSCs maintained 73.7 % of its initial efficiency, while the MAPbI3 

device completely degraded. The stability of unencapsulated devices under continuous 

illumination were tested with AM 1.5G in ambient environment (relative humidity of 60%, 40 oC). 

As shown in Figure 5b and Figure S10, the DMEDAI2 treated device maintains over 75.3% of its 

initial PCE after 42 hours of illumination, which is much better than that of pristine MAPbI3. These 

results suggested that the stability of PSCs can be enhanced by introducing an ultrathin 2D 

perovskite layer on top of a 3D perovskite thin film. 

3. CONCLUSION 

In conclusion, we have developed a facile and effective method for surface modification of 

perovskite thin films by using a simple organic halide salt DMEDAI2. The formation of 2D-3D 

heterojunctions after treating by 0.25 mg mL-1 of DMEDAI2 can effectively reduce the surface 

defects and suppress the charge recombination in the interfaces between the photoactive 3D 

perovskite and hole transport spiro-OMeTAD layers in planar PCSs. As a result, an enhanced PCE 

of ~ 20.2 % was achieved and device stability was also significantly improved. Our simple 

approach of surface functionalization shows once again the importance of interface engineering to 

enhance the performance of perovskite solar cells towards their thermodynamic limits, which 

could also be useful for other optoelectronic devices based on metal halide perovskites. 

4. EXPERIMENTAL SECTION  
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4.1. Materials. Lead iodide was purchased from TCI Chemicals. Methylammonium iodide (MAI), 

2,2′,7,7′‐tetrakis(N,N‐di‐p‐methoxyphenylamine)‐9,9‐spirobifluorene (Spiro-MeOTAD), 

bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI), 4-tert-butylpyridine (t-BP), tin (II) 

chloride (SnCl2), thiourea (CH4N2S), N,N′-dimethylethylenediamine (DMEDA), 

dimethylformamide (DMF), and dimethyl sulfoxide (DMSO) were purchased from Sigma-

Aldrich. Tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine) cobalt (III) 

tri[bis(trifluoromethane)sulfonimide] (FK-209) was purchased Xi’an Polymer Light Technology 

Corp. All reagents and solvents were used without further purification unless otherwise stated. 

Prepatterned ITO‐coated glass substrates (20 Ω sq-1) were purchased from Thin Film Devices Inc. 

4.2. Synthesis of DMEDAI2. For the synthesis of N,N′-Dimethylethylene-1,2-diammonium iodide 

(DMEDAI2) salts, hydriodic acid solution (2.2 equiv.) and N,N′-dimethylethylenediamine (1 

equiv.) were added into a solvent of ethanol at 0 °C. After the reaction finished, the organic salts 

could be obtained after removing solvents and starting reagents under vacuum, followed by 

washing with ethyl ether for several times. The salts were dried at vacuum oven and kept in a 

desiccator for use. 

4.3. Planar n-i-p perovskite solar cells fabrication. The ITO substrates were sequentially 

cleaned with sonication in detergent, deionized water, acetone, and isopropanol (IPA) for 25 min, 

respectively. After drying by nitrogen blow, the cleaned substrates were further treated by UV‐

ozone for 15 min before deposition of SnO2 electron transporting layer (ETL). The colloidal SnO2 

quantum dots (QDs) solution was prepared according to previous report with a slightly modified 

and used for all PSCs in this work.67 Briefly, SnCl2 (284 mg) and CH4N2S (112 mg) were dissolved 

in deionized water (10 mL) in an open vial under magnetic stirring at room temperature for 36 h. 

The SnO2 ETL was deposited by spin‐coating the filtered (0.45 µm PVDF) SnO2 QD solution on 
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cleaned ITO substrate at 3000 rpm for 30 sec and annealed on hot plate at 200 °C for 1 h in air. 

The ITO/SnO2 substrate was treated by UV‐ozone for 15 min before depositing perovskite layer 

in glovebox.  

The perovskite solution was prepared by dissolving MAI (1.3 mmol) and PbI2 (1.3 mmol) in 

DMF/DMSO (1 mL, 4:1 by vol/vol) mixed solvent and stirring at 60 °C for 1 h. For preparing 

MAPbI3 film, the solution was deposited on ITO/SnO2 substrate by two consecutive spin-coating 

steps of 750 rpm and 4000 rpm for 3 s and 20 s, respectively. During the second step, 180 uL of 

chlorobenzene was dropped onto the substrate after 10 s. After all samples finished, the 

intermediate phase film was annealed on a hotplate at 100 °C for 10 min and cooled down to room 

temperature. The original perovskite solution was diluted to 0.4 mol L-1 to prepare thinner MAPbI3 

films (about 100 nm, measured by Dektak 150 profilometer). For the preparation of DMEDAI2 

treated perovskite films, the DMEDAI2 was firstly dissolved in IPA with different concentration 

including 0 mg mL-1 (IPA), 0.25 mg mL-1 (0.25-DMEDAI2), and 0.5 mg mL-1 (0.5-DMEDAI2). 

The solutions were filtered with 0.2 µm PTFE and employed to treat the obtained MAPbI3 film 

via a dropping-standing-spinning procedure. Briefly, 180 µL of DMEDAI2 solution was dropped 

on the ITO/SnO2/MAPbI3 substrate and stand for 30 sec before spinning at 3000 rpm for 30 sec. 

Then, 30 µL spiro‐OMeTAD solution containing 50 mg spiro‐OMeTAD, 18 µL 4-tert-

butylpyridine (t‐BP), 10 µL Li‐TFSI solution (517 mg/mL in acetonitrile), 4 µL FK-209 (375 

mg/mL in acetonitrile), and 0.5 mL CB was spin‐coated onto the perovskite layer at 4000 rpm for 

20 s as the hole-transport layer.68 Finally, a thickness of 120 nm Ag was deposited by thermal 

evaporation. 

4.4. Characterization. Perovskite films were coated on ITO/SnO2 substrates for the 

measurements unless otherwise stated. X‐Ray diffraction (XRD) of pristine and DMEDAI2 treated 
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perovskite films was performed on a Panalytical X'PERT Pro powder X‐ray diffractometer with 

Cu Kα radiation. Uv-vis absorption spectra of films on the glasses were recorded by CARY 5000 

UV‐Vis NIR spectrophotometer (Agilent Technologies). Surface and cross-sectional morphology 

of and PSCs were investigated by FEI Nova NanoSEM 400 scanning electron microscope (SEM). 

Atomic force microscope (AFM) topographic was taken with a Bruker Icon scanning probe 

microscope in tapping‐mode. High resolution transmission electron microscope (HRTEM) images 

of perovskites were characterized by JEM-ARM200CF (JEOL). The perovskite film was scraped 

from glass substrate to prepare the samples for TEM characterization. Fourier-transform infrared 

(FT-IR) spectra of perovskite powder which scraped thinner perovskite film from glass substrates 

were recorded by PerkinElmer Spectrum 100 FT-IR Spectrometers. Steady-state 

photoluminescence (PL) and time-resolved PL spectra of pristine and DMEDAI2 treated 

perovskite films (architecture: glass/perovskite) and devices (architecture: glass/perovskite/spiro-

OMeTAD) were measured at room temperature on a FS5 spectrofluorometer (Edinburgh 

Instruments). The carrier lifetimes were fitted with a biexponential function y = A1×exp(-x/τ1) + 

A2×exp(-x/τ2) + y0 or tri-exponential y = A1×exp(-x/τ1) + A2×exp(-x/τ2) + A3×exp(-x/τ3) + y0, and 

a weighted average lifetime calculated using <τ> = ΣAiτi2/ΣAiτi.  

Current density-voltage (J-V) curves of the solar cells were recorded on the IV5 Solar Cell I-V 

Measurement System (PV Measurements, Inc.) under simulated illumination of AM 1.5G (100 

mW cm-2). The devices were measured with non-reflective mask in an ambient atmosphere (device 

active area: 0.15 cm2). The unencapsulated devices stored under ambient conditions (relative 

humidity of 60%-80%, room temperature) without illumination was measured every day to 

evaluate their long-term stability. The continuous illumination stability tests were also performed 

under AM 1.5G with the relative humidity of 60% at about 40 oC. The external quantum efficiency 
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(EQE) measurement was carried out by using an internal establishment system with 

monochromatic light under AM 1.5G illumination. The photodiode used for the calibration of EQE 

measurements has been calibrated by Newport. Electrochemical impedance spectroscopy 

measurement was carried out on a Gamry Interface 1000E potentiostat in the frequency range from 

1 Hz to 100 KHz in the dark condition, in which the potential bias was fixed at 1.1 V. 
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