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2

ABSTRACT

The development of high-crystalline perovskite films with large crystal grains and few surface-

defects is attractive to obtain high performance perovskite solar cells (PSCs) with good device 

stability. Herein, we simultaneously improve the power conversion efficiency (PCE) and humid 

stability of the CH3NH3PbI3 (CH3NH3=MA) device by incorporating small organic molecule IT-

4F to the perovskite film and using buffer layer of PFN-Br. The presence of IT-4F in the perovskite 

film can successfully improve crystallinity and enhance grain size, leading to reduced trap states, 

longer lifetime of charge carrier and make perovskite film hydrophobic. Meanwhile, as a buffer 

layer, PFN-Br can accelerate the separation of exciton and promote the collection process of 

electrons from active layer to cathode. As a consequence, the PSCs present a remarkably improved 

PCE to 20.55% with reduced device hysteresis. Moreover, the moisture resistive film based 

devices retain about 80% of its initial efficiency after 30 days of storage in relative humidity (RH) 

of 10-30% without encapsulation. 

KEYWORDS : IT-4F, stability, defect states, hysteresis, crystallization
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Introduction 

Remarkable optical and electrical characteristics, such as tunable band gap, high absorption 

coefficient, ambipolar carrier transport character, weak excitation binding energy, above micron 

carrier diffusion length, and low-cost processability, make organometal halide perovskite materials 

a promising candidate for next-generation optoelectronic devices 1-6. Tremendous researches have 

been done to improving the PCE of PSCs, resulting in the extraordinary enhancement in PCE 

certified 25.2% in just 10 years 7-8. The rapid improvement in PCE makes this technology 

comparable to the commercialized photovoltaic technology, such as crystalline silicon solar cells, 

enabling it to be highly impressive in the future market of solar cells 9-10. 

Homogeneous perovskite films with high-quality crystallization and suitable energy level 

alignment are critically important to assurance sufficient light harvesting, inhibit the 

recombination of photo-excited excitons and promote the collection process of electron/hole 

synchronously 11-12. However, in polycrystalline perovskite films the recombination lifetime of 

charge carrier much shorter than that of its single crystal suggests that the film has a large number 

of grain boundaries due to which the polycrystalline film contains a large density of ionic or surface 

defects 13-16. Along with the improvement in PCE of conventional MAPbI3-based devices, the 

topics of long-term environment stability and hysteresis are of intense interest. Perovskite film 

quality is related to the device stability, including moisture stability, light stability and thermal 

stability 17-19. Specifically, since the MAPbI3 halide perovskites have a highly ionic character, MA+ 

can quickly decompose under moisture conditions without full encapsulation 20. The penetration 

of oxygen or moisture molecule into the perovskite film through the defects at the grain boundaries 

is responsible for device degradation 21. Therefore, it is extremely desirable to heal these defects 

to fabricate high-quality perovskite layers and prolong the moisture-stability of PSCs. 
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Lots of efforts have been made to improve the crystallinity of perovskite polycrystalline film 

and minimize the total area of grain boundaries, or to regulate the energy level alignment between 

perovskite and electron/hole transporting layers to reduce the probability of carriers trapping by 

defects at the surface, using a variety of approaches including compositional engineering 22-24, 

interface engineering 25-27, solvent engineering 28 and additive engineering 29, 30. Among these 

techniques, the additive engineering is the most popular strategy. Different additives have been 

reported, such as solvents, fullerene, polymers, organic halide salts, metal halide salts, inorganic 

acids, and nanoparticles 31-35. Among these materials, the electron acceptor molecules are usually 

considered to be effective surface and ionic defects passivation agents, due to their high ionic 

conductivity, electro-chemical stability and high resistivity against moisture 20, 36. Recently, it has 

been proved that the non-fullerene acceptors have shown advantageous impact on the device 

performance in organic photovoltaic technology by improving especially short current density 

(JSC) and open circuit voltage (VOC) 37-40. Along with high quality perovskite film, the performance 

of PSCs also depends on efficient charge carrier extraction at the interface. Enormous efforts have 

been made in searching effective buffer layers for transporting photo-generated charge carries 

efficiently. In those previous reports, an intensely thin film of various materials (BCP, LiF, Ca, 

ZrAcac, etc.) was usually employed as buffer layer in the devices 25, 41. However, limited work is 

performed with a comprehensive study to understand the roles of incorporated molecules and 

suitable buffer layer on the performance, as well as, moisture-stability of the MAPbI3 based 

devices. 

In this study, we have reported the role of the small molecule IT-4F (3,9-bis(2-methylene-((3-

(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene) additive to passivate the perovskite 
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layer in order to fabricate highly efficient and anti-moisture MAPbI3 based PSCs. IT-4F is the 

novel material related to the family of organic non-fullerene electron acceptors. The optimized 

ratio of IT-4F incorporation into the perovskite precursor improves the crystallinity, enlarges the 

grain sizes, successfully reduces the trap density and enhances the charge carrier lifetime for the 

perovskite film. Based on the optimum ratio modification, the achieved MAPbI3-based planer 

device exhibits significantly improved PCE from 16.30% to 20.55% with effectively lowest 

hysteresis. This results from the enhancement of device parameters, especially VOC from 1.10 to 

1.16 V for the corresponding devices. Precisely, we have also systematically reported the positive 

function of the newly used PFN-Br as a thin buffer layer between PC61BM and Ag electrode. This 

strategy can also prolong the stability of PCSs by making anti-moisture perovskite film, as it is 

observed by direct water perovskite film interaction. The modified device with IT-4F retains its 

80% PCE from its initial value compared to the control device, which retains only about 40% PCE 

after storage for 30 days in ambient environment. These findings highlight the importance of 

acceptor molecules interaction with perovskite precursor for improving both efficiency and 

stability of PSCs.

Result and Discussion 

The planar heterojunction PSCs in this research are shown in Figure 1a. The hole transport layer 

(HTL) employs a 5% Cu doping NiOx film, which shows excellent hole transport and defect 

passivation capability 42. The active layers of MAPbI3 with an additive of novel small molecule 

IT-4F were fabricated using one step spin coating anti-solvent method 28. In order to collect the 

photo-generated electrons in the active layer efficiently, we purposely insert a thin layer of PFN-

Br between PC61BM and Ag cathode. The corresponding molecular structures of IT-4F and PFN- 
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6

 

Figure 1. (a) Schematic representation of the adopted device structure. (b) Corresponding cross 

sectional SEM image of prepared device. (c) XRD spectra of perovskite films with different ratios 

of IT-4F (inset shows the (001) peak shifting). (d) XPS spectra of Pb 4f region for the perovskite 

film made with/without IT-4F.  

Br is presented in the inset of Figure 1a. The cross-section scanning electron microscopic (SEM) 

image of the optimized device is shown in Figure 1b. All the functional layers can be apparently 

distinguished, and closely packed perovskite crystals with a thickness of about 400 nm could be 

observed. To get a physical insight into the effect of IT-4F on perovskite film growth and 

crystallization, we have carried out the X-ray Diffraction (XRD) characterization. For 

convenience, the corresponding perovskite precursors, films or devices containing various IT-4F 

ratios are defined as “0 Wt%, 0.01 Wt%, 0.02 Wt%, 0.03 Wt% + precursor/film/device or sample”, 
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7

respectively. Figure 1c indicates the XRD spectra of CH3NH3PbI3 film with 0, 0.01, 0.02 and 0.03 

Wt% of IT-4F respectively. All the films exhibit strong diffraction peaks at 14.3°, 28.5°, and 32.1°, 

corresponding to the (110), (220), and (310) lattice planes of the perovskite structure, respectively 

43. This indicates that the incorporation of IT-4F into perovskite precursor does not change the 

perovskite crystal structure. It is interesting to note that, with increasing the concentration of IT-

4F from 0 to 0.02 Wt%, the intensity of (110) diffraction peak strengthens, suggesting the 

improvement in perovskite crystallinity (Figure S1). With further increasing the concentration of 

IT-4F to 0.03 Wt%, the corresponding peak intensity dramatically decreases. According to the 

zoom-in peak of (110) crystallographic plane illustrated in the inset of Figure 1c, the IT-4F 

incorporation leads to a blue-shifted XRD peak, suggesting an expanded lattice by the presence of 

the small molecule 36, 44. As IT-4F molecule having four fluorine atoms located at the corner, thus 

it is speculated that the interaction of miss-matched ionic radii of fluorine (Fluorine atom is present 

in the perovskite film as proved by the XPS result as given below) and iodine are responsible for 

lattice volume expansion, which in turn present blue-shifting of lattice plane 36. To further explore 

the interaction of IT-4F with the CH3NH3PbI3, we have carried out Fourier transform infrared 

spectroscopy (FTIR) as shown in Figure S2. A stretching vibration of cyano (C≡N) group can be 

observed at about 2210 cm-1 for the CH3NH3PbI3+IT-4F, indicating that IT-4F successfully 

interacts with the uncoordinated Pb ions 45-47. Furthermore, a stretching vibration at 1550 cm-1, 

which can be assigned to the typical C=N vibration 48, was observed in the IT-4F incorporated 

CH3NH3PbI3 sample. These results show that the IT-4F additive remained and chemically 

interacted with the perovskite film. The perovskite films spin-coated from precursor solution 

without or with IT-4F were further examined by X-ray photoelectron spectroscopy (XPS) to 

confirm the role of IT-4F in perovskite films. The XPS spectra in the Pb 4f region for 0 and 0.02 
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8

 

Figure 2. SEM planer view of perovskite films with different Wt% of IT-4F (a) Control or 0 Wt%, 

(b) 0.01 Wt%, (c) 0.02 Wt%, and (d) 0.03 Wt%.

Wt% IT-4F films are shown in Figure 1d and the corresponding over-all spectra are given in Figure 

S3a. For the 0 Wt% film, the Pb 4f spectrum exhibits two main peaks at 137.5 and 142.4 eV, 

corresponding to the Pb 4f7/2 and Pb 4f5/2 binding energies, respectively. Whereas, for the 0.02 

Wt% film, both Pb 4f7/2 and Pb 4f5/2 binding energies shift to higher values, suggesting the 

existence of chemical interaction between IT-4F and Pb in the perovskite film 49, 50. A Similar 

tendency was also observed for C 1s core level spectra as shown in Figure S3b 50. Further, the F 

1s spectra of the 0.02 Wt% film exhibit an apparent peak at 688 eV, as shown in Figure S3c, 

indicating that IT-4F is successfully incorporated into the perovskite film. To investigate the 
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9

influence of IT-4F incorporation strategy on morphology of the perovskite film, the planner-view 

SEM measurement was carried out. Figure 2a–d give the SEM images of the corresponding 

CH3NH3PbI3 film (0 Wt%) and the films doped by 0.01, 0.02, and 0.03 Wt% IT-4F and the relative 

grain size distribution is given in Figure S4. Figure 2a shows that the crystal grains of the 0 Wt% 

film are ordinarily small in the average size of 250 nm and with a large number of grain boundaries. 

After the small amount of IT-4F incorporation (0.01 Wt%), however, the improved uniform 

morphology with larger crystal grains has been obtained (Figure 2b), in comparison with the 0 

Wt% film. Surprisingly, with further increasing the concentration of IT-4F to 0.02 Wt%, the 

morphology of the perovskite film further improves, showing an enlarged grain size of more than 

500 nm (Figure 2c). Overloading the IT-4F (0.03 Wt%) results in the interruption of perovskite 

crystallization. Small-size grains with a large number of grain boundaries and few pinholes begin 

to develop on the surface of perovskite film (Figure 2d). These results suggest that this optimized 

ratio of IT-4F treatment can effectively promote the crystallization of the perovskite film, which 

is helpful for inhibiting the recombination process of photo-excited exciton. For further confirming 

the interaction of IT-4F with perovskite material, we have carried out the high-resolution 

transmission electron microscopy (HRTEM) elemental mapping as shown in Figure S5. These 

images clearly indicate the uniform distribution of all the elements in corresponding perovskite 

film.

As the charge transport mainly depends on the energy level alignment of multiple layers of PSCs, 

we have employed ultraviolet photoelectron spectroscopy (UPS) (Figure S6) and UV-visible 

absorption (Figure S7) measurements to calculate the conduction band maximum (CBM) and 

valence band minimum (VBM) of perovskite film. Interestingly, the perovskite film treated with 

the optimized ratio of IT-4F (i.e. 0.02 Wt%) shows a good alignment with the respective electron 
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Figure 3. (a) J–V curves of the devices based on 0, 0.01, 0.02, and 0.03 Wt% IT-4F + MAPbI3 

perovskite precursor. (b) IPCE and the corresponding integrated JSC spectra of the respective 

devices. (c) Statistical representation Hysteresis factor as the function of IT-4F ratios in perovskite 

precursor. (d) Dark J–V curves of the electron only devices with the structure of ITO/PC61BM 

/perovskite+IT-4F/PC61BM/Ag (inset shows the corresponding device structure). (e) TRPL spectra 

of perovskite films with (0-0.03 Wt%) of IT-4F. (f) Nyquist plots of the Corresponding devices 

measured in the dark at V ≈ VOC (Inset shows the fitting equivalent circuit model).

and hole transport layers compared to that of 0, 0.01 and 0.03 Wt% incorporated films, as shown 

in Figure S8a. This alignment indicates an energetically favorable transferring of photogenerated 

charge carriers from the perovskite to the respective transporting layer (Figure S8b). To further 

examine the influence of IT-4F on the device photovoltaic performance, we fabricated the PSCs 

with an inverted planar structure and the corresponding energy level alignment of the best 

performing device (with 0.02 Wt%) is shown in Figure S8b. The current density-voltage (J–V) 

curves of the set of prepared devices examined under the illumination of AM1.5G 100 mW cm-2 
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11

are shown in Figure 3a and the corresponding device parameters are given in Table 1. The 0 Wt% 

device yields device parameters JSC, VOC, FF and PCE of 20±0.6 mA cm-2, 1.09±0.01 V, 70±2%, 

and 15.07±1.6% respectively. Interestingly, after 0.01 Wt% IT-4F treatment, the photovoltaic 

performances of the devices are dramatically improved with PCE of 17.56±1.5%. Further 

increasing the concentration of IT-4F to 0.02 Wt%, the corresponding devices exhibit enormous 

improvement of PCE to 20.31±0.21% with JSC of 23.71±0.3 mA cm-2, VOC of 1.14±0.02 V and FF 

of 76±1%. This efficient device performance could be assigned to the improvement in device 

parameters, especially in the JSC and VOC, which are enhanced from 20.6 to 23.71 mA cm-2 and 

from 1.08 V to maximum 1.16 V for 0 and 0.02 Wt%, respectively. We have fabricated 10 devices 

for each condition and the corresponding statistical analysis of JSC, FF, VOC and PCE as the 

function of IT-4F Wt% ratio is shown in Figure S9. The electron acceptor molecules are usually 

considered to be effective surface and ionic defects passivation agents, due to their high ionic 

conductivity and electro-chemical stability 20. In organic photovoltaic technology, the IT-4F has 

shown a positive impact on the conductivity of active layer and improved the charge transfer to 

the electrode, which enhanced the current density remarkably 40. In our study, the optimized ratio 

of IT-4F (0.02 Wt%) in the perovskite film not only increases the conductivity of the film but also 

decreases the series resistance (Rs) of whole device (as given below). Therefore, the improvement 

in conductivity and decrement in series resistance is the basic reason for the enhancement in 

current density. This increment in VOC can be attributed to the improvement of the crystallinity, 

highly uniform film with larger grain sizes and fewer surface defects of optimized (0.02 Wt%) IT-

4F-treated CH3NH3PbI3 films 36. This is proved by leakage current measurements of corresponding 

devices, as shown in Figure S10. However, overloading the IT-4F to 0.03 Wt%, the device 

performance deteriorated, which could be assigned to the poor morphology of corresponding film. 
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Table 1. Device parameters based on 0, 0.01, 0.02 and 0.03 Wt% IT-4F incorporated perovskite 

material.

Figure 3b depicts the incident photon to current efficiency (IPCE) spectra for the respective 

devices, the integrated current densities were calculated as 19.52, 21.30, 22.85 and 17.66 mA cm-2 

for the 0, 0.01, 0.02 and 0.03 Wt% IT-4F doped devices, respectively, in good agreement with the 

JSC obtained from J-V characteristics with a deviation < 1%.

Along with the efficient device performance, the common hysteresis behavior should be low 

enough for commercial applications. We have fabricated 20 devices with 5 for each condition (i.e. 

0-0.03 Wt % of IT-4F) to regulate the hysteresis and the corresponding measured arithmetic mean 

of hysteresis index (HI) (HI = (PCERS - PCEFS)/PCERS) 51 is shown in Figure 3c. The relative J-V 

curves and device parameters measured under forward and reverse scan direction at a scan rate of 

10 mV s-1 with auto decay interval, are given in Figure S11 and Table S1 respectively. The smaller 

the value of HI indicates the less hysteresis effect in the device. Interestingly, the device with the 

optimized ratio of IT-4F (0.02 Wt %) presents remarkably reduced hysteresis compared to the 

other devices, and the corresponding average values of HI are 0.112, 0.029, 0.0037 and 0.294 for 

0, 0.01, 0.02 and 0.03 Wt% IT-4F incorporated devices respectively. Previously, it has been proved 

that the native defects or trap states on the surface of active layer are responsible for charge 

Ratio of IT-4F

[Wt%]

JSC

[mA cm-2]

VOC

[V]

FF

[%]

PCE

[%]

JSC (From 

IPCE)

[mA cm-2]

0 20.00±0.6 1.09±0.01 70±2 15.07±1.60 19.52

0.01 21.43±1.3 1.11±0.01 72±1 17.56±1.50 21.30

0.02 23.71±0.3 1.14±0.02 76±1 20.31±0.21 22.85

0.03 18.30±1.0 1.08±0.01 61±4 12.71±1.60 17.66
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carrier’s non-radiative recombination, and result in notorious hysteresis 33, 52. The efficient device 

performance with lower hysteresis should be attributed to the passivation of trap state by a precise 

amount of IT-4F incorporation into perovskite precursor. To evidence this, we have calculated the 

trap state density (nt) by using space charge limited current (SCLC) strategy 53 (further detail is 

added in Section 1 in supporting information), 

(1)nt=
2εεoVTFL
qL2

where VTFL, L, ε and εo are the trap filled limited voltage, the thickness of the perovskite film, the 

relative dielectric constant (for MAPbI3 taken as 25.7 54) and the vacuum permittivity, respectively. 

Figure 3d shows the dark J-V characteristics of electron only device with configuration of 

ITO/PC61BM/CH3NH3PbI3+IT-4F(0-0.03Wt%)/PC61BM/Ag (inset Figure 3d). It is observed that 

the nt significantly decreases from 0.58 to 0.47 x 1010 cm-3 for the 0.00 and 0.02 Wt% IT-4F 

passivated devices respectively (Table S2), suggesting the IT-4F effectively passivates the native 

defects in perovskite film. To further clarify our results, we have also calculated the Hall mobility, 

resistivity and carrier concentration as the function of different weight ratios of IT-4F by 

employing Hall Effect measurements, as shown in Figure S12. The hole mobility and carrier 

concentration remarkably increased from 199 to 277 cm V-1s-1 and 1.33 to 4.37 x 105 cm-2 for the 

0.00 and 0.02 Wt% IT-4F treated films respectively, in agreement with our trap density results. 

On the other hand, the resistivity significantly decreases to 0.198 from 2.04 x 1011 Ω cm by the 

incorporation of the optimized ratio of IT-4F. We believe that the decrement in resistivity could 

be assigned to the reduced defects and increased charge conductivity with the incorporation of IT-

4F molecule. As shown in Figure S13, the 0.02 Wt% IT-4F incorporated perovskite film has better 

conductivity than the 0, 0.01 and 0.03 Wt% IT-4F films, which demonstrates the fast carriers 

transport in the optimized concentration of IT-4F incorporated perovskite films. 
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Time-resolved photoluminescence (TRPL) measurements were carried out to further clarify 

recombination behaviors of photoexcited carriers in the perovskite film. The TRPL spectra of 

MAPbI3 + (0-0.03 Wt%) IT-4F films spin-coated on glass are shown in Figure 3e and the 

corresponding steady state spectra are given in Figure S14. The obtained result indicates a much 

higher carrier’s lifetime for the 0.02 Wt% film, compared with the 0.00 Wt%, 0.01 Wt%, and 0.03 

Wt% films as shown in Table S3. As well known, the improved charge carrier lifetime is the 

indication of lower surface defects or trap states and less non-radiative recombination suggests 

that the optimized ratio of IT-4F incorporation produces high quality crystals with fewer grain 

boundaries as proved by XRD and SEM results. As a result, we believe that the reduction in 

hysteresis in the champion ratio is corresponding to the reduction in trap density and non-radiation 

recombination, which is well consistent with our respective measurements. To get direct evidence 

of charge transport mechanism, we have calculated the charge transfer resistance by employing 

impedance spectroscopy, as shown in Figure 3f. Nyquist plots of the devices with different IT-4F 

ratios were measured and the corresponding resistance values are tabulated in Table S4. The 

diameter of Nyquist plot is directly related to the charge transfer resistance. The 0.02 Wt% IT-4F 

device presents the smallest semicircle, suggesting that the charge transport resistance is 

remarkably lower compared to that of other devices. This result indicates that the optimized IT-4F 

ratio is promoting the charge transport to the electrodes and improving the FF of the device (the 

corresponding comparison between FF and series resistance (Rs) is shown in the Figure S15), 

which is helpful for efficient device performance. 

Figure 4 shows the positive function of PFN-Br, which is purposely inserted as buffer layer 

between PC61BM and Ag electrode. Figure 4a shows the TRPL spectra of structures based on 

ITO/CH3NH3PbI3, ITO/CH3NH3PbI3 + (0.02 Wt%) IT-4F/PC61BM and ITO/CH3NH3PbI3+(0.02 
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Figure 4. (a) TRPL measurements of perovskite/glass, PCBM/Perovskite/glass and PFN-Br/ 

PCBM/Perovskite/glass films. (b) J-V characteristics of PSCs with (0-2 mg mL-1) PFN-Br buffer 

layer modification. (c) The IPCE spectra of the corresponding devices. (d) Nyquist plots of the 

corresponding devices with different PFN-Br concentration modification (inset shows the 

corresponding fitting equivalent circuit model).

Wt%) IT-4F/PC61BM/PFN-Br structures. Interestingly, the structure spin-coated with the 

optimized concentration of PFN-Br shows a fast decay than the one without modification, 

suggesting that the presence of PFN-Br could stimulate the transport of electrons to the electrode. 

Figure S16 shows the steady state PL spectra of the corresponding films. It can be seen that the PL 

intensity of PFN-Br modified film is much suppressed compared to its counterpart, indicating the 

efficient electron transfer before recombination. These results are attributed to the fact that the 
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PFN-Br modification can promote the separation of charge carriers and reduce the process of 

radiative recombination in the optimized devices 55. Figure 4b presents the J-V characteristics of 

the series of device with different concentrations of PFN-Br modification on ETL and the 

corresponding device parameters are given in Table 2. The control device without any 

modification presents a JSC of 20.0±1.3 mA cm-2, a VOC of 1.1±0.01 V, FF of 65±3% and PCE of 

13.03±1.2%, which is comparable to the previously reported results 56. Additionally, we have also 

calculated the HI of fabricated devices with different ratios of PFN-Br as shown in Figure S17. To 

examine the role of PFN-Br modification, the buffer layers were fabricated with various 

concentrations of the methanol stock solutions. With the enhancement in concentration from 0 to 

1 mg mL-1, the device presents an improvement in performance. This presents that the existence 

of PFN-Br does certainly enhance the device efficiency with suppressed hysteresis (Figure S17). 

However, the thickness should not be too large due to its insulating nature. When the PFN-Br film 

thickness further increased by overloading its concentration (1.5 and 2 mg mL-1), the device 

performance deteriorates, especially in FF and the corresponding statistical values are shown in 

Figure S18. These results indicate that the PFN-Br modification at the interface, positively 

contributes to the performance by reducing the probability of electron trapping between PC61BM 

and Ag, presenting similar functionality of BCP 56. To get more information, the IPCE 

measurements of corresponding devices were carried out as shown in Figure 4c. The devices based 

on the optimized ratio of PFN-Br, exhibits broad spectrum and high IPCE values, suggesting 

efficient ability for transforming solar energy to electricity for the respective devices. The 

integrated JSC values calculated from the IPCE spectra are 19.94, 21.35, 22.01, 18.45 and 14.87 

mA cm-2 for 0 to 2 mg mL-1 PFN-Br concentrations, respectively. These values are well in 

agreement with the JSC obtained from J-V characteristics within a deviation of about 1.5%.
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Table 2. Device parameters based on 0, 0.5, 1, 1.5 and 2 mg mL-1 PFN-Br buffer layer.

By employing the SCLC technique on the single carrier (electron-only) device, the electron 

mobility of the devices with various concentrations of PFN-Br was examined. The J1/2–V curves 

of the series of electron only devices with different concentrations of PFN-Br fitted with the Mott–

Gurney law 3 are shown in Figure S19a. The device modified with 1 mg mL-1 PFN-Br solution, 

presents high electron mobility, 4.30 x 10-4 cm-2v-1s-1, which is about 3-fold larger than the 

reference device (Table S5). Whereas, other ratios of PFN-Br (0.5 and 2 mg mL-1) also deteriorate 

the electron mobility. In addition, the electron trap-state density of the same electron-only devices 

was also calculated using dark J-V curves as shown in Figure S19b and the corresponding nt and 

VTFL values are given in Table S6. The trap density is remarkably reduced from 0.55 x 1010 cm-3 

for the control device to 0.29 x 1010 cm-3 for the PFN-Br 1 mg mL-1 modified device. For a higher 

concentration of the PFN-Br modification, trap density is even higher than that of the control one, 

which leads to higher charge recombination at the interface, particularly resulting in FF 

deterioration 42. To further evidence to the origin of the improved FF along with enhanced JSC, we 

quantitatively calculated the charge transfer resistance of fabricated devices with different PFN-

Ratio of 

PFN-Br

mg mL-1

JSC

[mA cm-2]

VOC

[V]

FF

[%]

PCE

[%]

JSC (From IPCE)

[mA cm-2]

0 20.0±1.30 1.1±0.01 65.0±3 13.03±1.20 19.94

0.5 20.5±0.83 1.11±0.01 72.8±1 16.56±1.00 21.35

1 23.7±0.31 1.13±0.01 76.0±1 20.31±0.21 22.01

1.5 20.0±1.50 1.09±0.01 61.0±4 13.71±1.60 18.45

2 18.5±1.5 1.08±0.01 55±2 8.6±2 14.87
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Br modifications using impedance spectroscopy technique. Figure 4f shows the Nyquist plots of 

devices with different ratios of PFN-Br and the corresponding fitted resistance values are given in 

Table S7 and the comparison between FF and Rs as the function of PFN-Br is given in the Figure 

S20. The devices with the optimized PFN-Br modification indicate a decrement in the diameter of 

the semicircles as the mass ratio gradually enhances from 0 to 1 mg mL-1. Whereas, the diameter 

increases as the concentration is overloaded to 2 mg mL-1. This illustrates that the precise amount 

of PFN-Br could effectively promote electron transfer, leading to superior device performance.

The stability of perovskite material in humid environment is a huge hurdle in commercialization 

of this photovoltaic technology. It is an obvious fact that the hybrid perovskites are extremely 

perceptive to moisture 57. Previously, it has been reported that the moisture induces degradation of 

polycrystalline perovskite film initiated at the grain boundaries. Hence the highly uniform 

perovskite surface with less grain boundaries plays a very important role in moisture stability of 

the PSCs 58, 59. Typically, large crystal grains with effective passivation at grains boundaries can 

block the surface initiated disintegration of perovskite structure and hence extensively increase 

their ambient environmental stability. Here, we examined the impact of passivation on moisture-

stability of perovskite film by water drop casting on the films in ambient environment as illustrated 

in Figure 5a-f. First, we spin-coated the control and doped perovskite films under the same 

conditions in N2 glove box. Then, we took them out and dropped the equal volume of water on the 

corresponding films (Figure 5a). On drop casting, the pristine CH3NH3PbI3 film quickly reacts 

with water and decomposes from black perovskite phase to yellowish PbI2 (Figure 5b), δ-phase is 

an intermediate state 33. With the passage of time, the water molecule decomposes the whole 

perovskite film and spread all over the surface within one hour as shown in Figure 5c-f. On the 

other hand, the CH3NH3PbI3 film passivated by IT-4F presents a remarkably higher resistance 
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Figure 5: (a) Water droplet interacts with control and doped perovskite films (a) 0 min interaction 

(b) 5 min (c) 15 min (d) 30 min of interaction (e) 45 min (f) 60 min. Water contact angle 

measurements of (g) control and (h) IT-4F passivated perovskite films.

against perovskite degradation by water molecule. Intriguingly, the doped films are unexpectedly 

stable in such water-perovskite interaction, with little expansion of water over the surface after 1 

h of concentrated liquid invasion (Figure 5f). These results suggest that the passivation by IT-4F 

positively could realize moisture resistive perovskite films for highly humid environment stable 

devices. To clarify the improvement of moisture-stability, we propose the possible mechanism: 
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the IT-4F passivated perovskite layer presents a good hydrophobic behavior, thus preventing the 

possible moisture penetration into perovskite. To proof it, we have conducted the water contact-

angle measurement for corresponding films as shown in Figure 5g-h. Interestingly, the perovskite 

film treated with IT-4F presents a larger contact-angle of 92° compared to the control perovskite 

film with a small contact-angle of 58ᵒ. The large difference of contact-angle among the two 

samples indicates that the IT-4F incorporation makes the CH3NH3PbI3 film hydrophobic. 

Therefore, the considerable contribution of IT-4F passivation on the enhancement of moisture-

stability should be from the reduced water reactivity with perovskite surface.

As discussed above, the IT-4F incorporation into perovskite precursor can not only improve the 

device performance, but also present hydrophobic capability for MAPbI3 perovskite film. 

Therefore, the IT-4F incorporation can be anticipated to increase the long-term stability of PSCs, 

particularly in a high humid environment. Therefore, we record the deviation in PCE of the un-

encapsulated devices placed in ambient conditions with a RH of 10-30% at room temperature. The 

normalized PCE values measured after various time intervals for 30 days are shown in Figure 6a 

and the corresponding device parameters are given in Figure S21. The PCE of the control device 

(without IT-4F) rapidly decreases by about 60% of its initial value within 20 days. On the contrary, 

the IT-4F treated device can successfully maintain about 80% of its initial efficiency even after 30 

days storage. Further, we have also conducted the aging test in a highly humid environment for 

the control and IT-4F incorporated devices (unencapsulated) by storing them into a humidity-

controlled chamber with RH of 50, 70 and 90%, shown in the Figure 6b, c, and d respectively. The 

average PCE of the control devices drops rapidly and maintains about 68, 62 and 27% of its initial 

efficiency for RH 50, 70, and 90% respectively, under harsh humidity conditions for 1 hour. On 

the other hand, the IT-4F incorporated devices present remarkable stability under the same 
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Figure 6. The stability of the control and champion (with 0.02 Wt% of IT-4F and 1 mg/ml PFN-

Br) devices stored (a) in ambient environment (RH 10-30%) measured after various time intervals 

for 30 days. Stability of the corresponding devices stored in humidity chamber with (b) RH = 50% 

(c) RH = 70% (d) RH = 90% measured with the interval of 15 min for 1 hour.

condition with PCE values maintained about 94, 91 and 74% of its initial efficiency. The 

exploratory results demonstrate that the IT-4F modified devices show superior device stability, 

because of its hydrophobic perovskite layer, which could hinder the permeation of moisture. We 

conclusively confirm that corresponding passivation could improve the moisture stability of 

organic-inorganic hybrid perovskite films. 
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To further support our findings of anti-moisture perovskite film using the optimized ratio of IT-

4F, we have carried out XRD measurements of respective films under different humidity 

conditions, which are considered an effective tool to understand the better moisture resistance 

capability 21. Figure 7a shows the XRD spectra of control film (without IT-4F) measured at 0, 20 

and 40 days aging period in RH = 10-30% at room temperature. It can be seen that there is no PbI2 

peak in the fresh sample, but after 20 days storage a large peak of PbI2 appears at 12.6ᵒ compared 

to perovskite (110) plane peak, suggesting very poor perovskite phase stability even under low 

humidity conditions (10-30%). After 40 days storage the perovskite phase (110) disappears, and 

the film is visibly yellow. In contrast, the modified film with IT-4F clearly presents a strong 

perovskite phase after 20 days storage under the same conditions, as shown in Figure 7b. However, 

there is a tiny peak of PbI2 appears in comparison to the control film, indicating that the IT-4F 

incorporated film demonstrates a significantly improved perovskite phase stability. After 40 days 

the perovskite and PbI2 peak has approximately equivalent signal and the film is not completely 

visibly yellow. Furthermore, we have also conducted XRD measurements on control (without IT-

4F) and doped (with IT-4F) perovskite films barely stored under different humidity environments 

(with RH = 50, 70, and 90% respectively) for 3 hours, and the corresponding XRD spectra are 

shown in Figure 7c. It can be observed the IT-4F treated film shows the strong perovskite peak 

even in a harsh humid environment compared to that of the control film, which presents a strong 

PbI2 phase under the same conditions. The degree of perovskite phase disintegration is quantified 

by the ratio of PbI2 peaks to perovskite peaks as the function of RH (Figure 7d). The much slower 

devaluation of the perovskite phase and the slower emergence of the PbI2 phase in the perovskite 

films with IT-4F incorporation illustrate the excellent moisture resistance potential enabled by the 
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Figure 7: XRD measurements of (a) Control and (b) Doped perovskite film stored under ambient 

condition (RH = 10-30%) at room temperature. (c) XRD spectra comparison of control and doped 

perovskite films stored in humidity chamber for 3 hours with RH of 50, 70 and 90% respectively 

(small star shows the PbI2 peak). (d) Relative values of PbI2/perovskite as the function of RH.  

surface treatment. These results are well consistent with our water-perovskite interaction 

observation and respective device stability measurements.

 Conclusion 

In summary, we have demonstrated that the IT-4F incorporation into MAPbI3 perovskite can 

successfully improve the photovoltaic performance. The strong interaction of IT-4F to perovskite 
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results in high quality film with large crystal grains, leading to the prolonged PL lifetime and the 

reduction in trap density. The optimized ratio of IT-4F regulates the energy level alignment of 

perovskite film with corresponding electron and hole transport layers, which facilitates the photo-

generated charge carriers transport with the minimal recombination at interface. Moreover, the 

modification at the PCBM/Ag interface by an optimum concentration of PFN-Br buffer layer, 

promotes the electron extraction by electrode, leading to the improved FF from 72 to 77%. These 

collective advantages boost PSCs efficiency significantly to 20.55% with reduced hysteresis. 

Furthermore, the IT-4F incorporated films present extraordinary resistance against moisture by 

making MAPbI3 film hydrophobic. As a result, the MAPbI3+0.02 Wt% IT-4F based devices also 

exhibit long term stability by retaining its 80% PCE of its initial value, after aged under ambient 

environment (RH=10-30%) for 30 days without encapsulation. Our findings fascinate the potential 

of using small molecules in additive engineering for highly efficient stable PSCs and open the path 

towards commercialization of this technology.

Experimental Section 

Materials: MAI and PbI2 were purchased from DYESOL and Sigma Aldrich respectively. PC61BM 

and DMF were obtained from Sigma-Aldrich. Nickel acetate tetrahydrate (Ni(CH3COO)2•4H2O) 

and cupric acetate monohydrate (Cu(CH3COO)2•H2O) were got from Sinopharm Chemical 

Reagent Co. Ltd. IT-4F was obtained from 1-Material. All the solvents were obtained from Beijing 

Chemical Works. All the corresponding solvents and chemicals were employed as received. 

Solution preparation: First, we made solution for HTL, the desired ratio was prepared in anhydrous 

ethanol (0.1 M) with 6 µl mL-1 ethanolamine addition in NiOx solution. Then we prepared IT-4F 

solution in chlorobenzene (10 mg mL-1) and stirred it in N2 glove box for 12 hours at 50 ᵒC. The 

MAPbI3 perovskite precursor was prepared with 1:1 mole ratio of MAI and PbI2 with 1.2 M 
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concentration in anhydrous DMF. Before stirring it, the desired amount of IT-4F was added into 

MAPbI3 perovskite precursor to make 0.01, 0.02 and 0.03 Wt% IT-4F incorporated solutions and 

then stirred about 15 hours in glove box at 55 ᵒC. For electron extraction from the active layer, (20 

mg mL-1) PC61BM was dissolved in chlorobenzene and stirred at 50 ᵒC for whole night. Finally, 

to prepare electron buffer layer, first we dissolved PFN-Br into methanol (20 mg mL-1). Then we 

made different (0.5, 1, 1.5 and 2 mg mL-1) ratios of PFN-Br.

Device Fabrication: Here we have adopted inverted planer configuration to fabricate the PSCs. 

First of all we cleaned FTO glasses sequentially with DI water, isopropanol, acetone and ethanol. 

Then, after 15 min ozone cleaning, HTL was spin coated at 3k rpm with the time interval of 30 s 

and annealed for 1 h at 340 ᵒC. After cooling to 100 ᵒC, the samples were taken to N2 glove box 

for perovskite layer fabrication. The perovskite layer was fabricated using one step spin coating 

method, for this 30 µl perovskite precursor was dropped on HTL/FTO substrate and spin-coated 

at 6000 rpm for 30 s. After desire interval of time, anhydrous toluene was abruptly dropped on the 

spinning substrate. After waiting about 10 min, the perovskite spin-coated films were transferred 

to hot-plate for annealing at 100 °C for 10 min. After cooling down to room temperature of active 

layer, the ETL was spin-coated at 1000 rpm for 30 s using PC61BM solution. For buffer layer PFN-

Br was spin-coated on top of the PC61BM layer at 4000 rpm for 30 s. Finally, for cathode Ag metal 

was evaporated by thermal evaporation under high vacuum and the thickness of Ag electrode was 

100 nm.

Characterization: For device testing, the current Density-voltage (J-V) characteristics were 

performed on Keithley 2450 source measure unit under one sun illumination condition (AM 1.5G, 

100 mW cm-2). The XRD spectra were measure employing a Rigaku V2500 X-ray diffractometer. 

XPS spectra were acquired from Thermo Fisher ESCALAB 250Xi. The SEM images of the 
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corresponding films/device were obtained from JSM-7401F. UPS measurements were performed 

on AXIS ULTRA DLD. QEPVSI-B Measurement System (Newport) was employed to obtain 

IPCE results. UV-vis, Persee TU-1950 spectrophotometer was used to measure Absorbance 

spectra of respective perovskite films. Hall Effect results were obtained from van der Pauw 

configuration using Nanomatrics Hall measurement system model HL5500. TRPL results were 

obtained time correlated single photon counting (TCSPC) system (Edinburgh F900).
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