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Metal halide perovskite solar cells are emerging as one of the most promising future 

photovoltaic (PV) technologies1-4. Compositional tuning of perovskites5-9, interface 

engineering of device structures10-13, and encapsulation techniques14,15 have significantly 

advanced the long-term operational stability over the last few years. However, much 

further improvements are still required to deliver a 25-year stable technology. Ion 

migration in the perovskite active layer, especially under light illumination and heat, is 

arguably the most difficult aspect to mitigate16-18. Here we incorporate ionic liquids into 

the perovskite film and “positive-intrinsic-negative” (p-i-n) PV devices, and 

demonstrate both a notable increase in efficiency and remarkable enhancement in 

long-term stability. We observe ~ 5% degradation of encapsulated devices under 

continuous simulated full-spectrum sunlight for over 1,800 hours at an elevated 

temperature of ~ 70 to 75 ˚C and estimate a T80 lifetime (time to 80% of its peak 

performance) of ~ 5,200 hours. This demonstration of long-term operational stable solar 

cells under intense conditions represents a key step towards ensuring reliability of the 

perovskite PV technology. 

Ionic liquids (ILs) have been previously incorporated into negative-intrinsic-positive 

(n-i-p) perovskite solar cells and shown improved device performance19,20. The mechanism 

driving the improvements has been ascribed to the formed halide complexes20 or an 

advantageous energy level alignment at the n-type charge extraction layer/perovskite 

interface19. Here we incorporate an IL-containing triple-cation perovskite absorber of 

(FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3
5, where FA is formamidinium and MA is 

methylammonium, into p-i-n planar solar cells, employing NiO and [6,6]-phenyl-C61-butyric 

acid methyl ester (PCBM) as the p- and n-type charge extraction layers, respectively (Fig. 

1a).  

We add 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4) (Fig. 1b) to the 

perovskite precursor, and observe enhanced efficiencies in complete PV cells, with 0.15 to 

0.9 mol% of BMIMBF4 with respect to the Pb (Extended Data Fig. 1a to 1e). When we 

measure the devices, we notice improved performance due to initial light soaking during the 
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current-voltage (J-V) measurements, which we elaborate upon in Extended Data Fig. 1f and 

1e. The steady-state power output (SPO) is measured at a fixed voltage near the maximum 

power point (MPP) from the peak J-V curves for 50-100 s of the top one or two 

best-performing devices of each substrate. For the champion device with 0.3 mol% 

BMIMBF4, we measure an open-circuit voltage (VOC) of 1.08 V, a short-circuit current (JSC) 

of 23.8 mA cm-2 and a high fill factor (FF) of 0.81, yielding a power conversion efficiency 

(PCE) of 19.8% (Fig.1c and Extended Data Table 1, measurement is made under 105mWcm-2 

irradiance). The champion control device exhibits a PCE of 18.5%, due to a lower VOC of 

1.02 V and FF of 0.79. We provide histograms of the PCEs of control and devices with 0.3 

mol% BMIMBF4 in Fig. 1d. We verify that JSCs derived from the J-V curves are well matched 

with the external quantum efficiency (EQE) results, integrated over the solar spectrum 

(Fig.1e). We note that although we obtain devices with a small degree of J-V hysteresis with 

careful optimization (Extended Data Fig. 1h), we do notice some hysteresis in our devices, 

but measure an SPO of 18.7% and 20.0% for the champion device of control and that with 

optimal BMIMBF4, respectively (Fig. 1f). We observe increased hysteresis in 

BMIMBF4-containing devices with increasingly higher concentration of BMIMBF4 in the 

perovskite film. A pronounced hysteresis and an abnormal “overshoot” close to maximum 

power point in the J-V curve appear when 1.2 mol% BMIMBF4 is incorporated into the 

perovskite active layer. (Extended Data Fig 1i).  

In order to understand why the addition of a low concentration of BMIMBF4 has 

improved the device performance, we perform a range of film characterizations. With the 

addition of BMIMBF4, the X-ray diffraction (XRD) peak positions remain unaltered, 

consistent with neither [BMIM]+ nor [BF4]- incorporating into and perturbing the perovskite 

crystal lattice (Extended Data Fig. 2a). However, a slightly increased intensity of the main 

diffraction peaks occurs, suggesting enhanced texturing or crystallinity, in good agreement 

with the slightly enlarged grains in the scanning electron microcopy (SEM) images (Extended 

Data Fig. 2b). We find negligible change in the film absorption but observe increased 

photoluminescence (PL) intensity and extended PL lifetime for the BMIMBF4-containing 
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perovskite film (Extended Data Fig. 2c and 2d), which is consistent with reduced defects in 

the film. 

We perform ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron 

spectroscopy (XPS) to investigate the surface electronic properties of the perovskite films. 

From the UPS spectra, we observe a 320 meV decrease in the work-function (WF) of 

perovskite film from 5.13 to 4.81 eV with respect to vacuum, after addition of BMIMBF4 

(Extended Data Fig. 2e). There is no change in the relative Fermi level position with respect 

to the valance band offset, which indicates that the energy levels of the perovskite absorber 

have moved closer to vacuum, when processed with the BMIMBF4. The change on the 

energy level structure could result from a shift in the relative energy alignment of the buried 

heterojunction between the perovskite and the NiO hole-extraction layer, or a shift in energy 

level alignment at the topmost perovskite surface, which in a complete device will 

subsequently contact the PCBM electron-extraction layer. In light of the increased VOC and 

FF in the cells, this resulting energetic shift is most likely leading to an improved energetic 

alignment, with smaller voltage losses at one or both of the heterojunctions, and improved 

charge extraction21.  

From XPS spectra of the BMIMBF4-containing perovskite film (Fig. 2a), we detect the 

nitrogen (N) of BMIM at 402.3 eV but no fluorine (F) of BF4 at 686.2 eV from the top 

surface. We note that the signal strength for the F1s is usually stronger than that of the N1s, 

thus our results suggest that there is a predominant presence of BMIM at the top surface. This 

is also consistent with the energetic shifts being due to the organic cation modifying the 

surface dipole of the perovskite film.  

We perform time-of-flight secondary ion mass spectrometry (ToF-SIMS) to probe the 

chemical composition throughout the film and present both the negative and positive ion 

signals. In the BMIMBF4-containing perovskite film, the BF4 is mainly located at the buried 

interface (Fig. 2b), while the BMIM exists throughout the bulk film in addition to 

accumulating at the buried interface (Fig. 2c). This suggests that there is an accumulation of 

ion pairs of BMIM and BF4, at the perovskite/NiO interface. We note that if we substitute the 
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NiO for an organic hole-conductor, poly [N,N′-bis(4-butylphenyl)-N,N′-bis(phenyl)benzidine] 

(poly-TPD), we measure decreased efficiencies with obvious hysteresis and the emergence of 

an overshoot in the J-V curve from devices with 0.3 mol% BMIMBF4 (Extended Data Fig. 3). 

This indicates that the mechanism driving the enhanced device performance in the NiO-based 

cells here, is related to the improved interaction between perovskite and NiO at the interface22, 

facilitated by processing with the BMIMBF4.  

We characterize the PL of perovskite thin films in-between two in-plane electrodes, with 

a constant electrical bias applied between the electrodes, to determine if there are any field- 

or ion-induced changes in the BMIMBF4-containing perovskite films17,23. In the series of PL 

images of the films as a function of time (Fig. 2d), we observe clear luminescence quenching 

from the positive toward the negative electrode for the control film. We interpret that the PL 

is suppressed by the ion migration, where some regions of the film accumulate a high density 

of defects and/or the stoichiometry of the perovskite layer deviates considerably at different 

positions across the channel between the electrodes24. In stark contrast, for the 

BMIMBF4-containing perovskite film, the PL is close to unchanging throughout the entire 

measurement time. Unpredictably, our observations indicate significantly suppressed ion 

migration in the perovskite films by introducing BMIMBF4.  

We now investigate the stability of perovskite films under simulated full-spectrum 

sunlight at 60-65 °C in ambient air. For the control film, we observe an obvious colour 

change from black to yellow-grey after 72 h of light-soaking, which is due to a fractional 

decomposition to PbI2, as we infer from XRD measurements (Fig. 3a). We expect this to 

happen, since in the presence of light and oxygen, superoxide is generated, which has been 

observed to rapidly decompose MAPbI3
25,26. In contrast, we observe no discolouration and 

negligible PbI2 in the post-aged BMIMBF4-containing perovskite films.  

In order to understand which components of the IL, [BMIM]+ or [BF4]-, are important for 

improving the device efficiency and the film stability, we assess the impact of a range of 

different ionic additives. We firstly characterize devices with the addition of FABF4 and 

obtain comparable efficiencies to the control (Extended data Fig. 4a), and observe no 
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improvement in the film stability (Fig. 3b and Extended Data Fig. 4b). By replacing the 

[BF4]-, with halide (X) anions, e.g. (I-, Br-, Cl-), and retaining the [BMIM]+ cation, we 

replicate the stability improvement of the perovskite films (Fig. 3b and Extended Data Fig. 

4b), but measure a significant decrease in the device efficiency (Extended data Fig. 4a). This 

indicates that both [BMIM]+ and [BF4]- are required to improve the film stability while 

simultaneously enhancing the device efficiency.  

In order to elucidate the differences between the addition of BMIMBF4, and BMIMX, we 

investigate the interaction between PbI2 and the BMIM-based ILs. From photographs of the 

PbI2:IL films, we observe retained yellow colouration of PbI2 for the PbI2:BMIMBF4 film, 

while all the PbI2:BMIMX samples are optically transparent (Fig. 3c), suggesting the 

formation of lead halide-imidazolium halide complex. We find further evidence for the 

PbI2:BMIMX complexes in the corresponding film absorption and XRD results (Fig. 3d and 

3e), where all our investigated BMIM-based ILs greatly suppress the emergence of 

crystalline PbI2. 

 As a further probe of the difference between the ILs with the halide anions, as 

compared to [BF4]-, we interrogate the compositional distribution of halide throughout the 

BMIMCl-containing perovskite film. According to the ToF-SIMS results, the Cl- distributes 

throughout the thickness of the film (Fig. 3f), which is distinctly different from that of the 

[BF4]- (Fig 2b), indicating that if PbI2:BMIMX complexes exist within the 

BMIMX-containing perovskite films, they are likely to exist throughout the bulk film.  

For completeness, we investigate if the BMIMBF4 needs to be incorporated in the 

perovskite film, or if it can be preprocessed on the substrate prior to perovskite deposition. 

For the cells fabricated from this latter approach, which we refer to “with BMIMBF4 at the 

perovskite/NiO interface”, we observe a small improvement in device efficiency, in 

comparison to the control cells, with higher VOC and FF (Extended Data Table1). The result is 

consistent with the enhanced efficiency for the cells based on BMIMBF4-containg perovskite 

films being related to the improved interfacial properties with an accumulation of BMIMBF4 

at the perovskite/NiO interface. However, we observe little positive effect upon the film 
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stability with the BMIMBF4 at the perovskite/NiO interface (Extended Data Fig. 4c and 4d). 

Therefore, we conclude that the film stability improvement mainly originates from the 

presence of the BMIM in the perovskite film, with the BF4 being important so that the 

introduced IL does not negatively impact the film properties and the device performance of 

the ensuing solar cells. We assume that in the as-crystallised films, the large [BMIM]+ ions 

are excluded from the perovskite crystals and hence accumulate at the surface and grain 

boundaries of the perovskite film. We postulate that the [BMIM]+ cations will bind to surface 

sites which would have otherwise been susceptible to degradation via oxygen or moisture 

adsorption and subsequent reactions under light and heat27, and hence suppress the 

degradation of the perovskite active layer. However, as in the case for films processed with 

BMIMX, we speculate that the readily formed large band-gap complexes of PbI2:BMIMX 

disrupt the perovskite lattice or introduce surface strain, and hence introduce electronic 

defects in the active layer, inhibiting the photovoltaic performance of the resulting devices20. 

Having demonstrated the improved stability of the BMIMBF4-containing perovskite 

films, we now proceed to investigate the stability of complete PV cells under combined heat 

and light stressing. We first test the stability performance of non-encapsulated devices under 

full-spectrum sunlight at 60-65 °C (Fig. 4a). We notice similar light soaking during the J-V 

measurements of the aged devices (Extended Data Fig. 5a) and present the final peak J-V 

determined PCE for non-encapsulated cells as a function of aging time in Fig. 4a. We observe 

no degradation of both devices during the first 20 h. In contrast to our previous best-reported 

stability6, and that of others studying n-i-p perovskite solar cells5, here we do not observe an 

early time light induced degradation or “burn-in”. This is already a key step-forward, and we 

assign this primarily to the use of the p-i-n device structure comprised of NiO hole-conductor 

and chromium (Cr)/chromium oxide (Cr2O3) interlayer22,28. However, for the control device, 

the PCE quickly decreases to around zero after a further ~ 80 h of aging. In contrast, the 

BMIMBF4-containing device retains ~ 86% of its initial performance after 100 h of aging in 

air. The control device discolours in the regions beyond the electrode protected area, while 

the BMIMBF4-containing device shows no visible discolouration (Fig. 4a, insets), consistent 
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with the enhanced device stability originating from the improved stability of 

BMIMBF4-containing perovskite active layer.  

We encapsulated a series of cells and proceeded to probe the long-term stability of our 

devices. We measure improvement in the device performance and in some cases an obvious 

decrease of hysteresis in the J-V curves after the device encapsulation (Extended Data Fig. 5b 

and 5c). In Extended Data Fig. 5d, we present a stability comparison between the devices 

with BMIMBF4 in the perovskite film and that with BMIMBF4 processed at the 

perovskite/NiO interface, under full-spectrum sunlight at 60-65°C. We observe no obvious 

degradation of the encapsulated devices under this aging condition. For the devices based on 

BMIMBF4-containing perovskite film, we measure an increase in both the J-V derived 

efficiency and the SPO, together with a “healing” of the J-V hysteresis after 150 h aging 

(Extended Data Fig. 5e and 5f). 

We then allowed the chamber temperature to rise to between 70 to 75 °C and proceeded 

to evaluate the device stability performance under increased elevated temperature. We show 

the device parameter evolution in Fig. 4b, 4c and Extended Data Fig. 6a-c. We measure the 

same degradation trend of the devices with the observed film stability, showing very little 

degradation in J-V determined efficiency for the cells based on BMIMBF4-containing 

perovskite film, and a faster degradation of the control devices. The cells with BMIMBF4 at 

the perovskite/NiO interface also degrade at a similar rate to the control cells under this 

higher temperature aging. Therefore, it appears essential that the BMIMBF4 is within the 

perovskite absorber in order to enhance the stability. However, we note that we observe 

increased hysteresis and in some instances the emergence of overshoot in the J-V curves for 

the set of devices based on BMIMBF4-containing perovskite films during the 70-75 ˚C light 

stressing (Extended Data Fig. 6d). The SPO values exhibit a faster degradation than the J-V 

determined efficiency, and we observe ~ 20% decrease of the initial performance after the 

1072 h of aging for cells based on BMIMBF4-containing perovskite films (Fig. 4c). In 

comparison, for the control cells and that with BMIMBF4 at the perovskite/NiO interface, we 

observe ~ 35-40% drop in the SPO over the same aging period.  
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In Fig. 4d we show the longer-term stability results aged under full-spectrum sunlight at 

the elevated temperature (70-75 °C) for the most stable cell with BMIMBF4 in the perovskite 

film. We observe a slow increase in the J-V derived efficiency at the beginning of the aging. 

However, we also measure a small early time “burn-in” of the SPO during the first ~ 100 h, 

coincidental with enhanced J-V hysteresis under the high-temperature aging condition, and 

proceed to measure a relatively slow drop in the SPO during the extended aging test. We 

show the J-V and the measured SPO curves at different aging times in Extended Data Fig. 

7a-7f, which clearly show the device performance evolution, including the increased device 

hysteresis in the J-V curves, during the long-term aging test. Remarkably, the most stable 

device based on BMIMBF4-containing perovskite film exhibits only ~ 5% degradation in the 

J-V derived efficiency, and ~ 15% degradation in the SPO over the entire 1885 h aging test.  

Via fitting the degradation data of the best-performing device based on 

BMIMBF4-containing perovskite film using the illustrated methods in Extended Data Fig. 8, 

we estimate a time to 80% of the peak PCE (T80) of ~ 5,200 h, and the T80 of the post 

“burn-in” SPO to be ~ 4,100 h. The T80 of our J-V determined PCE and SPO are 1.3 and 2.4 

times as long respectively, as our previous best-reported stability for n-i-p solar cells28, which 

were aged at a lower temperature of 50 to 60 ˚C and exhibited a severe early time “burn-in”, 

where over 20% of the initial efficiency was lost within the first few hundred hours. We 

would expect that an additional degradation acceleration factor due to a temperature increase 

is in a region of 4-fold (2-fold per 10 ˚C increase in temperature)29. We therefore estimate that 

the cells we present here are in the region of five to ten times more stable than our previous 

most-stable devices.      

In order to put our results into broader context, we tabulate long-term stability 

performance of perovskite solar cells from literature in Extended Data Table 2, specifying the 

device structures, the aging conditions, the degradation factors and the estimated T80. In 

comparison with the longest T80 measured under combined light and heat stressing10, our 

cells here are stressed at ~ 10-15 ˚C higher temperature along with UV light and deliver a 

comparable T80 lifetime, indicating that our cells are likely to be at least twice as stable as the 
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most stable cells reported so far in the literature. We note, that all the results we present in 

Extended Data Table 2 are measured under slightly different conditions (light source, 

atmosphere, electric bias conditions, temperature, etc.). Ultimately standardized measurement 

conditions, with which to fairly compare between experimental results in different labs, 

would greatly benefit the community30. 

To demonstrate the applicability of our strategy on improving the device operational 

stability to different perovskite absorber materials, we undertook a similar aging test with the 

“unstable” perovskite, MAPbI3, in the same p-i-n device structure (Extended Data Fig. 9a-h). 

For our cells based on BMIMBF4-containing MAPbI3 aging at ~ 60 to 65 °C, we observe a 

similar improvement in the device performance during the first 100 h, while the control cells 

exhibit a slightly drop in performance. We then set the temperature of the aging box to ~70 to 

75 °C for a short period to evaluate the degradation behavior of the devices under higher 

temperature. We observe a fast decrease in both the device efficiency and SPO for all devices. 

We subsequently dropped the temperature back to 60 to 65 ˚C and proceeded with the aging. 

The control devices exhibit a faster degradation after the high-temperature aging and quickly 

decrease to ~ 60% of the original device performance after ~ 400 h. In contrast, devices with 

BMIMBF4 in the MAPbI3 perovskite slowly recover to their initial efficiency prior to the 

high-temperature aging and show less than 10% degradation in both the J-V derived 

efficiency and SPO after ~ 400 h aging under full-spectrum light and heat stressing (Extended 

Data Fig. 9).  

In summary, we have presented a simple, broadly applicable method which greatly 

enhances the long-term operational stability of perovskite solar cells. We expect that our 

approach represents another key milestone towards a stable perovskite PV technology, and is 

likely to be applicable to other optoelectronic applications employing metal halide 

perovskites. 
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This file contains the Supplementary Table (Table S1), which includes the detailed 

information of all chemicals used in this work. 
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Figure 1 | Device architecture and characterization. a, Schematic device architecture of 

the planar heterojunction p-i-n perovskite solar cell. b, Chemical structure of the 

1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4) ionic liquid. c-f, Characteristics 

of control (navy circle) and device with BMIMBF4 (0.3 mol%) (red square). Current 

density-voltage (J-V) curves measured from forward bias (FB) to short-circuit (SC) scan and 

back again (short dash line) under simulated AM1.5 sunlight. The light intensity for the 

measurement of the control and device with BMIMBF4 was 102 and 105 mW cm-2, 

respectively. (c). Histograms of the device efficiencies of 50 cells of each condition, control 

(navy) and device with optimal BMIMBF4 (red), fitted with a Gaussian distribution (solid 

line) (d). External quantum efficiency (EQE) spectra and the integrated photocurrent (solid 
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line) over the AM1.5 solar spectrum of 100 mW cm-2 (e). The integrated JSC values are 22.3 

and 22.8 mA cm-2 for the control and device with BMIMBF4, respectively. Current density 

(solid circle and square) and the stabilised power output (SPO) (open circle and square) are 

determined at a fixed voltage near the maximum power point (MPP) from the J-V curves for 

100 s (f).  
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Figure 2 | Composition distribution of BMIMBF4 in the perovskite active layer and its 

impact on the ion migration. a, N1s and F1s X-ray photoelectron spectroscopy (XPS) 

spectra of neat BMIMBF4 (black diamond), control film (navy circle) and film with 

BMIMBF4 (0.3 mol%) (red square). b, c, Time-of-flight secondary ion mass spectrometry 

(ToF-SIMS) depth profiles of the BMIMBF4-containing perovskite film (0.3 mol%), 

measured in negative (b) and positive polarity (c). d, Photoluminescence (PL) images of the 

control film (top) and film with BMIMBF4 (0.3 mol%) (bottom) under a constant applied bias 

(10 V). The bright areas represent PL emission of the perovskite films. 
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Figure 3 | Film stability and the interaction between PbI2 and BMIM-ILs. a, X-ray 

diffraction (XRD) patterns of the pristine (dash line) and aged (solid line) samples of control 

(navy) and film with BMIMBF4 (0.3 mol%) (red) on NiO/FTO substrates. Insets show 

images of the corresponding aged samples after 72 h light-soaking at 60-65 °C. b, Evolution 

of the ratio between PbI2 and perovskite (100) peak intensity in the XRD patterns of control 

and films with different ionic additives during the light aging at 70-75 °C. c-e, 

Characterizations of thin films deposited from neat PbI2 solution and those composed of PbI2 

and BMIM-ILs (1:1, molar ratio) on NiO/FTO substrates. Photographs (c), ultraviolet-visible 

(UV-Vis) absorption spectra (d) and XRD patterns (e). The PbI2:BMIMBF4 film retains the 

colour of PbI2 and exhibit a polycrystalline PbI2 feature. f, ToF-SIMS depth profiles 

measured in negative polarity of the BMIMCl-containing perovskite film (0.3 mol%) on 

NiO/FTO substrate. 
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Figure 4 | Device stability under combined full-spectrum sunlight and heat stressing. a, 

Average device efficiencies of non-encapsulated control (navy circle) and devices with 

BMIMBF4 (0.3 mol%) (red square) under full-spectrum sunlight at 60-65 °C in air. Insets 

show pictures of the corresponding perovskite solar cells after 100 h aging. b, c, Device 

stability performance of the solar cells under full-spectrum sunlight with the temperature of 

the aging box at 70-75 °C. PCE (b) and SPO (c) with standard error are calculated from 10 

cells (top 8 cells for the SPO) for devices with BMIMBF4 in the perovskite film and 7 cells 

(top 4 cells for the SPO) for the other two sets of devices. The top and bottom star represent 
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the maximum and minimum values, respectively. d, Long-term device stability performance 

of the most stable device based on BMIMBF4-containing (0.3 mol%) perovskite film under 

full-spectrum sunlight and heat stressing at 70-75°C. The device parameters are calculated 

from the peak FB-SC scanned J-V curves of the most stable device.  

 

METHODS 

Materials. Detailed information of all chemicals used in this work is listed in the 

Supplementary Information (Table S1). 

 

Substrates preparation. FTO-coated glass (Pilkington TEC 7, 7Ω/ �� sheet resistivity) was 

etched with zinc powder and 2 M hydrochloric acid (HCl) to desired patterns. The substrates 

were cleaned with 2% solution of Hellmanex cuvette cleaning detergent, then subsequently 

washed with deionized water, and ethanol, and dried with dry nitrogen. The substrates were 

treated with UV-Ozone for 10 min before use. The Poly-TPD coated substrates were 

fabricated following the reported recipe31. The NiO precursor (0.1 M) was prepared by 

dissolving nickel acetylacetonate (Ni(acac)2) in anhydrous ethanol, and HCl (1% v/v) was 

used as the stabilizer. The precursor solution was stirred overnight at room temperature, 

filtered (0.45 µm, PTFE) and then spin-coated on cleaned FTO substrates at 4000 r.p.m for 

40s. The films were dried at 180 °C for 10 min and then sintered at 400 °C in air for 45 min 

to obtain the compact layer of NiO. For the BMIMBF4 treated substrates, a 3 mg/ml 

BMIMBF4 solution in ethanol was spin-coated on the NiO substrates at 6000 r.p.m, following 

annealing at 100 °C for 10 min in the glove-box. The relative humidity during the 

spin-coating and the thermal annealing of NiO films ranged from 40-50% in our cleanroom. 

 

Preparation of perovskite precursor solutions. All chemicals used for the perovskite 

precursor solutions are listed in the Supplementary Information (Table S1). We prepared the  

(FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3 triple-cation perovskite precursor solution (1.3 M) by 

dissolving formamidinium iodide (FAI, 176.6 mg) and methylammonium iodide (MAI, 33.1 
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mg), CsI, (16.9 mg), PbI2 (509.4 mg) and PbBr2 (71.6 mg) in 1 ml mixed anhydrous solvent 

of N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and 

N-methyl-2-pyrrolidinone (NMP). The ratio of the solvents was fixed at 4/0.9/0.1 in volume 

(DMF/DMSO/NMP). In parallel, we prepared the ionic liquids containing perovskite 

precursor solution by dissolving the same components in the mixed solvent that contains 

different ionic liquids (1.2 mol%). The perovskite precursor solutions were stirred overnight 

in the glove-box and filtered (0.45 µm, PTFE) before the spin-coating. The IL-containing 

precursor solutions with desired concentrations were prepared by mixing the precursor 

without and with IL (1.2 mol%) at different ratio. The precursor solutions for MAPbI3 

perovskite (1.4 M) were prepared by dissolving PbI2 and MAI with a molar ratio of 1:1 in 

anhydrous DMF/DMSO (4:1, volume ratio) without and with BMIMBF4 (0.3 mol%). The 

perovskite precursor solutions were stirred overnight in the glove-box and filtered (0.45 µm, 

PTFE) before use. 

 

Device Fabrication. The triple-cation perovskite films were deposited in the glove-box using 

a solvent quenching method32 with anisole as the anti-solvent. In detail, 100 µl perovskite 

precursor solution was dropped on the NiO coated FTO substrates (2.8×2.8 cm) and 

spin-coated at 1300 r.p.m for 5 s (5 s ramp) and 5000 r.p.m for 30 s (5 s ramp). 250 μl 

anhydrous anisole was quickly dropped on the substrates 5 s before the end of the program. 

The samples were immediately put on a pre-heated hot plate and annealed at 100 °C for 30 

min. For MAPbI3 films, the precursor solution was spin-coated at 4000 r.p.m for 30 s in a 

dry-box with a controlled humidity of ~20%33. 250μl anhydrous anisole was dropped on the 

substrates 10 s before the end of the program. The films were annealed at 80 °C for 5 min. 

PCBM solution with a concentration of 20 mg/ml in chlorobenzene 

(CB)/1,2-dichlorobenzene (ODCB) (3/1, v/v) was spin-coated on top of the perovskite films 

at a speed of 1800 r.p.m for 30 s. The samples were then annealed at 100 °C for 10 min. After 

cooling down to room temperature, we dynamically spin-coated bathocuproine (BCP) 

solution (0.5 mg/ml in isopropanol) on top of the PCBM at a speed of 4000 r.p.m for 20 s. We 
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then took out the samples from the glove-box and finished the devices by thermally 

evaporating Cr (3.5 nm) and Au electrode (100nm) under a vacuum of 6×10-6 torr with a 

thermal evaporator in ambient. 

 

Solar cell characterization. The current density-voltage (J-V) curves were measured in air 

with a Keithley 2400 source meter under AM1.5 sunlight generated using an ABET Class 

AAB sun 2000 simulator. The mismatch factor for the test cell, light source and National 

Renewable Energy Laboratories (NREL) calibrated KG5 filtered silicon reference cell was 

estimated and applied in order to correctly estimate the equivalent AM1.5 irradiance level. 

Prior to measurement of each set of devices, the intensity of the solar simulator was 

automatically measured using a KG5 reference cell, and this recorded intensity (which 

typically varied from 99 to 105 mW cm-2), was used to calculate the precise power 

conversion efficiency, where power conversion efficiency is (electrical power out ÷ solar 

light power in) × 100%. All devices were masked with a 0.0919 cm-2 metal aperture to define 

the active area and to eliminate edge effects. The J-V curves were measured at a scan rate of 

200 mV s-1 (delay time of 100 ms) from 1.2 to -0.2 V and then back again (from -0.2 to 1.2 

V). A stabilization time of 2 s at forward bias of 1.2 V under illumination was done prior to 

scanning. We measure the cells for multiple times until a peak performance was achieved. 

This typically took between 2 to 5 J-V scans in ~ 1 to 2 minutes per cell. External quantum 

efficiency measurements were performed using custom-built Fourier transform photocurrent 

spectroscopy based on the Bruker Vertex 80v Fourier transform spectrometer. A Newport 

AAA sun simulator was used as the light source and the light intensity was calibrated with a 

Newport-calibrated reference silicon photodiode.  

 

Film characterization. The morphologies of the perovskite films on NiO coated FTO 

substrates were characterized using a SEM (Hitachi S-4300) at an accelerating voltage of 3-5 

kV. The diffraction patterns were measured from samples of perovskite films on NiO coated 

FTO substrates using a Panalytical X’PERT Pro X-ray diffractometer. UV-Vis absorption 
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spectra were measured using a Varian Carry 300 Bio (Agilent Technologies). Steady-state and 

time-resolved PL spectra were acquired using a Fluorescence lifetime spectrometer (FLuo 

Time 300, PicoQuant). The samples were excited using a 507 nm laser (LDH-P-C-510, 

PicoQuant) with pulse duration of 117 ps, fluence of ~30 nJ cm-2 per pulse and a repetition 

rate of 1 MHz. The PL data was collected using a high-resolution monochromator and hybrid 

photomultiplier detector assembly (PMA Hybrid 40, PicoQuant GmbH). The samples were 

prepared on thin insulating amorphous TiO2-coated glass substrates to avoid the impact of 

morphology and structure change of perovskite films on the PL measurements34. Ultraviolet 

photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS) 

measurements were carried out using a Scienta ESCA 200 spectrometer in ultrahigh vacuum 

with a base pressure of 1x10-10 mbar. The measurement chamber is equipped with a 

monochromatic Al (K alpha) x-ray source providing photons with 1486.6 eV for XPS and a 

standard He-discharge lamp with He I 21.22 eV for UPS. The XPS experimental condition 

was set so that the full width at half maximum of the clean Au 4f7/2 line (at the binding energy 

of 84.00 eV) was 0.65 eV. The total energy resolution UPS measurement is about 80 meV as 

extracted from the width of the Fermi level (at the binding energy of 0.00 eV) of clean gold 

foil. All spectra were measured at a photoelectron takeoff angle of 0° (normal emission). The 

work function of film was extracted from the edge of the secondary electron cutoff of the 

UPS spectra by applying a bias of -3 V to the sample.  

 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements. The 

compositional depth profiling of perovskite films was obtained using a ToF-SIMS 5 system 

from ION-TOF operated in the spectral mode using a 25 keV Bi3
+ primary ion beam with an 

ion current of 0.7 pA. A mass resolving power of ca. 8000 m/∆m was reached. For depth 

profiling a 500 eV Cs+ sputter beam with a current of 28 nA was used to remove material 

layer-by-layer in interlaced mode from a raster area of 300 µm × 300 µm. The 

mass-spectrometry was performed on an area of 100 µm × 100 µm in the center of the sputter 

crater. A low-energy electron flood gun was used for charge compensation. In the positive 



 Page 23  

polarity, the [SnO+Cs]+ secondary ion is the SnO fragment ionized through interaction with 

the sputter ion Cs+, which yields the highest signal-to-noise ratio positive secondary ion 

signal characteristic for the FTO substrate. 

 

In-plane electronic device characterization. For the PL imaging experiments under electric 

field, perovskite films on glass samples were deposited with planar Au electrodes on top 

(channel width of ~150 µm). The characterization method was performed following previous 

report based on a home-build PL imaging microscope23,24. Based on a commercial 

microscopy (Microscope Axio Imager.A2m), samples were illuminated by a LED illuminator 

using an excitation filter and dicroic mirror (HC 440 SP, AHF analysentechnik AG) allowing 

an excitation at 440 nm. The excitation power could be controlled and was set to ~34 mW 

cm-2 in the focus plane using an infinity-corrected objective (10×/0.25 HD, Zeiss). The PL 

light was filtered (HC-BS 484, AHF analysentechnik AG) to suppress residual excited light 

and directed to the microscope with the same objective lens. The PL signal was imaged with 

a CCD camera (Pco. Pixelfly, PCO AG) with the exposure time of 200 ms. The perovskite 

films were placed in the focal plane of the objective lens. The PL changing process was 

recorded with a constant 10 V voltage being applied between the Au electrodes (Keithley 236 

Source Measure Unit). 

 

Film and device stability characterization. The complete perovskite solar cells were simply 

encapsulated with a cover glass (LT-Cover, Lumtec) and UV adhesive (LT-U001, Lumtec) in 

a nitrogen-filled glove-box. All the non-encapsulated perovskite films on NiO/FTO substrates, 

encapsulated and non-encapsulated devices were aged using in an Atlas SUNTEST XLS+ 

(1,700 W air-colled Xenon lamp) light-soaking chamber under simulated full-spectrum 

AM1.5 sunlight with 76 mW cm-2 irradiance. All devices were aged under open-circuit 

conditions, and were taken out from the chamber and tested at different time intervals under a 

separate solar simulator (AM1.5, 99-105 mW cm-2) for J-V characterizations. No additional 

ultraviolet filter was used during the whole aging process. During the aging test, temperature 
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of the light aging chamber was initially set between 60-65 °C, and proceeding to 70-75 °C, as 

measured on a black temperature standard inserted in the aging box. When measuring the 

cells during aging, we remove the cells from the light aging chamber and allow them to cool 

to room temperature, which typically takes a few minutes. The relative humidity in the 

laboratory was monitored in a range of 40-60% during the entire aging test. 
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Extended Data table and legends 

Extended Data table 1 | Summarized device parameters of the perovskite solar cells 
Devices Light intensity* 

(mW cm-2) 

Measured JSC 

(mA cm-2) 

Measured VOC 

(V) 

Measured 

FF 

PCE (%) 

 

SPO (%) 

 

 

Control devices 

Average† 102±1 22.5±0.6 1.01±0.02 0.77±0.02 17.3±0.6 17.6±0.6 

Champion 102 23.2 1.02 0.79 18.5 18.7 

Devices with BMIMBF4 at the perovskite/NiO interface 

Average† 103±2 22.7±0.8 1.03±0.02 0.79±0.02 17.9±0.8 17.9±0.8 

Champion 105 23.6 1.06 0.81 19.3 19.5 

Devices with BMIMBF4 in the perovskite film 

Average† 104±1 23.1±0.6 1.07±0.02 0.81±0.02 19.3±0.7 19.6±0.2 

Champion 105 23.8 1.08 0.81 19.8 20.0 

 
*Light intensity of the solar simulator varied from 99 to 105 mW cm-2 for the measurements 
of the different batches of cells. 
 
†The average device parameters of JSC, VOC, FF and PCE with standard deviation are 
calculated based on 50 devices from over 5 different batches of each condition prior to aging. 
The average SPO with standard deviation is obtained based on the measured 20 
high-performance cells of each condition.  
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Extended data Table 2 | Comparison of our device performance with literature reported 

long-term operational stability of perovskite solar cells. 
Device Structure Light source Ageing condition Degradation factor Initial 

PCE (%) 

Estimated T80 (hrs) Reference 

Mesoporous structure       

FTO/c-TiO2/Li-doped meso-TiO2 

+ perovskite/PTAA/Au 

White LED Nitrogen, MPP,  

500 h 

Light (without UV), 

85 °C 

~ 17 ~ 1,700 

(Burn-in) 

8  

FTO/c-TiO2/Li-doped meso TiO2 

+ perovskite/CuSCN/r-GO/Au 

White LED Nitrogen, MPP,  

1,000 h, 

 

Light (without UV), 

60 °C 

~ 20 ~ 5,700 10  

FTO/meso-TiO2/meso-ZrO2/ 

perovskite/carbon 

- 

 

Ambient air,  

1,008 h 

Light (-), air ~ 11 - 35  

Planar n-i-p structure       

FTO/BaSnO3:La/perovskite/ 

NiO/FTO 

Metal-halide 

lamp 

Ambient air, sealed, 

open-circuit, 1,000 h 

Light (with UV) ~ 14 - 36  

FTO/SnO2/PCBM/perovskite/ 

Spiro-OMeTAD/Au 

Xenon lamp 

 

Ambient air, sealed, 

open-circuit, 2,400 h 

Light (with UV) 

50-60 °C 

~ 17 ~ 3,900 

(Burn-in) 

6  

ITO/TiO2-Cl/perovskite/ 

Spiro-OMeTAD/Au 

Xenon lamp* 
 

Nitrogen, MPP, 500 h Light (without UV) ~ 20 ~ 1,600 37  

ITO/C60-SAM/SnOx/PCBM/ 

perovskite/polymer/Ta-WOx/Au 

White LED 

 

Nitrogen, 

open-circuit, 1,000 h 

Light (without UV) ~ 20 ~ 1,600 

(Light-soaking) 

12   

FTO/SnO2/perovskite/EH44/ 

MoOx/Al 

Sulphur 

plasma lamp 

Ambient air, MPP, 

1,000h 

Light (with UV), air,  

~ 30 °C 

~ 12 ~ 2500 

(Light-soaking) 

13   

Nitrogen, MPP,  

1,500 h 

Light (with UV), 

~ 30 °C 

~ 16 - 

 

13  

Planar p-i-n structure:       

FTO/LiMgNiO/perovskite/PCBM

/Nb-TiO2/Ag 

Xenon lamp* 
 

Ambient air, sealed, 

MPP, 1,000 h 

Light (without UV), 

45-50 °C 

~ 16 ~ 2200 11  

ITO/NiO/perovskite/PCBM/ 

SnO2/ZTO/ITO/LiF/Ag 

Sulphur 

plasma lamp 

Ambient air†, MPP, 

1,000 h 

Light (with UV), 

~ 35 °C 

~ 13 ~ 2,000 

(Light-soaking) 

38  

ITO/PEDOT:PSS/2D 

perovskite/PCBM/Al 

Xenon lamp Ambient air, sealed, 

open-circuit, 2,250 h 

Light (with UV) - - 

 

9  

FTO/NiO/perovskite/ 

PCBM/BCP/Cr(Cr2O3)/Au 
Xenon lamp 

Ambient air, sealed, 

open-circuit, 1,885 h 

Light (with UV), 

70-75 °C 

~ 19 ~ 5,200 

(PCE, Light-soaking) 
This work  

~ 18 ~ 4,100 

(SPO, Burn-in) 

 

*420 nm cut-off UV-filter was used during the stability test. 

†The sputtered ITO electrode acts as a protection layer in the solar cell. 
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Extended Data figures  

 
Extended Data Figure 1 | Impact of BMIMBF4 concentration on the device performance. 

a-e, Statistics of device parameters of solar cells fabricated from perovskite precursors with 

the BMIMBF4 concentration ranging from 0 to 1.2 mol% (with respect to Pb atom). The 

power conversion efficiency (PCE) (a), short-circuit current (JSC) (c), open-circuit voltage 

(VOC) (d), and fill factor (FF) (e) are determined from the forward bias (FB) to short-circuit 

(SC) current-voltage (J-V) scan curves. The stabilised power output (SPO) (b) is determined 

at a fixed voltage near the maximum power point (MPP) from the J-V curves for 50 s. The 

top and bottom star shows the maximum value and the minimum value, respectively; the 

open square shows the mean value and the box show the region containing 25-75% of the 

data, obtained from twenty cells for each condition. f, g, Light soaking during the J-V curve 

measurements of the control (f) and device with 0.3 mol% BMIMBF4 (g). h, J-V curves of an 
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optimized solar cell with 0.3 mol % BMIMBF4 measured from FB to SC (red square) and 

back again (black circle) with a scan rate of 200 mV s-1. Inset shows the SPO curve of the 

device. i, Hysteresis in the J-V curves of devices with increasingly higher concentration of 

BMIMBF4 in the perovskite layer.  
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Extended Data Figure 2 | Perovskite film characterizations. a-e, Characteristics of the 

control (navy) and film with BMIMBF4 (0.3 mol%) (red). X-ray diffraction (XRD) patterns 

(a). Top-view SEM images (b). Ultraviolet-visible (UV-Vis) absorption and steady-state 

photoluminescence (PL) spectra (c). Time-resolved PL decay curves (d). Photoemission 

cut-off energy and valence band region of the ultraviolet photoelectron spectroscopy (UPS) 

spectra (e). WF: work-function, VBM: valance band maximum, Ef: Fermi level.  
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Extended Data Figure 3 | Perovskite solar cells on poly-TPD hole-conductor. a, Statistics 

of PCEs of perovskite solar cells fabricated from precursors without (navy) and with 0.3 mol% 

BMIMBF4 (red) on poly-TPD coated FTO substrates. The PCEs are determined from FB-SC 

J-V scan curves of 13 cells for each condition. The bottom and top star represents the 

minimum and maximum value, respectively; the open square represents the mean value and 

the box show the region containing 25-75% of the data. b, J-V curves of the device fabricated 

on poly-TPD/FTO with 0.3 mol% BMIMBF4 in the perovskite film, measured from FB to SC 

(solid square) and back again (open square) with a scan rate of 200 mV s-1. 
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Extended Data Figure 4 | Device performance and film stability with different ionic 

additive modifications. a, Statistics of PCEs of perovskite solar cells fabricated from 

precursors without and with different ionic additives (0.3 mol%) on NiO/FTO substrates. b, 

Photographs of the non-encapsulated control and devices with different ionic additives after 

100 h aging under full-spectrum sunlight at 70-75 °C. c, Statistics of PCEs of perovskite solar 

cells fabricated on bare NiO and BMIMBF4 modified NiO. The PCEs are determined from 

FB-SC J-V scan curves of 15 or more cells for each condition. The bottom and top star 

represents the minimum and maximum value, respectively; the open square represents the 

mean value and the box show the region containing 25-75% of the data. d, XRD patterns of 

the fresh and aged perovskite films (under full spectrum sunlight at 60-65 °C in ambient air) 

without IL on bare NiO and on BMIMBF4 modified NiO substrates.  
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Extended Data Figure 5 | Device stability performance under combined full-spectrum 

light and heat stressing. a, Light soaking during the J-V measurement of non-encapsulated 

device with 0.3 mol% in the perovskite layer after 77 h aging at 60-65 °C in air. b, Statistics 

of PCEs of the devices before and after encapsulation. The PCEs are determined from FB-SC 

J-V scan curves of 10 cells for each condition. The bottom and top star represents the 

minimum and maximum value, respectively; the open square represents the mean value and 

the box show the region containing 25-75% of the data. c, J-V curves of one device based on 

BMIMBF4-containing perovskite film before and after the encapsulation. d, Device stability 

performance of solar cells with and without BMIMBF4 in the perovskite film under 

full-spectrum sunlight at 60-65 °C. e, f, J-V and SPO curves of one high-performance device 

based on BMIMBF4-containing perovskite film before (e) and after (f) aging under 

full-spectrum sunlight at 60-65 °C.  
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Extended Data Figure 6 | Long-term device stability performance of a large set of 

perovskite solar cells. a-c, Evolution of the device parameters of encapsulated perovskite 

solar cells, JSC (a), FF (b) and VOC (c) during the stability test under full spectrum sunlight 

stressing at 70-75 °C. The average device parameter and the standard error (error bar) are 

calculated from 10 cells for devices with BMIMBF4 in the perovskite film (top 8 cells for the 

SPO) and 7 cells for the other two sets of devices (top 4 cells for the SPO), determined from 

the forward bias (FB) to short-circuit (SC) current-voltage (J-V) scan curves. d, J-V and SPO 

curves of one device with BMIMBF4 in perovskite film after 105 h aging under full-spectrum 

sunlight at 70-75 °C. 
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Extended Data Figure 7 | Device performance of the most stable cell based on 

BMIMBF4-containing perovskite film. a, b, J-V and SPO curves of the device before (a) 

and after encapsulation (b). c-f, Evolution of the J-V and SPO curves during the long-term 

device stability test under full-spectrum sunlight at 70-75 °C. After aging for 360 h (c), 792 h 

(d), 1122 h (e) and 1885 h (f).  
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Extended Data Figure 8 | Estimation methods of the T80. a, For the devices with early 

“burn-in” effect, we fit the stability performance data after the “burn-in” section to a straight 

line, and extrapolate the curve back to zero time to obtain the T=0 efficiency. We then 

determine the lifetime to 80% of the T=0 efficiency as the T80
34. b, For the deices with 

positive “light-soaking” effect, we fit the stability data from the peak performance after the 

“light-soaking” section to a straight line. We calculate the lifetime to 80% of the peak 

efficiency and add the “light-soaking” time to obtain the total T80 lifetime. 
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Extended Data Figure 9 | Operational stability of MAPbI3 solar cells under combined 

light and heat stressing. a-d, Evolution of the device parameters during long-term device 

stability test under full-spectrum sunlight at 60-65 °C. PCE and SPO (a), JSC (b), VOC (c) and 

FF (d). The average device parameters and the standard error are determined based on peak 

J-V scans from forward bias (FB) to short-circuit (SC) current-voltage (J-V) scan curves of 2 

and 3 different cells for devices with and without BMIMBF4 in the MAPbI3 perovskite film, 

respectively. During the region (100-115 h) marked as blue, the chamber temperature was 

increased to 70-75 °C to evaluate the device degradation behavior under increased elevated 

temperature. c-f, J-V and SPO curves of the MAPbI3 device with 0.3 mol% BMIMBF4 in 

perovskite layer during the aging test for different time. Before aging (c), after aging for 115 

h (d), 210 h (e) and 405 h (f). 
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Supplementary Tables 
Table S1. Detailed information of all chemicals used in this work 

Chemical Supplier Purity CAS number Product code 

Lead iodide (PbI2) TCI Chemicals 99.99% trace metals 

basis 

10101-63-0 L0279 

Lead bromide (PbBr2) Sigma-Aldrich ≥98%  10031-22-8 211141 

Formamidinium iodide (FAI) Greatcell Solar 

Materials Pty Ltd 

- 879643-71-7 MS150000 

Cesium iodide (CsI) Alfa-Aesar 99.9% metal basis 7789-17-5 10022 

Methylammonium iodide (MAI) Greatcell Solar 

Materials Pty Ltd 

- 14965-49-2 MS101000 

Formamidinium tetrafluoroborate 

(FABF4) 

Greatcell Solar 

Materials Pty Ltd 

- - MS550000 

1-Butyl-3-methylimidazolium 

tetrafluoroborate (BMIMBF4) 

Sigma-Aldrich ≥97% (HPLC) 174501-65-6 91508 

1-Butyl-3-methylimidazolium iodide 

(BMIMI) 

Sigma-Aldrich 99% 65039-05-6 713066 

1-Butyl-3-methylimidazolium bromide 

(BMIMBr) 

Sigma-Aldrich ≥97% (HPLC) 85100-77-2 95137 

1-Butyl-3-methylimidazolium chloride 

(BMIMCl) 

Sigma-Aldrich ≥98% (HPLC) 79917-90-1 94128 

poly[N,N′-bis(4-butylphenyl)-N,N′-bis(

phenyl)benzidine](Poly-TPD) 

Lumtec MW>10000 (GPC) 472960-35-3 LT-N149C 

2,3,5,6-Tetrafluoro-7,7,8,8-tetracyan

oquinodimethane (F4TCNQ) 

Sigma-Aldrich 97% 29261-33-4 376779 

Nickel acetylacetonate (Ni(acac)2) Sigma-Aldrich 95% 3264-82-2 284657 

Hydrochloric acid (HCl) Sigma-Aldrich 36.5-38%, Bioreagent 7647-01-0 H1758 

[6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) 

Solenne BV >99.5% 160848-22-6 060995 

Bathocuproine (BCP) Sigma-Aldrich 99.99% trace metals 

basis 

4733-39-5 699152 
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