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Abstract: Hybrid perovskite solar cells have attracted tremendous interest in the photovoltaic 

community. Despite their high defect tolerance, reducing the trap density by material engineering and 

surface modification is still critical to further boost performance. Here, methylammonium lead(II) 

iodide perovskite has been doped with imidazolium iodide in high concentrations (10 – 30 mol%) to 

boost solar cell performance, by passivating defects. Fumigation with methylamine results in the 

deprotonation of the embedded imidazolium cations, generating imidazole and methylammonium 

cations. The resulting (neutral) imidazole is extruded from the 3-D perovskite crystal and distributes 

around the crystal leading to auto-passivation of crystal defects. The structure of the imidazolium-

PbI3 salt intermediate (i.e. formed in the absence of the methylammonium cation) has been 

determined and the resulting perovskite film characterized. Employed in solar cells, a power 

conversion efficiency (PCE) up to 20.14% is demonstrated.  

Keyword: Perovskite solar cells, Methylammonium lead iodide, Passivation of crystal defects, 

Fumigation, imidazolium-PbI3 salt 

Introduction 

In recent years the performance of perovskite-based solar cells (PSCs) has improved 

considerably,1,2,3,4 with the most widely used light absorber comprising methylammonium lead 

triiodide (MAPbI3)  combined with other cations.5,6,7,8 To boost device efficiency compositional 

engineering by incorporating mixed cations such as Cs+ or Rb+ has been the most explored route. 9 

However, increasing the control on the quality of the perovskite layer10,11 and of the interfaces 

between the perovskite layer and the electron transport layer (ETL),12,13 and hole transport layer 

(HTL),14,15 are of crucial importance. In recent years, to improve the quality of the perovskite layers, 

several techniques have been applied, including healing the defects of the perovskite layers through 
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chemical passivation. As an example, an excess of PbI2 in nonstoichiometric precursor solution has 

been shown to increase the device PCE resulting in a reduced defect density compared to that of 

stoichiometric reference cell.16,17 Extending this approach, different compounds (including salts) have 

been used to adjust the defects and interfaces of perovskite layer. Examples include  passivation with 

Lewis bases that stabilize under-coordinated Pb(II) ions, 18  and iodopentafluorobenzene, which coats 

the perovskite forming halogen bonding donor-acceptor interactions.19 An amine-based polymer has 

been also used as a surfactant to promote uniform crystallization, while passivating the MAPbI3 and 

assisting the growth of a more uniform distribution of crystals, leading to improved open circuit 

voltages.20 Most recently, quaternary ammonium halides have been used for the passivation of 

perovskite films resulting in enhanced PSC.17 However, almost all these compounds have been 

directly mixed within the perovskite precursor solution, affecting the growth of perovskite crystals. 

The use of additives not only plays an important role in passivating defects, but also in improving the 

interfacial interactions with the ETLs and/or HTLs, which ultimately results in improved PCEs, 21,22,23 

as well as modulating the crystal growth and overall film surfaces.24,25 In order to improve interface 

interactions, fumigation of pre-formed perovskite films with gaseous methylamine, as a post-

treatment, has been also proposed as a way to improve the quality of perovskite surfaces enhancing 

the interactions between the perovskite layers and the HTL.26  

Here, we describe the use of high concentrations of imidazolium iodide as a doped co-reactant for the 

fabrication of perovskite films, followed by fumigation with gaseous methylamine. This second step 

further fine-tunes the quality of the perovskite film and, due to the stronger basicity of methylamine 

compared to imidazole,27,28 resulting in the deprotonation of the imidazolium cation in the perovskite 

film which releases imidazole (IMD). The released IMD distributes around the crystal edges, leading 

to auto- passivation of crystal defects. Using this approach, a PSC with a PCE of 20.14% was obtained 

as measured at standard AM 1.5.  

 

Results and discussion 

High concentrations of IMI were included in the preparation of MAPbI3 perovskite films, i.e. 10, 20 

or 30 mol% IMI relative to MAI and PbI2 (0.9:1, 0.8:1 or 0.7:1 ratio) in DMSO, to afford films of 

formula IM0.1MA0.9PbI3, IM0.2MA0.8PbI3 and IM0.3MA0.7PbI3. As controls, films of pure MAPbI3 and 

IMPbI3 were also prepared from dimethyl sulfoxide (DMSO). The resulting films were obtained by 

spin-coating onto FTO glass and fumigation with methylamine gas (see Experimental for full details). 

Both the untreated and fumigated films were characterized by X-ray diffraction (XRD, Figure 1). 
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Figure 1. X-ray diffraction (XRD) patterns of (a) the spin-coated MAPbI3, IM0.1MA0.9PbI3, IM0.2MA0.8PbI3, IM0.3MA0.7PbI3 and 

IMPbI3 perovskite films (before fumigation) and (b) highlighted diffraction profiles in the range from 2Ɵ 10° to 2Ɵ 15°, (c) 

methylamine gas fumigated perovskite films f-MAPbI3, f-IM0.1MA0.9PbI3, f-IM0.2MA0.8PbI3, f-IM0.3MA0.7PbI3 and f-IMPbI3 and (d) 

highlighted diffraction profiles in the range from 2Ɵ 10° to 2Ɵ 15° of the fumigated films. 

 

Figure 1a shows the XRD patterns of the spin-coated (non-fumigated) perovskite films IMPbI3, 

IM0.1MA0.9PbI3, IM0.2MA0.8PbI3 and IM0.3MA0.7PbI3 and pure IMPbI3, in the region between 10° to 

15° (expanded in Figure 1b). The pure IMPbI3 film shows a peak at 11.34°, i.e. in a similar position 

to that observed for the δ-FAPbI3 phase, 29,30,31 which can be assigned to the (110) peak of a 1-

dimensional phase (note that the single crystal X-ray structure of IMPbI3 has been determined and 

confirms this structure – see below). Indeed, it is important to mention that due to the limit set by the 

Goldschmidt tolerance factor rule, only the cations with an active radius < 2.56 Å can be incorporated 

and centred inside the three-dimensional perovskite structures within the octahedral PbI6 cages, thus 

limiting the choice according to the dimensions of the cation. Other cations, such as guanidium (GA), 

alkylammonium or alkyl imidazolium, being larger in size then the empirical limit, are indeed unable 

to fit inside the PbI6 cages of the perovskite structures, leading to the collapse of the three-dimensional 

network, or forming lower dimensional perovskites.32 However, despite the slightly larger dimensions, 

it has been predicted and recently demonstrated that even larger cations such as GA and imidazolium 

(IM) can be incorporated into the octahedral PbI6 cages when mixed in small amount with MA, 
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keeping a stable three-dimensional perovskite structures.33,34 This is valid only if a certain percentage 

of GA is added together with MA (up to 15%).35 Beyond that, phase segregation occurs and pure GA-

based perovskite forms two or one-dimensional perovskite phase.35 Although the effective radii of 

the imidazolium cation (2.58 Å) is only marginally larger than that of the formamidinium (2.53Å) 

which forms three-dimensional structures,36 the reaction of pure imidazolium iodide (IMI)37 with PbI2 

leads to the formation of imidazolium lead triiodide (IMPbI3) arranging into a  one-dimensional 

structure.38 The XRD pattern of the film containing 10% IMI, i.e. IM0.1MA0.9PbI3, does not contain 

the peak at 11.34°, instead a peak at 14.06° is observed similar to that of the pure untreated MAPbI3 

film (at 14.15°), but slightly shifted when compared to pure MAPbI3, suggesting that the structure of 

IM0.1MA0.9PbI3 comprises of a typical 3-dimensional orthorhombic perovskite phase. The calculated 

d-spacing of the perovskite crystal unit changes from 6.28 Å in MAPbI3 to 6.32 Å IM0.1MA0.9PbI3, 

indicating that partial replacement of the MA cation by the larger IM cation decreases the tolerance 

factor.39,40,41 The incorporation of a comparatively large cation into a 3-dimensional perovskite 

structure can lead to the observed lattice expansion, which at 10% IMI is counter-balanced by the 

small MA cation,42,43,44 thus stabilizing the 3-dimensional network, as in the case of the incorporation 

of GA.35,41,45 However, as the amount of IMI in the film increases beyond 10%, i.e. in the 

IM0.2MA0.8PbI3 and IM0.3MA0.7PbI3 films, diffraction peaks at 11.34° presumably corresponding 1-

dimensional IMPbI3 structures appear, indicating that lattice expansion is not unlimited. Thus, the 

IM0.2MA0.8PbI3 and IM0.3MA0.7PbI3 films comprise a mixture of 3- and 1-dimensional crystals. Upon 

the exposure of these films to methylamine gas, the film turns into transparency and rapidly becomes 

black (see Supporting Information, SI). The XRD FWHM of fumigated samples, compared to spin-

coated films, are all decreased (see Table S2, SI), which means the crystallinity of perovskite increases 

after fumigation. Given that the pKb (base dissociation constant) of methylamine is 3.24 whereas the 

pKb of imidazole is around 7,36 exposure of the IMxMA1-xPbI3 films to methylamine results in the 

deprotonation of IM cations and the concomitant formation of MA cations, releasing neutral IMD 

(Eqn. 1):  

 

IMPbI3 + CH3NH2(gas)  ®   MAPbI3 + IMD   Eqn. 1 

 

 

In a control experiment, IMPbI3 was reacted with excess methylamine in ethanol to yield MAPbI3 

and IMD, as evidenced by 1H NMR spectroscopy (Figure S1-S3). When the MAPbI3 was treated with 

methylamine solution in ethanol, an exothermic process took place spontaneously. After evaporation 

of the solvent and extraction of the remaining solid with diethyl ether, white crystalline imidazole can 

be obtained after removal of the diethyl ether. The isolated imidazole shows identical pattern in the 
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1H NMR spectrum in CDCl3 compared with that of commercial sample (Acros) (Figure S1 and S2). 

Both isolated and commercial imidazole samples melt at 86-88°C. The remaining solid after washing 

with diethyl ether corresponds to only methylammonium lead iodide MAIPbI3 (as revealed by the 1H 

NMR spectrum in Figure S3). Figure 1c shows the XRD patterns of the methylamine gas fumigated 

films f-MAPbI3, f-IM0.1MA0.9PbI3, f-IM0.2MA0.8PbI3, f-IM0.3MA0.7PbI3 and f-IMPbI3 in the region 

between 10° to 15° (expanded in Figure 1d). The (110) diffraction peak of all the films is very close 

to that of the MAPbI3 perovskite film (2Ɵ ~14.15°). Notably, the peak at 11.34° in the IM0.2MA0.8PbI3 

and IM0.3MA0.7PbI3 films prior to fumigation, is no longer present following fumigation. Since IMD 

is a solid at room temperature, it remains present in the perovskite film, presumably in the grains and 

boundaries due to its planar structure. Only the fumigated film f-IMPbI3 contains peaks at both 11.34 

and 14.15o, indicative of a mixture of 3- and 1-dimensional crystals, suggesting that major structural 

changes can take place during the reaction of the solid film with the methylamine gas at a short time 

(2 s). 

The single crystal X-ray structure of IMPbI3 was determined at 100(2) K confirming the 1-

dimensional structure established by XRD analysis (see Experimental for details of crystal growth 

and data collection/treatment and Table S1 in supporting information). In contrast to MAPbI3, which 

has a small unit cell of high symmetry, IMPbI3 crystallizes in a hexagonal crystal system and the 1-

dimensional polymer is composed of infinite [PbI3+]n chains (Figure 2a). The closest distances 

between the I-atoms between the [PbI3+]n chains is 4.332(4) Å (Figure 2b). This value lies in the lower 

end of 1-dimensional ammonium or imidazolium lead iodide complexes (usually > 5 Å).46,47,48 Even 

the second shortest I…I distance of 4.613(4) Å is much shorter than that usually found in structurally 

related complexes. Other parameters including the Pb-I distances (ca. 3.2 Å), I-Pb-I angles around 

the octahedra (ca. 86-94°) and the Pb…Pb distance within the 1-dimensional chain (4.019(2) and 

3.949(2) Å for Pb1 and 4.046(3) and 3.922(3) Å for Pb2) are essentially as expected. 

 
Figure 2: Packing image including the imidazolium cation (left) of IMPbI3 in the solid state and the infinite [PbI3

+]n chains highlighting 

the interchain I-I distances (right). 
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The films were further investigated using UV-Vis absorption, continuous wave photoluminescence 

(CWPL) and time resolved photoluminescence (TRPL) spectroscopy. Figure 3a shows the UV-Vis 

absorption spectra of the films before fumigation. A film of 10% IMD-doped MAPbI3, termed 

IMD0.1MA1.0PbI3 (molar ratio of IMD: MAI: PbI2 = 0.1:1.0:1.0), was also studied as a control, and 

compared to the pure MAPbI3. The absorption onset of the imidazolium-doped films decreases from 

IM0.1MA0.9PbI3 to IM0.3MA0.7PbI3, which may be due to a slight distortion of the crystal lattice, as 

observed by the XRD (Figure 3a). The peak position of the normalized PL spectra is also slightly 

shifted which, again, might due to the different crystal size in these doped films with respect to 

MAPbI3, in agreement with the absorption shift.49,50  

 

 

 
 
Figure 3. (a) UV-Vis absorption spectra (left) and normalized CWPL spectra (right) excited at 480 nm of spin-coated raw MAPbI3, 

IM0.1MA0.9PbI3, IM0.2MA0.8PbI3, IM0.3MA0.7PbI3 and 10% IMD doped MAPbI3 films (termed IMD0.1MA1.0PbI3), (b) UV-Vis  

absorption spectra (left) and normalized CWPL (right) excited at 480 nm of methylamine fumigated 10% IMD doped MAPbI3 film 

(named as  f-IMD0.1MA1.0PbI3) and f-MAPbI3, f-IM0.1MA0.9PbI3, f-IM0.2MA0.8PbI3, f-IM0.3MA0.7PbI3 and f-IMPbI3. (c) TRPL decay 

of methylamine fumigated samples excited at 480 nm at excitation density of <1 nJ cm-2. The films were spin-coated on the glass and 

encapsulated in pmma to prevent degradation or any oxygen/moisture induced effects. (d) Cross-section SEM image of a f-

IM0.1MA0.9PbI3 film embedded within a FTO/c-TiO2/mp-TiO2/f-IM0.1MA0.9PbI3/Spiro-OMeTAD/Au PSC. 
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Overall, we can conclude from the optical data that, following fumigation of the films with 

methylamine, the absorption onset and thus the bandgap, remains unchanged. As discussed above, 

during the fumigation process, the stronger methylamine base deprotonates the IM in the film to 

release neutral IMD (Eqn. 1). The normalized PL spectra also remain essentially unchanged, showing 

the main emission peak at about 780 nm, see Figure 3b, corroborating the mechanism described above. 

Dynamical radiative decay was monitored by TRPL (Figure 3c). Measurements were performed using 

time-correlated single photon counting (TCSPC) under low-intensity pulsed excitation at 480 nm at 

< nJ cm-2. In this regime, the decay processes fit well with mono-exponential profiles. This does not 

correlate to a precise physical process, however, being the carrier density as low as 1014/cm3, we can 

infer that it mainly reflects a trap-mediated recombination process, as already demonstrated.7,15,23 

Within this time window, the measurements show that the carrier lifetime of the perovskite films is 

longer for the fumigated IMI-doped films compared to the reference film, i.e. pure MAPbI3. Being in 

a regime where trap filling is the dominating mechanism, this observation could be due, among other 

mechanisms, to a reduced recombination caused by a reduction of the trap density (passivation of 

defects). The retrieved lifetime of the f-IM0.1MA0.9PbI3 film (15.73 ns) extends beyond the temporal 

window, and is more than three times of that of the reference cell (4.79 ns). As the concentration of 

IMI increases in the films the retrieved lifetime increases, i.e. for the f-IM0.2MA0.8PbI3 and f-

IM0.3MA0.7PbI3 films the lifetimes are 22.17 and 23.25 ns, respectively (Figure 3c, Table S3, SI). 

However, as mentioned above, this only indicated a longer PL emission, but it does not pretend to 

univocally determine the photophysical parameters which would require a much more detailed 

investigation on the monomolecular and bimolecular processes.51   

As mentioned above, prior to fumigation, only the IM0.1MA0.9PbI3 film has a complete 3-dimensional 

structure. In the IM0.2MA0.8PbI3 and IM0.3MA0.7PbI3 films not all the IM cations are included in the 

3-dimensional perovskite structure and the presence of a 1-dimensional phase is observed. The 

passivation process results in the replacement of IM cations by MA cations according to the 

mechanism described in Eqn. 1, but to a lesser extent than in the 3-dimensional phase (based on a 

comparison of the XRD patterns of the various films before and after fumigation).  

Cross-section scanning electron microscopy (SEM) of the fumigated f-IM0.1MA0.9PbI3 film 

embedded within a FTO/c-TiO2/mp-TiO2/f-IM0.1MA0.9PbI3/Spiro-OMeTAD/Au PSC (Figure 3d, see 

SI for further details) reveals the total thickness of the capping and mesoporous layers to be about 

520 nm (about 300 nm and 220 nm, respectively). The Spiro-OMeTAD based HTM has a thickness 

of 260 nm. Notably, the perovskite/HTM surface of this film is very smooth due to the natural 

advantages of fumigation methods. According to recent reports,52-55  defects in the perovskite and 

HTM/ETM surface is the most important factor influencing the overall cell performance. The 



 8 

smoother surface of the f-IM0.1MA0.9PbI3 film results in a smaller contact area, which presumably 

leads to the observed increase in device efficiency. 

 

The surfaces of the fumigated films were also analysed by SEM (Figure 4). The SEM image of the f-

MAPbI3 film shows good coverage and a clear grain morphology (the size ranges from 100-280 nm, 

Figure 4a). The SEM image of the f-IM0.1MA0.9PbI3 film reveals a larger grain size compared to that 

of the reference material (Figure 4b), and as the dopant concentration increases, the grain size 

increases correspondingly. However, it is worth mentioning that there appears to be an amorphous 

substance attached to the film, which increases as the IMI content is increased. In the f-

IM0.2MA0.8PbI3 and f-IM0.3MA0.7PbI3 films, where the IMI content highest, this amorphous substance 

appears to be separated between crystals, which is not conducive to electronic transmission (Figures 

4c and 4d). 

 
Figure 4. Morphological analysis of the fumigated films (a) f-MAPbI3, (b) f-IM0.1MA0.9PbI3, (c) f-IM0.2MA0.8PbI3 and (d) f-

IM0.3MA0.7PbI3 after 20 min annealing at 100°C.  Top-view SEM images of perovskite films after 20 min annealing at 100°C (top). 

Grain size distributions estimated from the SEM images using Nano measurer 1.2 software (bottom). 

 

PSCs were fabricated from the fumigated films and the J–V characteristics of the devices under 

simulated air mass 1.5 global standard sunlight (AM 1.5 G) are summarized in Figure 5a with the 

device parameters listed in Table 1.  

 

Table 1. Photovoltaic parameters Jsc, Voc, FF and PCE with reverse scan of f-IM0.1MA0.9PbI3, f-

IMD0.1MA1.0PbI3, f-IM0.2MA0.8PbI3 and f-IM0.3MA0.7PbI3 and f-MAPbI3 champion devices. 

Sample Jsc 

(mA cm-2) 

Voc (V) FF PCE (%) 

f-MAPbI3 22.18 1.06 0.775 18.22 

f-IM0.1MA0.9PbI3 22.88 1.11 0.793 20.13 
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f-IMD0.1MA1.0PbI3 22.36 1.08 0.777 18.74 

f-IM0.2MA0.8PbI3 21.56 1.09 0.778 18.21 

f-IM0.3MA0.7PbI3 21.82 1.06 0.766 17.72 

 

Champion devices of the f-MAPbI3 shows a PCE of 18.22%, obtained from the reverse scanned data 

of JSC = 22.18 mA cm-2, VOC = 1.06 V and FF = 0.775. The most efficient f-IM0.1MA0.9PbI3-based 

device provides a PCE of 20.13%, due to the auto-passivation of crystal defects by IMD, significantly 

outperforming that based on the f-MAPbI3 reference material. However, in the devices prepared with 

fumigated films prepared using higher amounts of IMI, i.e. f-IM0.2MA0.8PbI3 and f-IM0.3MA0.7PbI3, 

the PCE is 18.21 and 17.72%, respectively. The PCE of the champion device made with the IMD 

doped film, f-IMD0.1MA1.0PbI3, is 18.74%, significantly lower than the PCE of 20.13% obtained from 

the champion device containing f-IM0.1MA0.9PbI3. The performance of the corresponding devices 

prepared under the anti-solvent method is provided in Figure S4 and Table S6, and are all lower than 

the devices containing the fumigated perovskite films. This provides statistical relevance to the results, 

confirming that the improvement of device performance is not due to IMI doping alone. An evaluation 

of the J-V hysteresis based on the scan direction was conducted (Figure 5b and Table S5) and, 

compared to the reference f-MAPbI3 device, a similar hysteresis is observed for the f-IM0.1MA0.9PbI3 

device. This may be reflected in the hysteresis index,30 which is calculated from the ratio between 

ηRev/ηFor. The hysteresis index of the reference f-MAPbI3-based cells and f-IM0.1MA0.9PbI3 devices 

are calculated as 1.03 and 1.05. Moreover, the high JSC of 22.88 mA cm-2 obtained using the f-

IM0.1MA0.9PbI3 device is markedly better than that of the reference cell. In addition, the f-

IM0.1MA0.9PbI3 device exhibits a higher incident photon-to-current efficiency (IPCE) as a function of 

wavelength with a very broad plateau of over 80% between 400 and 725 nm, yielding an integrated 

JSC value of 22.32 mA cm-2, which is in good agreement with that determined from the J-V curves 

(Figure 5c).  
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Figure 5. (a) The J-V characteristics of the f-MAPbI3, f-IM0.1MA0.9PbI3, f-IMD0.1MA1.0PbI3, f-IM0.2MA0.8PbI3 and f-IM0.3MA0.7PbI3 

champion devices, (b) hysteresis analysis, (c) IPCE of the f-MAPbI3 and f-IM0.1MA0.9PbI3 devices at a scan rate of 50 mV/s and (d) 

statistical deviation of the photovoltaic parameters (30 different solar cells each) based on the f-MAPbI3 and f-IM0.1MA0.9PbI3 devices 

measured  under 100 mW cm-2 photon flux (AM 1.5G). (e) Stability study shown as in situ measured PCE of unsealed f-IM0.1MA0.9PbI3 

solar cell over 1000 hours under Ar. 

 

A total of 60 solar cells were fabricated with the f-IM0.1MA0.9PbI3 and f-MAPbI3 films. Figure 5d 

shows the statistical distribution of all four photovoltaic parameters of the two groups of solar cells 

illustrating the reproducibility of each condition. In the case of the PSCs containing the f-

IM0.1MA0.9PbI3 films, the average values (with standard deviation, s.d.) of the short-circuit current 
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density (JSC), open-circuit voltage (VOC), fill factor (FF) and PCE are 22.75 ± 0.36 mA cm−2, 1.1 ± 

0.01 V, 0.78 ± 0.02 and 19.44 ± 0.51%, respectively (Table S3, SI). Compared to the f-

IM0.1MA0.9PbI3-containing cells, a smaller PCE of 17.88 ± 0.45% was obtained for the f-MAPbI3-

based devices (as well as a JSC of 22.1 ± 0.38 mA cm−2, VOC of 1.05 ± 0.01 V and FF of 0.77 ± 0.01). 

As can be seen in Figure 5d, all the photovoltaic parameters of the f-IM0.1MA0.9PbI3-based solar cells 

showed higher average values and smaller standard deviation (except FF) over those of devices 

containing the f-MAPbI3 films (Table S4, SI). The stability of devices containing the f-

IM0.1MA0.9PbI3 solar cell was evaluated at the maximum power output (MPO) decay of the devices. 

The unsealed devices were maintained in an argon atmosphere under a constant illumination of 100 

mW cm-2. The current-voltage curves were recorded every 2 hours and the f-IM0.1MA0.9PbI3 was 

found to be very stable (Figure 5e), as shown in the fitted decay lifetime. The performance of device 

decreased slowly during the aging study and after 1000 hours of continuous light soaking the MPO 

values of the devices kept more than 70% of the initial values, which is significantly better than the 

pure f- MAPbI3.  

 

Concluding remarks  

Several routes to engineering the hybrid perovskites have been reported, such as cation alloying and 

halide alloying. However, most of the alloying approaches are limited to the well-studied, 3-

dimensional perovskites such as MAPbI3 and FAPbI3. In this study, using IMI at a high doping level, 

combined with passivation using methylamine gas, affords a high-quality perovskite film delivering 

in a champion PSC a PCE of 20.14% and remarkable stability. The mechanism by which the structure 

of the film is improved involves deprotonation of the imidazolium to affording MA and IMD. The 

imidazole is then replaced by the newly generated MA cations resulting in a type of melting/freezing 

process that improves the quality of the film. Overall, this work shows that classical perovskite 

materials can potentially be doped with many different organic cations. In addition to the size of the 

cation being important, the pKb should be below that of methylamine to ensure that in the fumigation 

step the organic cation can be deprotonated.   
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