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Abstract 

Perovskite solar cells (PSCs) are a great promise to solve the problem of energy 

demand. However, one of the most important factors to obtain higher yields of high 

efficiency photovoltaic devices is to produce high quality methyl ammonium lead iodide 

(MAPbI3) films. In this work, strategies such as solvent engineering, Lewis adduction 

formation and the incorporation of Imidazolium cation (Im+) were implemented to 

improve the microstructural quality of the films. The mixed MA99ImI1 film displayed a 

more homogeneous microstructure compared to the original MAPbI3 film, as well as an 

improved power conversion efficiency, with a value of 17%. 

Keywords: Perovskite solar cell, Imidazolium iodide, Thin film enhancement, solvent 
engineering. 

 

Highlights 

●  The quality of the film is a very important factor determining the power 
conversion efficiency (PCE), and it can be optimized by solvent engineering 
methods and incorporation of alternative MA+ cations. 

 

● ImI+1 has a cyclic structure of five members with two nitrogen atoms that can 
provide a stronger Lewis basicity to passivate sub-coordinated Pb atoms and 
associated defects. 

 
● A stable 3D perovskite structure is important to improve the PCE. 

Introduction 

Photovoltaic devices are one of the most promising technologies to produce 

electricity from sunlight. Sunlight has great potential as an alternative and renewable 



energy source, with an irradiation of 1.8 × 1014 kW on the surface of the earth [1]. 

Renewable energy has a variety of sources such as solar, wind, biomass, hydraulic and 

geothermal [2]. Photovoltaic panels, based on silicon, show commercial efficiencies 

between 15-20 % [3,4] with a record efficiency of 24.4 % [5]. However, the 

manufacturing of these devices uses harmful chemicals and complex purification 

processes, as well as high cost production methodologies [6]. Recently, perovskite solar 

cells (PSCs) have been attracting enormous interest owing to their excellent 

advantages, including lower production cost, ease of fabrication, and high efficiency [7-

10]; as well as unique features displayed by lead halide perovskite, such as broad and 

strong light absorption [11], longer charge carrier lifetime and diffusion length [12,13] 

and low exciton binding energy [14]. Furthermore, several research groups have 

achieved great success in recent years with a demonstrated power conversion efficiency 

(PCE) increasing rapidly from 3.8 % to 22% [15-17] in less than 5 years. However, 

drawbacks for a wider deployment of PSCs, despite its promising PCE, is that lead (Pb) 

still plays a very important role in the photovoltaic cells based on perovskites with 

highest efficiencies to date. Pb is known to be toxic [18,19] and efforts are ongoing to 

replace the Pb component of the organo-metallic halide. 

However PSCs, due to its low-temperature solution processing attribute, have 

been fabricated on rigid or flexible substrates of small dimensions with remarkable 

performance, allowing greater portability, bendability, light weight, conformability, 

wearability and potential for integration in self powered consumer electronics, military 

applications for on-demand supply of electricity in missions, solar lantern, backpacks, 

self-powered electric cars among others.[20, 21] 



Many reasons contribute to this improvement, particularly the enhanced quality of 

the perovskite film due to modifications on the deposition method. Various 

methodologies such as one-step deposition [22,23] two-step sequential deposition [24-

26], solvent engineering [27], vapor-assisted deposition [28,29], additive engineering 

[30], and vacuum evaporation [31] can now produce high-quality films of MAPbI3 with flat 

surfaces and complete surface coverage. Controlling the crystallization speed in the 

MAPbI3 thin films has led to substantial improvements in the PCE of MAPbI3 based 

PSCs. In other hand, hybrid organic-inorganic perovskites have been recently 

investigated for optimizing their thin films’ crystal quality and to enhance the photovoltaic 

performance of hybrid PSCs by substitution of inorganic anions [32], metal cations [33] 

and organic ligands [34,35]. For instance, partially replacing methyl ammonium (MA) 

and formamidinium (FA) with inorganic cation Cs+ [36] and Rb+ [37]; replacing Pb2+ with 

Sn2+ and Ge2+; and replacing I− with Cl−, Br− [38] and SCN− [39]. Different investigations 

show that the size of the ionic radius (IR) of the organic cation has a great influence on 

the structure-property of the perovskites, which can be determined by its tolerance 

factor, t. If t = 1 a perfectly packed structure is expected, for t > 1 the perovskite tends to 

distort towards a tetragonal structure, finally if t < 1 there is a tendency to deform 

towards twisted octahedrons. Interestingly, perovskite cells mixed with cations such as 

Cs/MA [40], Cs/FA [41] and Cs/MA/FA [42] showed better stability than MAPbI3-based 

devices. Qiand et. al., found that Mn+2, (IR=67 pm) doping can decrease the bandgap of 

CsPbIBr2 and simultaneously enhance its crystallinity as well as its morphology. The 

PSCs constructed with CsPbIBr2 reached an outstanding PCE of 7.36% [43]. Baillie et 

al. confirmed that partially replacing Pb with Ca+2 (IR=100 pm) or Sr+2, (IR=118 pm) in 



CsPbX3 can optimize the morphology and passivate the surface states of the 

perovskites [44]. 

Imidazolium+ cation (Im+) has a calculated effective radius of 258 pm [45], which is 

very close the calculated size of the FA+ cation (253 pm), therefore it could be possible 

to crystallize a 3D perovskite structure with Im+ replacing FA+. However, Weller [46], 

recently published that lead imidazolium iodide crystalizes in a 1D face-sharing infinity 

chains of [PbI3]
- in hexagonal space group P63/m (see Figure 1).  

 

Figure 1. ImPbI3 structure P63/m 

Low dimensional organo-metal halide perovskites remain relatively unfamiliar [47] and 

the understanding of their properties, beyond solar cells, is incomplete. Recently Jen et 

al. (2018) [48], had published on the incorporation of Im+ to (MA)PbI3 in an inverted 

perovskite solar cell configuration (NiOx/MA1-xImxPbI3/PCBM/Bis-C60/Ag) with interesting 



results, reporting a 2% increase on efficiency at 5% of Im+ incorporation. Results on 

further incorporation of Im+ cation into MAPbI3 on a perovskite solar cell have been 

recently published [49], adding an extra step in which the PSC is exposed to an 

atmosphere rich in methylamine. Also, an increment in the efficiency, has been related 

to the deprotonation of Im+ cation, which improved the quality of the thin film. 

In this sense, the current work describes alternative strategies that were carried out 

to improve the quality of the MAPbI3 thin film using the simple mixture of Im+ and MA+ 

cations through solvent engineering. In the first stage, the synthesis and characterization 

of imidazolium iodide was carried out, using different stoichiometries. In the second 

stage, a cell reported in the literature was reproduced to validate the results derived 

from the strategies carried out to improve the quality of the MAPbI3 thin films. In the third 

stage chlorobenzene was used as antisolvent, and the formation of the adduct CH3NH3I-

PbI2-DMSO to reduce the growth rate of the crystal using a mixture of dimethylsulfoxide 

(DMSO) and N, N,-dimethylformamide (DMF); and finally, the incorporation of 

imidazolium iodide was carried out in different weight percents.  

2. Experimental  

2.1 Materials.  

All the chemicals were used as received, including titanium diisopropoxide 

bis(acetylacetonate) (75 wt % in isopropanol, Sigma-Aldrich), 1-butanol (99.8%, Sigma-

Aldrich), titanium oxide (TiO2) paste (Dyesol 18NR-T), PbI2 (99.9983%,Sigma-Aldrich), 

N,N-dimethylformamide (DMF, anhydrous 99.5 %, Sigma-Aldrich), lithium 

bis(trifluoromethylsulfonyl)imide (Li-TFSI, Sigma-Aldrich), spiro-MeOTAD (99 %, 

Shenzhen Feiming), chlorobenzene (SigmaAldrich), acetone, ethanol, acetonitrile.  



The morphological characteristics of the thin films were observed by scanning 

electron microscopy (SEM) in a JEOL JCM-6000 and a Hitachi SU-8020. X-ray 

diffraction (XRD) was employed to characterize the crystallinity of the films using an 

XRD Bruker D2 phaser. The UV–Vis transmission spectra were characterized by using a 

scientific evolution 300 Spectrometer. 

2.2. Perovskite standard solar cell device construction  

Fluorine doped Tin Oxide (FTO) glass was patterned by chemical etching with Zinc (Zn) 

powder and chloride acid (HCl) solution. The etched substrate was then cleaned with 

hellamanex 2 % and ultrasonically cleaned with 2-propanol and deionized water in 

sequence for 15 min, respectively. Afterward, the substrates were further cleaned using 

O2 plasma cleanning for 15 min. A dense layer of TiO2 was then coated on the 

substrates by spin coating of titanium diisopropoxide bis(acetylacetone) (75 wt% in 

isopropanol, Aldrich) diluted in absolute ethanol (v/v, 1/20) at 3000 rpm for 1 min. The 

substrates were then heated at 180 ºC by 5 min followed by annealing at 450 °C for 1 h. 

A mesoporous layer of TiO2 was then deposited by spin-coating TiO2 paste (Dyesol 

18NR-T) diluted in absolute ethanol at 1:12 weight ratio at 5000 rpm for 30 s. The 

substrates were then heated at 180 °C for 5 min, followed by annealing at 450 °C for 1h. 

For the fabrication of the standard cell, the methodology proposed by Sutanto et al., 

2017 [50], was followed, using DMF as solvent. Previously prepared solution 1.25 M of 

PbI2: MAI with a 1: 1 molar ratio and left at 70° C for 12 h. MAPbI3 solution was 

deposited by spin-coating on the mesoporous layer of TiO2 at 5000 rpm for 30 s. After 4 

s of having started the centrifugation technique, 400 µL of chlorobenzene were rapidly 

added to the substrate. Furthermore, a hole transport material (HTM) of Spiro-OMeTAD 

was spin-coated at 3000 r.p.m. for 30 s from a chlorobenzene solution (79.1 mg in 690 



µl,) that contained 22 µL of 4-tert-butylpiridine and 15 µl of Li-TFSI 

(Bis(trifluoromethane)sulfonimide lithium salt ) from a 500 mg/ml stock solution in 

acetonitrile as dopants. 

 

 

Figure 2. Configuration of the standard cell based on perovskite 

 

To study the effect of Im+1 on MAPbI3 on the performance of the photovoltaic 

device, Im+1 was incorporated in a different stoichiometric ratio. The perovskite film was 

deposited also by spin coating a previously prepared solution 1.15 M of MAI:PbI2 with a 

1:1 molar relation in a solvent mixture of DMF/DMSO (80:20 v/v) by a one-step process 

at 3000 r.p.m. for 30 s. After a 6 s delay time of the spin coating process, a 650 µL of 

anhydrous chlorobenzene were added on top of the substrate. Additionally, perovskite 

thin films were sintered at 100 ºC for 10 min. HTM was spin coated at 3000 rpm for 30 s. 

Finally, an 80 nm thick silver counter electrode was deposited under high vacuum by 

physical vapor deposition. 

 

2.3. Photovoltaic characterization 



The J-V curves were measured using a solar simulator (Newport, Oriel 

Instruments, 91160A) with a source meter (Keithley 2400). In addition, a Xenon lamp 

was used as a light source and the illumination source was calibrated using a silicon 

reference solar cell (enlitech) to calibrate the output power of the lamp to 1000 W/m2.  

The measurements were performed inside the glove box in order to protect the stability 

of the cells. The cell area was limited using a metal mask (2.54mm x 2.54mm). The 

active area of device is 0.65 mm2.  

 

2.4 Synthesis of Imidazolium iodide 

Initially a purification of the HI (Iodhydric acid) solution was carried out; a 0.36 M 

solution of tributyl phosphate in chloroform was prepared, and a liquid-liquid extraction 

was carried out in a separating funnel. For crystallization, 10 ml of HI solution was used, 

and 0.9412 g of imidazole was dissolved, the mixture was poured into a crystallizer and 

slow evaporation was prevented. The iodine crystals were recrystallized with ethanol 

and anhydrous diethyl ether. 

 

3.0 Results and Discussion 

3.1 Characterization of hybrid compounds; Imidazolium iodide and PbI2 

In a first stage, the synthesis of the perovskite type ImPbI3 was carried out by 

means of the ImI and PbI2 precursors to be evaluated in the active layer of the 

photovoltaic cell. The precursors were heated at 120° C for two hours and characterized 

by SEM, FT-IR, UV-Vis. Furthermore, the stoichiometry of the hybrid system ImI-PbI2 

was varied, 1:1 and 2:1. The absorption spectra in solution are shown in figure 3a, 

where two absorption peaks are observed, located in λmax=268 and 354 nm, these 



absorption peaks are attributed to the energy transitions of n- π * and π-π*, respectively. 

FT-IR analysis of the hybrid system was carried out. Figure 3b shows the FTIR spectra 

acquired. In general, the same bands are observed in both spectra, since in both 

systems the same functional groups are present, the difference in intensity was related 

to the stoichiometry (Table 1).  

 

Figure 3. Characterization of the hybrid ImI-PbI2 systems. 3a) Absorption; 3b) spectrum 
FT-IR. 

 

X-ray diffraction analysis initially shows the absence of precursor materials, 

indicating the formation of another phase for both systems. ImPbI3-P63/m was used as 

reference and it is observed that the hybrid 1:1 system synthesized shows the same 

pattern of peaks at 11.3º, 25.2º, 27º, 30.5º, 31.95º, 37.88º and 40º. However, studies of 

single crystals of Imidazolium iodide show that the peak that appears in 11.3º 

corresponds to the plane (110) of a one-dimensional structural arrangement [51-53]. 

This one-dimensional arrangement is attributed to the size of the ImI+1 cation that does 



not allow the formation of a stable 3D structure, despite complying with the Goldsmith 

law previously mentioned. 

On the other hand, the hybrid system 2:1 shows a different pattern, with peaks at 

42.6º, 21.4º, and the 11.3º peak can still be observed. This suggests that the excess of 

Imidazolium iodide generates the combination of different phases, indicating the 

necessity to perform more thorough studies in order to confirm it.  

 

Figure 4.  XRD patterns of precursors, pattern and hybrid system 1:1 and 2:1 

 

Moreover, films were prepared for both systems by mixing the Imidazolium iodide and 

PbI2 in DMF and heated at 90 ° C for 2 h. The solutions were deposited by spin-coating 

with a centrifuge ramp at different times with a heat treatment of 120 ° C for 1 h. 



The films manufactured were pale yellow and in general both systems show 

irregularities that limit their application in photovoltaic devices. SEM images of the 

fabricated thin films are shown in figure 5. The hybrid system (2:1) shows the formation 

of agglomerates due to the excess of imidazolium, while the film of the system (1:1) 

shows many spaces that generate a non-homogeneous morphology. Clearly, the quality 

of the films offers an opportunity to perform optimization through solvent engineering 

that has recently been implemented for the optimization of thin film quality.  

 

Figure 5. SEM Micrographics the hybrid system 1:1 and 2:1. 

 

3.2 Optimization and performance of standard perovskite solar cell  



The manufacture of the devices by this methodology produced solar cells with PCE of 

approximately 16% (Figure 6a). However, problems associated with the humidity of one 

of the precursors, in this case MAI, produced that the films that were subsequently 

manufactured became opaque and resulted in a significant drop in the photovoltaic 

performance, down to a PCE of approximately 5 % (figure 6b).  

Figure 6. Current voltage (J-V); a) Standard cell; b) Cell with wet precursor (MAI) 

 

 MAI was recrystallized using ethanol and diethyl ether as solvents, left in a 

vacuum oven at 0.5 atm at 60° C overnight. On the other hand, it has been reported that 

PbI2 contains a certain percentage of humidity, and in this sense, it was also put in the 

oven for drying. Despite the treatment given to both precursors, the MAPbI3 films again 

became opaque. In order to improve the quality of MAPbI3 films, the methodology 

proposed by Yinhke et. al., 2017 [54] was followed, modifying both the MAPbI3 

concentration from 1.25 M to 1.15 M and other parameters. A mixture of DMF / DMSO 

solvents (80:20) was used to dissolve the precursors at 65°C for 45 minutes. The 



purpose of using this mixture of solvents is to control the rapid nucleation and the rate of 

crystallization to optimize the morphology of the films. 

Obtained MAPbI3 thin films displayed an improved quality, this may be attributed to 

the formation of adducts between DMF and DMSO with the precursors, specifically MAI-

PbI2-DMF and MAI-PbI2-DMSO [55]. Although the mechanisms of formation of these 

adducts have not been fully studied, their interaction with the anti-solvent 

(chlorobenzene) improves the quality of the MAPbI3 thin films in two respects: (1) 

washed away the excess solvent, which is harmful for high-quality film formation; (2) 

promoted the formation of intermediate phases, and thus retarded the crystallization of 

MAI and PbI2 [54]. Subsequently, the solution was deposited on the substrate 

chlorobenzene as antisolvent. The use of chlorobenzene or toluene during the spin 

coating process generates a dense and uniform layer of MAPbI3 [54]. Afterward, MAPbI3 

films were subjected to a heat treatment to remove the volatile DMSO from the adduct.  

A post annealing process is always indispensable to achieve good crystallinity. In the 

early research of perovskite solar cells, simple annealing processes at 70–100 °C for 

10– 45 min were often employed to achieve an adequate PCE for the resulting devices. 

Although the PCE of 16 % was not achieved, it was improved significantly from 5 % to 

13%.  

 

3.3 Integration of imidazolium cations into the structure of the MAPbI3 

The next stage included the incorporation of imidazolium iodide within the structure 

of the perovskite. Imidazolium iodide was incorporated in different percentages by 

weight in order to analyze the effect on the structure-property of the perovskite, its effect 

on photovoltaic performance and stability. Four different percentages were prepared 



(MA:ImI; 0.95:0.5, 99:1, 97:3, 95:5) and labeled as follows MA0.95ImI0.5PbI3, MA99ImI1, 

MA97ImI3, MA95ImI5). As control, a film of pure MAPbI3 was prepared as well. The 

manufacturing of the devices is described in section 2.2 and the J-V curves showing 

their performance are displayed in figure 7, and Table 2 shows the photovoltaics 

parameters. 

 

            Figure 7.  Figure. J-V curves of the best efficiencies obtained in this study. 
 

Table 2. Photovoltaic parameters for a batch of 18 cells for each mixture and a standard 
deviation of 1.1 on average. 

Perovskite Jsc [mA cm-2] Voc [V] FF ᶯ[%] 

MAPbI3 23.90 0.91 58.4 13 

MA99.5ImI0.5PbI3 21.57 0.90 47.6 9 

MA99ImI1PbI3 29.33 0.93 63.6 17 

MA97ImI3PbI3 26.7 0.90 46.1 11 

MA95ImI5PbI3 18.92 0.88 42.6 7 

 



XRD results for the MAImIPbI3 systems are shown in figure 8. The diffractograms 

show the same peaks of greater intensity at 14 °, 28 ° and 31.7 °, corresponding to the 

planes (110), (220) and (310), respectively (figure 8a); these peaks correspond to those 

previously reported by Jen et. al. [48] for an inverted cell; ITO /NiOX / MA1-xIAXPbI3 / [6,6] 

-phenyl-C61-butyric acid methyl (PCBM) / bis-C60/Ag. In this study a correlation was 

found between the efficiency of the photovoltaic device and the presence of PbI2, 

indicated by peak at approximately 12.55° for each of the mixtures (figure 8b). In this 

sense, the diffractograms of MA95ImI5PbI3 and MA95.5ImI0.5PbI3 show a more intense 

peak at ~12.55°, associated to the presence of PbI2. It is well known that the presence 

of PbI2 significantly affects the photovoltaic performance for this type of devices. The 

efficiencies achieved using these compositions were 9% and 7%, respectively. On the 

other hand, in the MA99ImI1PbI3 and MA97ImI3PbI3 mixtures, this peak shows a lower 

intensity, and consequently these samples displayed higher efficiencies of 17% and 

11%, respectively. 

  

Figure 8a. XRD patterns of MA1-xIAxPbI3 films; 8b) highlighted diffraction profiles in the range from 2θ 
10º-14º 



 

In the analysis by SEM (figure 9) very similar microstructures can be observed. 

These differences are associated with the Marangoni effect, discussed by Sautanto et. 

al. [50], they explain that the roughness of the perovskite film results from the mass 

transfer of two solvents, the sudden turbulence of a second injection causes, to a large 

extent, liquid-solid phase separations and non-homogeneous concentrations to form 

gradient differences of tension on the perovskite surface before evaporation of the 

solvents. The surface tension gradient causes a random crystallization of the perovskite 

and a rougher surface is obtained. In general, MAPbI3, MA95.5ImI0.5PbI3, MA97ImI3PbI3, 

MA95ImI5PbI3 present a random crystallization, that is, a greater roughness that 

influences the efficiencies, whereas MA99ImI1PbI3 shows a more homogenous 

morphology and resulted in a higher efficiency of 17 %. It is important to highlight the 

absence of pinhole on the surface the film. This is attributed to the incorporation of ImI+1 

that has a cyclic structure of five members with two N atoms that can provide a stronger 

Lewis basicity to passivate sub-coordinated Pb atoms and associated defects. In 

addition, it can form hydrogen bonds with iodide atoms at two different angles, which 

can form a molecular block at the grain boundaries to harden the MAPbI3 domains and 

improve overall robustness and device performance [48]. 

a)  b) c) 



 

 

 

              d)                                     e)  

 

  

 

Figure 9. Scanning Electron Microscopy (SEM) images for the MAPbI3 perovskite layers; a) 
MAPbI3, b) MA95.5ImI0.5PbI3, c) MA99ImI1PbI3, d) MA97ImI3PbI3, e) MA95ImI5PbI3 

 

It has been studied that the under-coordinated iodides in perovskite thin-flms tend to act 

as hole-trapping sites to create charge accumulation and cause undesirable charge 

recombination. These defects can be passivated by the incorporation of systems that 

behave as bases of Lewis such as thiophene, pyridine [56].  

On the other hand, it is well-known that perovskite films tend to degrade into other 

chemical species in humid environments, due to the reaction of perovskite materials with 

water in air. Other factors found are thermal effects, ultraviolet radiation and processing 

solutions. Different studies have suggested that water is the catalyst for the irreversible 



degradation reaction of perovskite and its degradation mechanism has also been 

extensively studied. 

In this study, moisture stability of the as-prepared perovskite films was tested 

under approximately 50 % RH (relative humidity) in ambient conditions without any 

encapsulation. In this sense, the diffractograms show a significant increase of the 

characteristic peak of PbI2 at 12.5º as the time of exposure to humidity increases. This 

same behavior was presented by the other systems (figure 10). 

 

Figure 10. XRD patterns of stability of MA1-xIAxPbI3 



 

At the same time a stability analysis was carried out for the manufactured cells. 

The results show that during the first 8 h there is a gradual loss of efficiency, however, 

after 48 h they begin to suffer the effect of humidity that is reflected in the decrease in 

the performance of the photovoltaic devices. MA99ImI1PbI3 film showed greater stability 

during this time retaining 59 % of its initial PCE, attributed to a better crystallinity, since 

the grain boundaries of the film retard the diffusion of moisture and oxygen. On the other 

hand, MAPbI3, MA95.5ImI0.5PbI3, MA97ImI3PbI3 and MA95ImI5PbI3 could only retain 15%, 

22%, 18% and 12.5%, respectively. 

 

Figure 11.  MA1-xIAxPbI3 PCE vs degradation time 

 

 

 



4. Conclusions 

The films ImIPbI3 were pale yellow and the analysis by XRD revealed a 1-dimensional 

structure(1D), so its use in photovoltaic devices is limited- 

Different strategies were explored to optimize the MAPbI3 film and its photovoltaic 

performance. Solvent engineering favored the formation of good film quality by 

increasing the conversion efficiency from 5 to 13%.  

A method of site-A engineering was used to improve the quality of the perovskite film. 

The incorporation of ImI+ favored the photovoltaic performance observing different 

morphologies. The best PCE obtained was 17%, through the combination of 

MA99ImI1PbI3, with Voc= 0.93V and Jsc=29.33 mA cm-2. At the same time, it presented 

greater stability, attributed to better crystallinity, since the grain boundaries of the film 

retard the diffusion of moisture and oxygen. 
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Table 1. IR absorption bands (cm-1) and their assignments for the synthesized 
compounds. 

Hybrid system υυυυ N-H st υυυυ    C- H st υυυυ    C-Nst υυυυ C=Cst υυυυ    C-H oop υυυυ C-H ring 

ImI-PbI2 -1:1 3263 3121 1428 1621 1030 735 

ImI-PbI2 -2:1 3476 3121 1397 1633 1030 746 
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