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ABSTRACT 

 

Lead-free perovskite solar cells have attracted attention as an environmentally 

friendly future energy source. However, their performance is still low at 

present due to the poor morphology of the film and the complicated process of 

fabrication. The annealing period, as a key parameter, has been identified to 

control the morphology of MA3Bi2I9 (MBI) perovskite film fabricated by the 

Hot Immersion Method (HIM) with the annealing period varying between 5 to 

25 minutes. SEM images visually depicted that a longer period of annealing 

induced perovskite film to form a larger crystallite size with a compact film, 

resulting in a rougher surface. The MBI films fabricated at 25 minutes showed 

a high crystallinity of films and exhibited a high absorption with a longer 

absorption wavelength and a narrow bandgap, leading to enhanced solar cell 

performance. By optimizing the annealing time, the efficiency of the device has 

been enhanced almost eight times compared to a shorter period of annealing. 

Our findings suggest that the compact MBI films can be obtained by using this 

simple method (HIM), and yet the performance of solar cell devices can be 

achieved, thus providing another alternative way to fabricate MBI-based 

perovskite solar cells (PeSC’s) in the future. 
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Introduction 
 

Recent development in the lead (Pb)-free Perovskite Solar Cells (PeSCs) has 

been actively studied by previous researchers [1]-[5]. Among lots of Pb-free 

perovskite materials, Methylammonium Bismuth Iodide (MBI) has excellent 

stability [6] and is a non-toxic material [7] compared to Pb-based PeSCs [8]. 

Pb-based perovskite solar cells have been reported for practical use of solar 

cell by Roslton et al. [9]; however, studies reported on the mechanical 

properties of Pb-free perovskite solar cells are very few [10]. However, to date, 

the poor morphology and low efficiency have limited their commercialization. 

The highest efficiency that has ever been recorded for Bi-PeSCs is 3.17% [11], 

with other efficiencies recorded as 0.016% [4], 0.034% [12], 0.010% [5], etc. 

Moreover, poor morphology is identified as one of the factors which contribute 

to the low performance of Bi-PeSCs. The criteria of a good quality film include 

characteristics such as compactness, pinhole-free, good crystallinity, and 

defect free [1], [13]-[16]. Therefore, much effort is required to improve the 

morphology of MBI-based PeSCs by annealing [2], [15].  

Annealing is an important parameter that is attributed to the quality of 

a film morphology. The annealing effect also might contribute to other effects 

such as surface morphology (uniformity and surface roughness), crystallinity, 

crystallite size, and the thickness of a film. All these effects might influence 

the solar cell device performance. For example, Chen et al. [16] reported that 

the larger grain sizes resulting from annealing showed stronger light 

absorption and thus influenced device performance. Shargaieva et al. [17] 

reported that an improved morphology with increasing grain size caused by 

the annealing led to a drastic increase in the device performance. In addition, 

Jiajiu et al. [18] reported that the annealing temperature affected the 

crystallization and morphology of the perovskite films. Moreover, Im et al. 

[19] and Xiao et al. [20] reported that large grain size resulting from reaction 

temperature is attributed to better charge transport due to fewer crystal 

boundaries and weaker carrier transport scattering. All these studies elucidate 

that annealing is a key parameter to achieving better morphology and improved 

crystallinity, which contributed to a better performance of Bi-PeSCs.  

Previous studies on improving morphology and crystallinity discussed 

techniques, including spin-coating [21], spray coating [22], thermal 

evaporation [23], vacuum-assisted thermal annealing [24], two-step thermal 

annealing [25], hot casting technique [26] and low-pressure vapor annealing 

process [1]. Although these methods of fabrication and their results showed 

improvements in terms of morphology and performance of solar cells, it is 

difficult to effectively achieve compact, uniform films by these approaches. 

Furthermore, high quality perovskite films often require complicated process 

conditions, such as using antisolvent [27], vaporization process [1], two-step 

method [28], and addition of an additive to enhance crystallization [29]. 

Therefore, developing a simple and effective method for achieving improved 
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morphology and enhanced crystallization of perovskite films is highly 

demanded.  

In this connection, the hot immersion method (HIM) was employed to 

fabricate MBI as reported previously [30]. In brief, HIM is a simple and 

effective method without employing the use of an antisolvent for the 

fabrication of Bi-PeSCs. This method is well-proven to fabricate a compact 

film and a promising method to enhance the crystallinity of MBI. It has been 

consistent in obtaining compact surface and pinhole-free MBI films according 

to our previously reported work [31]-[32]. Herein, this method is employed to 

evaluate the effect of the annealing period on the performance of MBI solar 

cell devices for the first time, with the objective of further improving the 

morphology and enhancing the crystallinity, and the performance of the MBI 

solar cells from our previously reported work [33]. To the best of our 

knowledge, the effect of annealing time on the morphology, crystallinity, and 

optical properties of MBI films has not been reported elsewhere. By 

optimizing the annealing reaction time, MBI films with high crystallinity and 

compactness can be successfully obtained and maintained. As a result, it is 

expected to improve the charge extraction and transport on the absorber active 

layer and enhance the MBI solar cell’s performance, through which the 

performance of the device is also attainable. According to the results of this 

study, the solar cell parameters were improved as compared to our previously 

reported work [34]. 

 

 

Methodology  
 

Preparation of MBI, substrate, ETL and HTL 
The substrate of Fluorine Tin Oxide (FTO) glass with a dimension of 2 x 2 cm 

was selected as an electrode substrate. The FTO glass was cleaned with 

acetone and ethanol, respectively, and then dried under N2 gas blowing [32]. 

Each cleaning stage was repeated two times to ensure the cleanliness of the 

substrate. As a next step, compact titanium dioxide/mesoporous titanium 

dioxide (c-TiO2/mp-TiO2) as an Electron Transport Layer (ETL), was 

prepared, and its fabrication process has already been discussed in our 

previously reported work [30]. In brief, both precursors of bismuth triiodide 

(BiI3) and Methylammonium Iodide (MAI) were mixed in 10 mL of 

Dimethylformamide [HCON(CH3)2] (DMF) to form a 0.5M MBI solution. The 

TiO2 coated FTO glass was immersed in the MBI solution for 24 h at 70 ℃. 

Then, the annealing process was performed at 100 ℃ by changing the period 

from 5 min to 25 min. Finally, the preparation of poly(3-hexylthiophene-2,5-

diyl) (P3HT) as a hole transport layer (HTL) was followed as reported earlier 

[12]. Finally, P3HT was dissolved in dichlorobenzene to make 15 mg.mL-1 of 

P3HT. All this process was carried out in the glove box. 
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Fabrication of MBI solar cell device 
All the prepared solutions in the previous step were used for the fabrication 

process, which was performed in the glove box. All the details of the 

fabrication of each layer, except for MBI, have been reported in our previous 

work [12], [35]. In brief, all the layers were fabricated according to the 

specified method as shown in Figure 1. 

In the final step of preparing the MBI cells, an insulator tape (Nichiban 

polymer) was punched to make a hole by a puncher and displayed on top of 

the HTL layer (P3HT) carefully using a forceps. The punched hole size was 3 

mm in the middle of the tape (hole for the carbon and silver paste), as shown 

in Figure 1. The active area was around 0.071 cm2 and on this area, the graphite 

solution was deposited by spin coating at 5000 rpm for 20 sec, which was 

prepared by diluting 0.1 g of colloidal graphite in 1.5 mL of 2-propanol (0.1 g: 

1.5 mL). Then, the colloidal graphite (carbon) was dried at room temperature 

for 5 min. The purpose of using the carbon was to provide a better connection 

between the connector (Ag paste) and the entire MBI cell structure [33] as 

shown in Figure 1. Finally, the Ag paste was put in a small amount by using a 

dropper on the carbon electrode. All this process was done outside of the glove 

box. 

 

The characterization of MBI  
The structural, morphology, and thickness of MBI films were characterized by 

X-ray diffraction (XRD; Rigaku RINT-2100 diffractometer) and scanning 

electron microscopy (SEM; JEOL JSM 7600F). For the XRD, the X-ray 

radiation source of Ni-filtered Cu Kα radiation with wavelength, λ = 1.5408 Ǻ 

and equipped with a Cu target was used (Rigaku Smartlab). The UV-

absorption properties and the surface roughness were characterized using a 

UV-vis spectrophotometer (JASCO ModelV-570) and the Dektak machine 

(Veeco-Dektak 150), respectively. 

 

 
 

Figure 1: Structure of the MBI solar cell device 
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The MBI solar cell measurement 
The MBI Cells were evaluated by the current-voltage measurement under a 

solar simulator equipped with a Xenon lamp (model PS-X500) and measured 

by using a 238 Keithley high current source. In addition, the simulator was 

configured with white light illumination at AM 1.5 and 100 mW.cm-2 of class 

AA spectra. The voltage interval used was 0.01 V with a scan rate of 50 mV/s 

and import condition DC setting with N/P polarity. 

 

 

Results and Discussion 
 

Surface morphology properties 
Figure 2 shows the SEM morphologies of the MBI films at different annealing 

times. At 5 min of annealing time, a valley structure can be observed 

throughout the surface of MBI, which is due to insufficient heat energy 

imposed on the MBI film during the annealing process once taken out from the 

MBI immersion solution. At the same time, the MBI solution disseminated 

slowly and created a discontinuous solution throughout the TiO2 film. 

Consequently, the channelled crack feature upon applied anneal is observed at 

5 min of annealing time. As a result, the MBI film revealed a TiO2 film as can 

be seen in Figure 2(a), which indicates that TiO2 peak is almost the same as 

the MBI peak at 24.58o. In addition, the crystallinity of the MBI film is poor, 

as confirmed by the XRD result in Figure 4(a). However, the crystallinity of 

an MBI film starts to improve gradually as the MBI film forms a flat and 

smooth surface at 10 min of annealing time, as can be seen in Figure 4(b) and 

Figure 2(b). Interestingly, the MBI peak at 24.58o with low intensity as 

observed earlier, became higher than TiO2 peak at 25.37o. It means the surface 

morphology of MBI film has been improved. As for further increasing the 

annealing time to 15 min, a little boundary with white colour starts forming as 

shown in Figure 2(c). On prolonging the annealing time to 20 min, an unclear 

white boundary, as seen before, became apparent throughout the surface of 

MBI due to crystallite size increasing gradually, as reported by Ye et al. [18]. 

This time, a grain boundary appeared and was observed clearly with the white 

colour of the line on the surface of MBI. As a result, the smooth and flat 

surface, as seen earlier, became a comparatively rough surface, which might 

contribute to the crystallite size, which is discussed in Figure 5.  

Finally, at 25 min of annealing time, it can be seen clearly that a high 

density of white grain boundary is observed throughout the MBI surface, yet 

the MBI films formed do not have a smooth surface. This happened since the 

application of continuous annealing imposed more heat energy during the 

longer period of annealing, resulting in a rough surface. It causes the non-

smooth and non-flat surface with the seed-grain-like structure to appear 

dominantly as shown in Figure 2(e). This happened due to the grain growth [8] 

and crystallization effect [36]. In addition, the reason for the white boundary 
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increase with increased annealing time is due to the high nucleation rate and 

growth of micron-sized grains [37] resulting from applying more heat energy 

into MBI, particularly at the annealing period of 20 min and 25 min. Moreover, 

the MBI has properties of fast and complete crystallization [38]. In brief, the 

longer the period of annealing, the clearer increase in the white boundary can 

be observed, while the shorter the period of annealing, fewer white lines appear 

instead. Therefore, the appearance of the white boundary depends on the 

applied annealing period. The uniformness and compactness of an MBI film 

were further confirmed by cross-sectional SEM images, as shown in Figure 3. 

       

 
 

Figure 2: SEM images of MBI films at different annealing times; (a) 5 min, 

(b) 10 min, (c) 15 min, (d) 20 min, and (e) 25 min 

 

Furthermore, the annealing period, if extended, might influence the 

strain of a film due to applying heat for a longer time. To validate this, a 

scientific calculation was performed to confirm the influence of annealing on 

the microstrain, 𝜀𝑠, of MBI film by using Equation (1) [45]: 

10 µm 
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(b) 
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                                  𝜀𝑠 =
𝛽𝑐𝑜𝑠𝜃

4
                                                 (1) 

 

where 𝜀𝑠 is the microstrain of the film, β is the full width at half maximum 

(FWHM) and θ is the Bragg angle. In brief, the strain is the deformation of the 

film that experienced the change in structural properties on the application of 

annealing. The 𝜀𝑠 of MBI film decreased from 0.302 to 0.080 on increasing 

the annealing period from 5 min to 25 min. It means that the annealing time 

affects the 𝜀𝑠 of the MBI film due to applied heat on a film at a longer period 

of annealing. This result is in line with the D result which showed an increment 

that is discussed further in the XRD section. 

 

Cross-sectional SEM images 
Figure 3 shows the cross-sectional SEM images of the MBI films at different 

annealing times. At 5 min, the MBI film was not uniformly formed and 

discontinuous on the FTO. It can be observed that MBI films formed an island-

like structure throughout FTO. As a result, the MBI films are not flat and have 

non-uniform surfaces. It indicates that the thickness values are far from each 

other, particularly at 1.633 µm with 0.567 µm, as can be seen in the inset 

measurement of Figure 4(a), which confirmed that the MBI film was not 

uniform and not flat surface. On the other hand, Figures 3(b)-(e) show 

numerous flat, continuous, and smooth MBI films, which confirms that the 

surface of MBI film is uniform, smooth, and compact. This corresponds to the 

top-view SEM images in Figures 2(b)-(e). It means that the annealing period 

of more than 10 min is necessary to obtain a flat, compact, and uniform MBI 

film by HIM.  

In addition, all the thickness values are almost the same in each of the 

annealing periods after 10 min, for example in 20 min sample, the thickness is 

0.554 µm throughout the FTO as shown in Figure 3(d), which further 

confirmed the MBI film is continuous, uniform, and compact. However, the 

thickness for the four samples is different, which indicates that the average 

thickness is 718 nm, 560 nm, 554 nm, and 479 nm for 10 min, 15 min, 20 min, 

and 25 min, respectively. It means that continuous and uniform films obtained 

at a longer time are dense and compact having a compressed surface, thereby 

leading to a decrease in the thickness of the film. Therefore, the period of 

annealing is a key parameter to control the uniformity and thickness of a film. 

In brief, at a longer annealing period, more compact, dense, and thinner films 

were fabricated. However, the shorter annealing period produced non-uniform 

and thicker films. The film thickness is expected to influence the crystallite 

size and surface roughness of MBI, which is described in the crystallized size 

section. 

 



M.F. Achoi, S. Kato, N. Kishi, T. Soga 

90 

 

 

 

 

 
 

Figure 3: Cross-sectional SEM images of MBI films at different annealing 

times: (a) 5 min, (b) 10 min, (c) 15 min, (d) 20 min, and (e) 25 min 
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Structural properties 
Figure 4 shows the XRD curves of MBI films annealed at different annealing 

periods. All the MBI peaks are indexed as hexagonal structures with space 

group P63/mm using the Joint Committee on Powder Diffraction Standard 

(JCPDS) card No. 01-070-0666 [34]-[35]. Twelve of the MBI peaks are 

typically recorded at 11.90o, 12.67o, 14.40o, 16.40o, 17.01o, 24.58o, 29.38o, 

32.29o, 41.81o, 42.01o, 43.37o, and 44.71o, which are assigned to the (100), 

(101), (102), (004), (103), (006), (204), (3-11), (0010), (305), (1010), and (4-

12) lattice planes, respectively, and all the peaks are similar to the previous 

report [30]-[31]. At the earlier phase of the annealing period, 5 min, all the 

MBI peaks exhibited a low intensity, especially the peak at 24.58o (006), which 

is almost the same as the TiO2 peak at 25.37o. The other two peaks of FTO 

glass can be seen at 26.82o and 38.06o, and one peak of BiOI is recorded at 

31.7o, which is due to air exposure during the fabrication of MBI film [7], as 

shown in Figure 1(a). On increasing the annealing time to 10 min, the MBI 

peaks slowly increased especially the MBI peak at 16.40o (004) and 24.58o 

(006). However, on prolonging the annealing period to 15 min, it can be 

observed that the MBI peak at 24.58o (006) further increases, which is higher 

than the TiO2 peak, as compared to earlier seen at 5 min. On further prolonging 

the annealing time to 20 min, interestingly it can be seen that the MBI peaks 

at 16.40o (004) and 24.58o (006) further increased, particularly the peak at 

24.58o (006), which indicates that the TiO2 peak at 25.37o further decreases, as 

shown in Figure 1(d). It means the crystallinity of MBI films improved as the 

coverage area of MBI on the TiO2 is enhanced, as shown in SEM images.  This 

happened due to the crystallization effect [36] resulting from imposed heat 

during the hot immersion under 70 ℃ as the formation of MBI film [30]. 

Finally, at 25 min of annealing, the MBI peak at 16.40o (004) shows that the 

crystallinity is further improved, particularly the peak at 24.58o (006) [36]. At 

the same time, the TiO2 and BiOI peaks become low in intensity at a longer 

time of annealing, as can be seen in Figure 1(e). In addition, all the MBI peaks 

showed narrow and sharp peaks. It means that the MBI films tend to form 

oxidized bismuth at a longer annealing time, and instead tend to form a high 

crystalline film with a compact and dense structure, as confirmed by SEM 

images, which are discussed in the surface properties section. On the other 

hand, the effect of annealing temperature on the MBI film has been reported 

in our previously reported work [45]. In brief, by changing the annealing 

temperature, the grain size of the film is enlarged while the porosity is reduced. 

Furthermore, the texture coefficient (TC) was performed to evaluate the 

effect of Ppt on the surface texture of the MBI film and can be calculated 

according to this equation [46]: 

 

                      𝑇𝐶006 =
𝐼 006/ 𝐼006

0

12−1 ∑ 𝐼ℎ𝑘𝑙 12 / 𝐼ℎ𝑘𝑙
0                                    (2) 
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where I006 and Ihkl are the respective measured XRD intensities of the (006) and 

(hkl) planes at the peak height for 12 XRD peaks, and 𝐼006
𝑜  and 𝐼ℎ𝑘𝑙

𝑜 are the 

respective JCPDS powder diffraction intensities of each plane [46]. Using 

Equation (2), the TC of MBI film increased much from 0.064 to 0.246, by 

increasing the annealing reaction time from 5 min to 25 min. This increment 

might be due to the much-changed surface texture of MBI film, which from a 

uniform and smooth surface, drastically changed to a bigger crystal grain with 

a rougher surface and white grain boundary evident as shown in Figure 2.  
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Figure 4: XRD curves of MBI films at different annealing times: (a) 5 

min, (b) 10 min, (c) 15 min, (d) 20 min, and (e) 25 min 

 

In addition, the TC result is in line with the result of crystallite size and 

surface roughness, showing an increment as well, which is further discussed 

in the next section.  

 

Crystallite size and surface roughness 
As discussed earlier in the XRD and SEM section, the crystallinity, 

compactness, uniformity, and flat surface might influence the crystallite size, 

D, and surface roughness, Ra, of an MBI film by increasing the annealing time 

from 5 min to 25 min as shown in Figure 5.  
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Figure 5: Crystallite size and surface roughness of immersed fabricated MBI 

films 

 

To confirm that, the measurements of D and Ra were performed using 

Scherrer’s equation [39] and the Dektak measurement, respectively. Figure 5 

shows the plotted graph of Ra and D against the annealing time. It indicates 

that as the annealing time increases, the trend of increment accordingly is 

shown by two parameters, except for the sample at 5 min, which might be 

associated with the cracks present on the surface, as shown in Figure 2(a).  

This means that the annealing time influences the Ra and D of the MBI 

films. Correspondingly, annealed MBI films at a longer time caused an 

increase in D, which resulted in a rough surface [40]. In brief, in a short time 

of annealing (10 min), Ra and D are 14.28 nm and 20.94 nm, respectively. 

However, at a longer time of annealing (25 min), Ra and D are 32.55 nm and 

22.48 nm, respectively. This means annealed MBI films after a longer period 

of annealing show crystal grain growth, resulting in a rough surface and large 

D due to the nucleation process [41] and grain growth [8]. 

 

UV-vis absorption properties 
Figure 6 shows the absorbance spectra of MBI films, and the inset is shown in 

the Tauc’s plot for different annealing times. It can be observed that the 

compact and pinhole-free features of MBI films are attributed to the high 

absorbance intensity around the visible region as shown in Figures 6(b)-(e), 

while the cracked feature on the surface of the MBI film (in Figure 2(a)) is 

attributed to the low absorbance intensity at shorter annealing time as shown 

in Figure 6(a). In addition, high crystalline and compact films with large D and 

high Ra, as can be observed from Figure 5, are attributed to high absorbance, 

as shown in Figures 6(d)-(e). Xiao et al. [20] reported that the annealing 
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effectively increased the crystallinity and grain size of perovskite films. As a 

result, the absorption of light in their perovskite cell was increased. It means 

that increased crystallinity with increased D resulted in fewer low-dimensional 

defects and less scattering of grain boundaries, which contributed to the high 

absorbance.  
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Figure 6: The UV-vis absorption of MBI films at different annealing 

times: (a) 5 min, (b) 10 min, (c) 15 min, (d) 20 min, and (e) 25 min. Inset 

Tauc’s plot of MBI films 

 

Moreover, a shorter annealing time (10 min) found a small D and low 

Ra, while a longer annealing time found a large D and high Ra, as shown in 

Figure 5. The improved crystallinity of an MBI film resulted in the increase of 

absorption band-edge up to around 750 nm [21]. Our result agrees well with 

this finding, where the optical band gap is slightly decreased from 1.63 eV to 

1.44 eV, as shown in the inset of Figure 6. This happened due to the films with 

improved crystallinity, and compact, dense, pinhole-free films, as can be seen 

in SEM images in Figures 2(d)-(e). Liu et al. [28] reported that the Eg of two-

step annealed samples showed a change in the bandgap, which is from 1.58 eV 

to 1.55 eV due to the improved crystallinity. Our explanation is in line with 

this finding; however, our recorded value of Eg (1.44 eV) is a little smaller than 

those reported earlier [28]. 

Correspondingly, the compact film in our sample contributed to the 

better absorption of light, which resulted in a better charge trap at the absorber 

active layer, thereby, producing a high absorbance intensity with the 
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absorption band-edge shoulder extended to a longer wavelength as shown in 

Figures 6(d)-(e).  

 

The MBI solar cell performance 
Figure 7 shows the I-V curves of fabricated MBI cells at different annealing 

times, whereas the solar cell parameters are summarized in Table 1.  
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Figure 7: The I-V curves of MBI films at different annealing times: (a) 5 min, 

(b) 10 min, (c) 15 min, (d) 20 min, and (e) 25 min 

 

It can be observed that at a shorter period of annealing, the short circuit 

current density and open circuit voltage are low. However, at a longer period 

of annealing, the current density and voltage are high, except for the sample at 

5 min of annealing time. This might be due to the current leakage due to poor 

morphology as shown in Figure 2(a). Correspondingly, the cracks channelled 

on the surface of MBI after a shorter annealing period caused the poor 

extraction of charge carriers and the increase of charge recombination. As a 

result, the parallel resistance and voltage are low as compared to the other 

samples, as shown in Figure 7(a). Consequently, the efficiency is extremely 

low (0.00063%). In contrast with Figures 7(b)-(e) the trend of increment 

accordingly for both parameters, i.e., short circuit current density (Jsc) and 

open circuit voltage (Voc) is shown in Figures 8(a) and (b), respectively. As a 

result, the efficiency of the MBI solar cells device shows an increment trend, 

as indicated in Figure 8(d). This increment is encouraged by a few factors that 

should be considered. Firstly, the improved morphology and enhanced 

crystallinity of an MBI film, as discussed earlier in SEM and XRD results, 
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contribute to the increment of Jsc and Voc as shown in Figures 8(a) and 8(b), 

respectively.  
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Figure 8: The graph of solar cell parameters of MBI films: (a) current 

density, (b) output voltage, (c) fill factor, and (d) device efficiency 

 

This happened due to the MBI film being treated with a longer period 

of annealing causing a compact and high crystallinity film, thus rendering less 

defect (pinhole-free) on the surface of perovskite film. 

In addition, the improved surface morphology can reduce the direct 

contact between the TiO2 film and the carbon electrode, as shown in Figure 1. 

In this case, leakage current and shunting pathway should be inhibited, which 

reflects the increments of Voc and FF, as indicated in Figures 8(b) and 8(c), 

respectively. The second factor is the crystallite size, D. The D value showed 

an increment by increasing the annealing time from 10 min to 25 min, as 

discussed earlier in the XRD result and shown in Figure 5(b). Consequently, 

the surface morphology and the crystallinity of MBI films are improved. Thus, 

the photo-generated carriers are easily collected at the electrode [42], which 

resulted in an increment of Jsc. It means the Jsc increases with D values which 

means a longer period of annealing time creates the large size D, resulting in 

an increased Jsc value because the structural defect density is decreased as 
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shown in Figures 5 and 8(a). In addition, this increment significantly reduced 

the charge recombination in the perovskite device, leading to better absorption 

as discussed earlier in the UV-vis absorption section. Consequently, the MBI 

cells showed efficient charge extraction from 350 nm to 700 nm in the visible 

region as shown in the UV-absorbance spectra of the MBI film in Figure 6. 

Our explanation agrees well with Ran et al. [43] who reported that increasing 

the D might reduce the charge recombination and thus charger can be 

transported and collected efficiently, thereby improving the performance of the 

PeSCs device. 

 

Table 1: The solar cell parameters of thickness, crystallite size, and the 

surface roughness of Bi-PeSCs 

 

Annealing 

time (min) 

Jsc 

(µA/cm2) 

Voc 

(volts) 

FF 

(%) 

PCE 

(%) 

Ave. t 

(nm) 

D 

 (nm) 

Ra 

(nm) 

(a)   5  50 0.05 25 0.0006 944 23.11 40.61 

(b) 10  15 0.18 43 0.0012 718 20.94 14.28 

(c) 15  18 0.24 41 0.0018 560 21.48 18.96 

(d) 20  33 0.27 38 0.0034 554 22.03 28.26 

(e) 25  40 0.38 35 0.0053 479 22.48 32.55 

 

Comparison with Previous Studies 
Ataei et al. [34], in 2021, fabricated MBI PeSCs by using the spin-coating 

method, but they suffered a non-uniformity surface morphology of MBI films, 

and the efficiency of the device was only 0.8%. While Shirahata et al. [44] in 

2020, employed the hot air blow technique. The researchers obtained high- 

quality and rapidly crystallized MBI films; however, the morphology of the 

films was not uniform; it was rougher and not compact, and the efficiency was 

only 0.06% [44]. In the same year, Momblona et al. [5] fabricated MBI films 

through the thermal co-evaporation method and obtained an efficiency of 

0.01%; however, the fabricated films were not smooth and had a rougher 

surface even after employing a complicated process. In 2022, our research 

group employed multi-step spin-coating and obtained not smooth and compact 

film with an efficiency of 0.0037% [35]. In brief, all those employed methods 

still suffered a problem, particularly in terms of film morphology, low 

efficiency, and a complex fabrication process all of which needed controlling 

of a few parameters.  
 

 

Conclusion 
 

The fabrication of MBI cells by using a simple technique of HIM and changing 

the annealing time was demonstrated for the first time. The annealing time 

significantly influenced the structural and morphological properties of MBI 
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films, in which the crystallite size, surface roughness, and thickness were 

changed, by increasing the annealing time from 5 min to 25 min. SEM images 

visually depicted the improved morphology with a compact and pinhole-free, 

while the XRD results exhibited that the crystallinity of MBI is enhanced at 25 

min of annealing. As a result, the absorbance increased, and the band-edge 

absorption was extended towards a longer wavelength. Eventually, the 

performance of MBI cells showed an eight-fold improvement from 15 µA/cm2 

to 40 µAcm2. The current study showed that the annealing treatment is 

effective in improving Bi-PeSCs in the future. 
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