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Up to date, lead (Pb)-based perovskite solar cells (PeSCs) were widely discovered due to 
its outstanding performance, however, it is a toxic and unstable material, while the Cesium 
(Cs)-based PeSCs is a non-toxic and stable material. In this paper, the hot immersion time 
(HIT) dependence in the fabrication of cesium bismuth iodide (Cs3Bi2I9-CBI) PeSCs 
fabricated through the hot immersion method (HIM) is reported. The CBI fabricated using 
a simple method by changing the hot immersion time between 1 h and 24 h. The XRD 
results showed that the crystallinity of the CBI film was improved, while the surface 
morphology showed that the compact and dense film were enhanced. On increasing the 
HIT, an increase in the average thickness film from 0.918 µm to 4.22 µm was observed. 
The increase in the thickness led to an extension of band-edge absorption region of CBI 
film, which is the absorption band-edge region at 647 nm that is extended to 678 nm 
wavelength with a narrower indirect bandgap, which is from 1.81 eV to 1.65 eV. 
Consequently, high light absorption of CBI cell due to the high surface roughness, which is 
42.33 x 102 nm at 18 h attributed to a better light trap and hence reduced the light 
reflection effect on the CBI film surface. Eventually, the performance of HIM-fabricated 
CBI-PeSCs showed an increment, particularly the short-circuit current density (Jsc), which 
is fourfold increases, i.e., from 3.0 x 10-2 mA/cm2 to 0.11 mA/cm2, while the open-circuit 
voltage showed fifteenfold increases, i.e., from 0.008 V to 0.12 V, at 18 h of hot immersion 
time. Our finding suggests that by using HIM, the electronic properties of CBI-PeSCs are 
still attainable through a simple method and it can be improved by HIT. Yet providing a 
low-cost approach for the fabrication of Pb-free PeSCs in future work.   
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1. Introduction 
 

Recently, lead-(Pb) based perovskite solar cells (PeSCs) have been attracted much attention by 
previous researchers due to their outstanding properties such as high efficiency and abundant 
material [1,2]. However, Pb-PeSCs faced problems with toxic and stability issues. For example, UV 
radiation from the sunlight distorted the Pb-PeSCs in ambient air and it caused the degradation as 
reported by Lee et al., [3]. In addition, lead in CH3NH3PbI3 (MA3PbI3-ABX3) perovskite material made 
them environmentally unfriendly, and thus limited the commercialization of halide perovskite-based 
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materials [4]. Currently, researchers unlock other potential of perovskite material, for example Sn 
and Ge-based perovskite material, however, they are suffering toxicity and inconsistencies of 
structural. Furthermore, the researchers focused on enhancing stability and minimizing toxicity of 
perovskite materials. At the same time, searching for the right candidate to replace the Pb-based 
PeSCs. Therefore, among metal cation (B) have been considerable interest in ABX3 (A = MA+, FA+, Cs+, 
B= Pb, Bi, X = Cl, Br, I) form of perovskite structure, are Bi3+, Sn2+, Ge2+ and Sb3+. They form a Pb-free 
perovskite compound with a halide group, such as F-, Cl-, Br-, and I-.  It means that they replace Pb in 
ABX3 perovskite compound structure with Bi3+ or Cs+ to form [BX3] octahedra structure with halogen 
groups called as a Pb-free perovskite compounds, whereas the example of A in ABX3 is organic 
compounds, such as methylammonium cation (CH3NH3

+; MA+), formamidinium cation (HC(NH2)2)+; 
FA+) and others. Herein, we are selecting the A is Cesium (Cs+) which is monovalent of metal cation. 
The reason for this selection is that the stability of Cs+ in ambient air for long term periods compared 
to organic cations (MA+ and FA+) have tendency to degrade in the long-term period. M. Kulbak et al., 
who reported Cs based perovskite solar cell has shown excellent thermal stability [5], while Pb in 
ABX3 will be replaced with the Bi3+ due to the stability and non-toxic element compared to Pb. 
According to M. Lyu et al., who reported the bismuth-based perovskite is a non-toxic and stable 
element [6]. It means that the bismuth has electron valence of 6s2 made its stable element, 
moreover, Pb and Bi have similar electron configuration [7]. Eventually, the Pb-free perovskite 
compound formed, which is cesium bismuth iodide [Cs3Bi2I9 (ABX3)]-based PeSCs that will be 
fabricated through a newly developed method called hot immersion method (HIM) and it will be 
further discussed in the next two paragraphs. 

In this connection, among the criteria of ideal properties of Pb-free perovskite materials are non- 
toxic material, stable in ambient air, a narrow bandgap, high optical absorption coefficients, higher 
mobilities and long-term stability [8]. In respective of those characteristics made the perovskite 
materials suitable in the application of optoelectronics device, and photovoltaic [9]. They also show 
remarkable performance in the field of solar cell application and electronic devices such as lasers, 
light-emitting diodes and memristors [4]. In general, Cs3Bi2I9 (ABX3) based perovskite solar cells have 
shown eco-friendly, stable compound and non-toxic materials [10].  In addition, Cs+ cation has good 
optical properties, whereby it capable of changing the light absorption of perovskite material and it 
might be attributed to the device’s performance [11]. Likewise, Bi3+ is a non-toxic element [6] and 
high carrier mobility [12], which may be beneficial for the CBI-PeSCs performance.  

On the other hand, CBI films have been fabricated mostly by spin-coating and using DMF or DMSO 
as a solvent in the CsI precursor solution preparation [13]. However, this method has limited space 
to grow Cs3Bi2I9 single crystals [14,15,16]. Corresponding to that, spin-coating requires nitrogen gas 
to perform the deposition process, while it’s wasting the precursor solution. In addition, the spray-
coating techniques, reported by S. Devasia et al., are still suffering issues with the CBI film 
morphological [13]. Similarly, Md. Shahiduzzaman et al., who is employed vacuum-deposited to 
deposit the CBI thin film suffered a non-compact film [8]. Moreover, those methods required 
technical handling and needed controlling parameters such as the parameters of gas pressure level, 
vacuum condition, employing gas, spinning speed and the time of coating [4]. Other methods in the 
same manner problems are chemical vapor deposition [17], dripping of solvent [18], and MA gas 
deposition [19].  

Hence, in this study, we employ a simple method at low-temperature processing, less controlling 
parameters and does not require technical handling [7] to fabricate the CBI-PeSCs. According to our 
previous studies [20], hot immersion method (HIM) is a promising method to fabricate Pb-free 
perovskite film with high crystallinity, compact film and a narrower optical bandgap [20,21,22]. In 
addition, this method has shown the suitability and in situ formation of CBI thin film with a compact, 
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dense film, pinhole-free and high crystallinity as reported in our recent studies [7]. Herein, the 
influence of immersion times in the fabrication of CBI-film and its properties are evaluated. The 
immerse fabricated CBI-PeSCs performance is evaluated as well. To the best of our knowledge, the 
immersion time dependence in the fabrication of CBI-PeSCs has not been reported elsewhere, 
particularly using hot immersion method (HIM). Correspondingly, the knowledge gap of this study 
with other reports in terms of CBI and its performance is the HIM have been employed with varying 
of immersion times, particularly involving Pb-free perovskite compound. In addition, the electronic 
properties of CBI cells such as current density and voltage have been enhanced by using this simple 
method compared to previous reports [7,18].  

In summary, by optimizing the influence of immersion time, the CBI film with high crystallinity 
and roughness surface, compact and pinhole-free film have been successfully fabricated by a simple 
method in this study. In addition, the optical properties of CBI-PeSCs have shown a remarkable 
improvement, particularly the optical bandgap compared to previous studies [4,7,23] and the light 
absorption properties are still attainable at high absorbance intensity. Consequently, the CBI cell 
performance is still managed to be achievable, even though the performance of CBI-PeSCs is still low 
at present. There are some advantages that can be explored furthermore through HIM, and it gives 
some hint that using HIM gives a promising way to fabricate high-crystalline, compact, pinhole-free 
and narrower bandgap of Pb-free perovskite. At the same time, this study was useful and gave an 
idea in a new way and simple approach to fabricate CBI film and it thus contributed to the body of 
knowledge for the development of Pb-free PeSCs in future. 
 
2. Methodology  
2.1 Experimental 

 
Firstly, the preparation of fluorine tin oxide (FTO) substrate and the fabrication of poly(3-

hexylthiophene-2,5-diyl) P3HT as hole transport layer (HTL), compact and mesoporous titanium 
dioxide (mp-TiO2) as an electron transport layer (ETL) are referred to ref. [36]. Next, the precursor of 
Cs3Bi2I9 (CBI) was prepared, where the preparation of CBI, precursor of cesium iodide (CsI) and 
bismuth triiodide (BiI3) (both purchased from Sigma-Aldrich, 99.999%) were mixed with ratio [1.5:1.0] 
in 10 mL of dimethyl formamide [HCON(CH3)2] (DMF) as a solvent, to form a 0.5 M CBI solution. The 
mixture was then continuously stirred for 1 h at 60 oC to allow the solution mixed vigorously and it 
left for aging time. The solution is then ready for immersion deposition, in which the sample of mp-
TiO2/c-TiO2/FTO/glass immersed in 0.5 M of CBI solution at 30 oC for 1 h as shown in inset Figure 5(i). 
The reason for selection of hot immersion temperature at 30 oC is to ensure the immersion solution 
does not evaporate at high temperature. O. Shargaieva et al., reported high temperatures may cause 
the evaporation of the solution [24]. All these steps are repeated for the preparation of different 
immersion times of CBI solution, which are 6 h, 12 h, 18 h, and 24 h, according to the previous 
reported work [25]. Next, the annealing of CBI/mp-TiO2/c-TiO2/FTO/glass at 100 oC for 10 min and 
the sample left for cooling in the room temperature. Finally, the fabrication of poly(3-
hexylthiophene-2,5-diyl) (P3HT) as a Hole Transport Layer (HTL) and carbon electrode is referred to 
[26] and followed by the silver paste on the carbon layer, and dried in room temperature for 5 min. 
In brief, P3HT powder was dissolved in dichlorobenzene to make 15 mg.mL-1 of P3HT and then 
followed by P3HT solution was spin-coated at 5000 rpm for 30 s. The sample is then annealed on a 
hot plate at 150 oC for 10 min. The whole fabrication process was carried out in a dry nitrogen-filled 
glovebox except for the silver paste and carbon colloidal deposition. The purpose of using the carbon 
was to provide a better connection between the connector (Ag paste) and the entire CBI cell structure 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 
Volume 143, Issue 1 (2026) 1-15 

 

4 
 

[27] as shown in inset Figure 5(i). Note that the fabrication of CBI films was fabricated three samples 
for each of immersion times to ensure the reproducibility of the sample. 

 
2.2 Characterization 

 
The structural and morphology of CBI films were characterized by X-ray diffractometer (XRD) 

(Rigaku RINT-2100 diffractometer) with the radiation source of Ni-filtered Cu Kα radiation with 
wavelength, λ = 1.5408 Ǻ and equipped with a Cu target (Rigaku Smartlab) and scanning electron 
microscopy (SEM) (JEOL JSM-7600F), respectively, while the optical properties of CBI film and the 
CBI-PeSCs performance were characterized using UV-vis spectrophotometer (JASCO Model V-570) 
and the solar simulator under simulated solar white light illumination at AM 1.5, 100 mW.cm-2, 
respectively. Finally, the thickness of a film was measured using the Dektak measurement (Veeco-
Dektak 150). 

 
3. Results  
3.1 Structural properties 
 

Figure 1 shows the XRD curves of CBI-PeSCs for different hot immersion times (HIT). The crystallite 
structure of Cs3Bi2I9 (CBI) exhibit the hexagonal structure (P63/mmc) and have a zero-dimensional 
structure with isolated bioctahedrons [28]. Our XRD pattern is well matched with the recently 
reported results [29]. All the XRD patterns are indexed as a hexagonal Cs3Bi2I9 (JCPDS No. 23-0847) 
[28-32]. The deposited CBI films show six typical diffraction peaks at 2θ = 12.82o, 25.86o, 27.54o, 
29.68o, 32.40o, and 42.92o [7], which are assigned to (101), (006), (202), (203), (204) and (0010) lattice 
plane, respectively. Other CBI peaks are observed at diffraction angles of 21.22o, 24.84o and 45.79o 
[33,[34]. At 1 h of immersion time, seven peaks of CBI are seen as low in intensity except for the peak 
at 25.86o, which appears as a narrow and intense peak. By increasing the immersion time to 6 h, the 
CBI peak starts to increase in intensity, as can be seen at 12.83o, 27.54o, 29.68o and 32.40o, and now 
eight peaks of CBI appeared as compared to what seen earlier. At the same time, one new peak of 
CBI starts to appear at 21.22o, while other CBI peaks remain the same as before. It means that the 
crystallinity of deposited CBI film starts to increase. As for further increasing the immersion time to 
12 h, now nine CBI peaks appeared as can be seen in Figure 1(c), with one new peak of CBI appears 
at 37.80o, and at the same time, the CBI peaks at 25.86o and 27.54o are further gradually increased, 
while other CBI peaks start to a bit decrease in intensity. However, on prolonging the immersion time 
to 18 h, interestingly more peaks of CBI have appeared with twelfth peaks compared to what seen 
before, whereas the intensity of CBI peaks further increases as well, particularly the CBI peaks at 
25.86o and 42.92o, and at the same time, two new peaks of CBI start to appear at 24.84o and 45.86o. 
It means that the crystallinity of the CBI films is being further enhanced. Finally, at 24 h of immersion 
time, now six peaks of CBI left as compared to seen earlier, with six peaks of CBI disappeared while 
another six peaks remain with low in intensity at 12.82o, 29.68o, and 42.92o, except for the CBI peaks 
at 25.86o remain the same. It indicates that the crystallinity of CBI films was become poor at longer 
time of immersion, and this might be probably due to the evaporation of the solvent [24]. In brief, in 
a short time of immersion, only a few peaks appeared, and all the CBI peaks were low in intensity, 
whereas, in a longer time of immersion it can be observed that more peaks of CBI appeared with 
narrow peaks and high in intensity. The XRD results elucidate that improved crystallinity has a 
relationship with the surface morphology of CBI, which will be discussed in the next section. 
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Fig. 1. XRD curves of CBI films at different immersion times: (a) 1 h, 
(b) 6 h, (c) 12 h, (d) 18 h and (e) 24 h 

 
3.2 Surface morphology properties 
 

Figure 2 visually depicts the SEM morphologies of the CBI films at different immersion times. At 
1 h of immersion time, it can be observed that non-smooth surface and non-uniform film of CBI, as 
confirmed by the XRD result in Figure 1(a), resulting in a rougher surface of 17.53 x 102 nm that 
measured by the Dektak measurement as shown in Figure 3(a). This happened might be due to the 
CBI structure itself has hexagonal structure [35] with large size attributed to rougher surface. In 
addition, the CBI solution does not have enough time to crystallize at shorter time of immersion. 
Consequently, resulted in some defect, which is valley can be seen on the CBI surface as shown in 
yellow colour. On increasing the immersion times to 6 h, some of the CBI surface starts to being 
flatted and now the surface roughness of CBI film reduces to 9.18 x 102 nm, however, a few of defects 
are seen on the surface of CBI in denoted of pink colour as shown in Figure 2(b). It means that a few 
of CBI being crystallize with 30 oC of immersion temperature. Further increasing the immersion time 
to 12 h, as can be seen in SEM images of Figure 2(c), resulted in a very few defects compared to what 
seen earlier in 6 h and importantly, some of hexagonal CBI shape appeared as indicated in red colour, 
hence as prove that the CBI start to crystallize at longer time of immersion compared to seen before 
in 1 h and 6 h, whereby none of CBI hexagonal shape formed at a shorter time, particularly the 
rectangular shape size of CBI hexagonal side structure is seen randomly distributed and arranged 
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upwards, while sank with each other as indicated in red colour of Figure 2(c). It means the hexagonal 
CBI starting to grow largely encouraged by the nucleation growth. Our explanation is in line with our 
previous findings that reported in [7]. Consequently, the roughness increases back from 9.18 x 102 
nm to 21.71 x 102 nm, which resulted in inhomogeneous and non-flat surface, as shown in Figure 3(a) 
and Figure 2(c), respectively. On prolonging the HIT to 18 h, interestingly, non-uniform and hexagonal 
shape edge are out of the surface as seen earlier now became disappeared, combined and sank with 
each other, and then CBI morphology starts becoming uniform and compact surface, without defect 
as seen before. This happened due to crystallization process and nucleation growth [7]. The compact 
surface indicates that the crystallinity of CBI film much enhanced in line with the XRD result as 
discussed earlier in Figure 1(d). This time, the surface roughness became much improved, from 21.71 
x 102 nm increased to 42.33 x 102 nm, as can be seen in Figure 2(d) and Figure 3(a), respectively. Thus, 
the rougher surface gave advantage for light trapping with reduced reflection effect, and it expected 
will influence the performance of CBI solar cells [22], which will be discussed further in CBI-PeSCs 
performance. Finally, increasing the immersion time to 24 h, surprisingly, it can be seen the CBI 
surface is now become compact with a less rough surface than before, with the surface roughness, 
Ra, is 14.38 x 102 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. SEM morphologies of CBI films at different immersion 
times: (a) 1 h, (b) 6 h, (c) 12 h, (d) 18 h and (e) 24 h 

 
nm, as shown in Figure 3(a) and confirmed by the Dektak measurement. It thus indicates that the CBI 
film is now become smooth and flat surface resulting in pinhole-free compared to what seen earlier. 
In addition, the CBI hexagonal shape buried and was sank with each other, as can be seen in blue 
colour of Figure 2(e), which also attributed to the smoothness and less rough of CBI film as shown in 
Figure 3(a) of 24 h sample. In brief, the surface roughness has a relationship with the compactness 
and the homogeneity of an CBI film. The surface roughness associated with the crystallite size will be 
further discussed on the next paragraph. Correspondingly, the improved morphology and pinhole-
free of CBI film is expected to enhance the optical absorption, which will be further discussed either 
in the UV-Vis Section. In addition, it might be improving the performance of CBI-PeSCs and will be 
further discussed as well in the PV section. 
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Fig. 3. The relationship of surface roughness (a) and crystallite 
size (b) of CBI films at different immersion times: (a) 1 h, (b) 6 h, 
(c) 12 h, (d) 18 h and (e) 24 h 
 

Figure 3 shows the plotted graph of Ra and D against time. The crystallite size, D, of the CBI film 
was calculated by using Scherer’s equation [31,32]. In general, these two plotted graphs indicate the 
relationship between two parameters, which is surface roughness and crystallite size against the 
immersion times of the CBI film. It indicates that as the immersion times increases, the trend of 
fluctuating accordingly is shown by two parameters. This means the HIT influences the surface 
roughness and crystallite size of the CBI. In addition, the crystallite size and surface roughness are 
associated with the CBI film compactness and uniformity, as discussed earlier in Figure 2. In a short 
time of immersion, 1 h, in Figure 3(a) and 3(b), Ra and D are 17.53 x 102 nm and 20.76 nm, 
respectively. However, at a longer time of immersion, 24 h, Ra and D are 14.38 x 102 nm and 15.04 
nm, respectively. This can be elucidating that the immersion times plays crucial role in determining 
the compactness and uniformity of CBI film in terms of film roughness and crystallite size. At 1 h of 
immersion time, the Ra and D values are higher than 6 h of immersion due to nucleation growth 
[7,31] and interdiffusion process that does not happen in a short time of immersion [36]. In other 
word, the CBI crystal structure does not have enough time to crystallize, while the reaction time has 
not fully completed yet. As a result, it created a valley or defect on the surface of CBI film as can be 
seen in yellow colour of Figure 2(a). Instead, starts changing of the CBI surface occurred as discussed 
earlier in SEM section caused the Ra and D values are being reduced, whereby 9.18 x 102 nm and 
14.50 nm, respectively. However, as the nucleation growth and crystallization process happened, in 
which the CBI crystal structure grow largely caused the CBI hexagonal shape side are out of the 
surface as discussed earlier in SEM section of Figure 2(c) and now, the Ra and D are 21.71 x102 nm 
and 20.90 nm as shown in Figure 3(a) and (b), respectively. On increasing the immersion time to 18 
h, interestingly can be observed the Ra and D are further increases to 42.33 x 102 nm and 22.61 nm 
as shown in Figure 3(a) and (b), respectively. This happened due to the nucleation growth [31] of CBI 
crystal structure. Related to the nucleation growth, in which attributed to the mechanism orientation 
of the CBI hexagonal structure formation that has been discussed in our previous study [7]. Finally, 
at longer time of immersion, 24 h, surprisingly can be observed that the Ra and D, are decreased 
drastically and accordingly, which proves that there is no more hexagonal side of CBI structure out of 
the surface compared to what seen earlier in Figure 2(c). This also confirms that the surface of CBI 
film become smooth and compact as shown in SEM image of Figure 2(e), while the surface roughness 
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and crystallite size become smaller, whereby the Ra and D are 14.38 x 102 nm and 15.04 nm as can 
be observed in Figure 3(a) and (b), respectively. All these explanations also further confirmed that 
the uniformity and compactness of the CBI film is influenced by Ra and D values. Hence, it is expected 
that the surface roughness will influence the light absorption of CBI film, while the crystallite size 
expected to influence the CBI cell performance, which will be described further in the UV-Vis section 
and CBI-PeSCs performance section, respectively. The structural and surface parameters (Ra and D) 
of CBI films are summarized in Table 1. 

 
Table 1 
The structural and surface parameters of CBI films at  
different of immersion times 
Immersion 
times 

D, 
(nm) 

Ra, (x102) 
(nm) 

thickness, 
t, (µm) 

Eg 

(eV) 
(a) 1 h 20.76 17.53 0.92 1.81 
(b) 6 h 14.50 9.18 1.0 1.82 
(c) 12 h  20.90 21.71 2.30 1.98 
(d) 18 h 22.61 42.33 2.58 1.67 
(e) 24 h 15.04 14.38 4.22 1.65 

 
3.3 UV-vis absorption properties 
 

Figure 4 shows the absorbance spectra of fabricated CBI film and inset indicates the indirect 
bandgap plotted by Tauc’s plot for different immersion times. The UV-Vis absorption test was 
performed by measuring the transmittance, T (λ) and reflectance, R (λ) spectra and both variables 
have been recorded within the wavelength range of 350 – 750 nm. In general, it can be observed that 
the light absorption is high around 350 nm to 500 nm. It means that the visible region in which is 
matching with the sunlight spectrum. An increment trend of absorbance intensity changing the 
immersion times from 1 h to 24 h can be seen in Figure 4, particularly in visible region, however, after 
around 525 nm at long wavelength region for the sample of 24 h, the light absorption is being slowly 
dropped in terms of absorbance intensity. It might be due to the thickness of CBI film is thicker which 
recorded of 4.22 µm as shown in Table 1(e), resulted in less of light absorption and it caused the 
charge extraction at the active absorber layer become less, particularly at the near-infrared-region 
(NIR), as shown in Figure 4(e) at 24 h, longer time of immersion. Furthermore, at 1 h of immersion 
time, the absorbance intensity was low, which is around 0.60 and the band-edge absorption region 
is 647 nm as can be seen in Figure 4(a). It happened due to the low nucleation growth and 
crystallization process [7] at shorter of immersion time, as discussed earlier in SEM section, which 
resulted in defect valley (in yellow colour of SEM image) on the CBI surface and absent of CBI 
hexagonal shape. However, on increasing the immersion time to 6 h, the absorbance intensity starts 
to be increased gradually, which is 0.65 and now, its band-edge absorption region is 664 nm as shown 
in Figure 4(b). Further increasing the immersion time at 12 h, the absorbance intensity increases to 
around 0. 68 at absorption region of 488 nm due to compact CBI morphology as can be seen in Figure 
2(c) and Figure 4(c). This time the band-edge absorption region is extended at 669 nm, which towards 
the NIR. On prolonging the immersion time to 18 h, interestingly can be observed the absorbance 
intensity is further increased to 0.75 at the same absorption region of 488 nm, while the band-edge 
absorption region is extended towards NIR region. It means the light-harvesting is enhanced and the 
photocurrent increases in the CBI-PeSCs, which means ideal for absorber active layer in a solar cell 
device. Consequently, more electron produced, and it could probably benefit for the CBI-PeSCs 
performance. In addition, the light absorption band is higher around the visible region means high 
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absorption coefficients, hence enhanced the charge transportation and reduces the charge 
recombination rate [7,21]. As a result, the absorption band is shifted to the long wavelength side 
compared to other samples, as shown in Figure 4(d). This happened due to a compact morphology 
and high crystallinity of the CBI film, as discussed previously in the previous SEM and XRD results, 
respectively, which resulted in a narrower bandgap energy, as shown in Table 1(d) and inset Figure 
4, whereby it is expected that will influence the CBI-PeSCs performance, which will be further 
discussed in CBI-PeSCs performance section.  

In this connection, from inset Figure 4 and Table 1, it can be observed that the reduction of optical 
bandgap (Eg) from 1.81 eV to 1.65 eV as for increased the immersion time from 1 h to 24 h. This 
reduction is associated with the film thickness of CBI film, which indicates that a compact and high 
crystallinity film attributed to high light absorption, particularly as shown by sample at 18 h, due to 
the increased thickness. Therefore, the Eg value of CBI film decreased at longer immersion time, while 
at shorter immersion time, the Eg increased is due poor film morphology as discussed earlier in SEM 
images as shown in Figure 2(a) and Table 1(a). This indicates that the ideal film thickness is necessary 
to obtain optimum optical bandgap when fabricating the CBI films. In addition, at longer time of 
immersion (24 h), the smaller bandgap is attributed to the small crystallite size as shown in Table 1(e) 
and Figure 3(b), whereby the reduction in photon scattering from the CBI crystalline grain. Our 
explanation agrees well with the finding of Ataei et al., who reported that as increasing the thickness 
of film, the value of optical bandgap (Eg) decreases due to enhanced morphology and crystallinity of 
the film [31], particularly for the sample at 18 h of immersion times. Eventually, a narrow optical 
bandgap as shown in our sample gives the advantage for the excitation of an electron from the 
valence band (VB) state to the conduction band (CB) state as can be seen in inset Figure 4, and it 
would be beneficial for the charge carrier transport in the active absorber layer of CBI cells device for 
the charge extraction that will be further discussed in the CBI-PeSCs performance section. 
 

 
Fig. 4. Absorbance spectra of CBI films at different Immersion 
times. Inset is Tauc’s plots of each immersion times 

 
3.4 CBI PeSCs performance 
 

Figure 5 indicates the I-V characteristics of CBI-PeSCs at different immersion times and the inset 
Figure 5(i) is the image of the fabricated CBI solar cell, while inset Table shows the CBI solar cell 
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parameters are summarized and its parameters graph is plotted in the Figure 6(a-d). The data 
measurement in inset Table was taken three times to obtain the average reading of all parameters 
to ensure the validity of the result, and the measurement was performed in ambient air for four 
samples. In general, on prolonging the immersion times from 1 h to 24 h, shows that the gradually 
increment trend of CBI cell performance as can be seen in Figure 6(d), except for sample at 24 h of 
immersion times, the PCE dropped drastically due to morphology and optical properties, as discussed 
earlier in SEM and UV section.  In brief, the 24 h fabricated sample of CBI produced thicker film 
contributed to the low absorption light, particularly at the end of band-edge absorption region at 525 
nm and onwards as can be observed in Figure 4(e), resulted in poor of charge collectible charge 
carrier, hence, a charge carrier cannot be transported and collected efficiently, thereby producing a 
low current density and low voltage as can be seen in Figure 5(e), Figure 6(a) and (b), respectively. 
According to M. Ataei et al., who reported that the improvement in the crystallinity and surface 
morphology of film contributed to the increment of film thickness [31]. Similarly, an increment of the 
thickness affects the optical bandgap (Eg), which is the reports showed that the increasing of the 
thickness resulted in decrement of Eg. Therefore, our result agrees well with this finding, which can 
be seen in Table 1 (thickness and Eg) and inset Figure 4. It is in line with the XRD and SEM results as 
discussed earlier. In addition, the increment of the CBI film thickness also attributed to the large 
crystal size of CBI [7,35] and this crystal grew largely due to the nucleation growth as prolonging the 
immersion times. It thus affected the produced current density of CBI film at 24 h of longer immersion 
time, as can be observed in Figure 5(e) and 6(a). Additionally, in the case of longer immersion time, 
the reason of decrement current density and the device performance is due to small crystallite size 
of 15.04 nm, as mentioned earlier in Figure 3(b) and UV section. The small D size at 24 h of immersion 
time resulting in the reduction in photon scattering due to the smaller bandgap. Besides, the small 
crystallite size attributed the high surface area caused the charge carrier cannot be extracted 
inefficiently at the active absorber layer of CBI cell. As a result, producing a low current and eventually 
give a poor performance of CBI solar cell device as shown in inset Table of Figure 5, Figure 6(a) and 
(d), respectively. 

On the contrary, at 18 h of immersion times, the optimum value of current density and fill factor 
are recorded can be seen in Figure 6(a) and (c), respectively. This might be due to the compact and 
high crystallinity film was fabricated with ideal thickness of CBI film, resulting in large crystallite size 
of 22.61 nm compared to four other fabricated samples and it thus producing low surface area. As a 
result, a proper charge carrier can be collected and transported efficiently attributed to the reducing 
of charge recombination rate. Hence, producing a high current density and voltage as can be 
observed in Figure 5(d) and inset Table 2 of Figure 5 and, Figure 6(a) and (b) at 18 h, thereby resulting 
in high percentage of power conversion efficiency as shown in inset Table 2 of Figure 5 and Figure 
6(d). In the case of voltage value, the compact morphology with less pinhole-free attributed to 0.12 
V at 18 h compared to 1 h, 6 h and 12 h sample. In addition, the rougher surface also contributed to 
the better device performance, which discussed earlier in SEM section and Figure 3. In brief, the 
rougher surface of CBI film at 18 h attributed to the less of light scattering as indicated in Table 1(d) 
and Figure 3(a), whereby reduced the light reflection on the CBI surface through the photon of light 
is being absorbed and not transmitted out. As a result, the charge recombination decreased in the 
CBI absorber active layer. Consequently, give a better charge trap and more light harvested, 
eventually producing a high current density as shown in Figure 6(d) of 18 h.  

Furthermore, in the case of 1 h, 6 h and 12 h samples, in general, it can be seen that these three 
samples shows the trend of increment for the two parameters, which is the fill factor and device 
performance as shown in Figure 6(c) and (d), respectively, while for the current density and voltage 
shows increment as well, in Figure 6(a) and (b), except for the sample at 1 h of immersion time due 
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to poor crystallinity and morphology as discussed earlier in XRD and SEM results, as shown in Figure 
1(a) and 2(a) respectively. In brief, poor morphology as shown in SEM images of Figure 2(a) and (b) 
are created defect of valley and pinhole, which highlighted in yellow and pink colour were 
contributed to the current leakage, moreover, both CBI films are less rough as shown in Figure 3(a), 
Table 1(b) and (c) at 6 h and 12 h of immersion times. Corresponding to that, poor charge extraction 
happened in the absorber layer of CBI-PeSCs attributed to the high charge recombination, thereby 
producing poor performance of CBI cells as shown in Figure 6(d) and inset Table 2(b) and (c) of Figure 
5. In the case of voltage value for three samples were low voltage value due to increasing of the 
saturation current, Jo, from Eq.  (1). However, the poor morphology is mainly caused to the 
mentioned problem. In addition, a low Ra value for 1 h and 6 h samples are also contributing to low 
absorption of light as shown in Figure 3(a), which is the reflection of light is high resulted in low 
absorbance intensity as discussed previously in UV section and it can be seen in Figure 4(a) and (b), 
compared to sample at 18 h and 24 h. It means the light does not absorb properly, instead the light 
being reflected or transmitted out of the cell. Thus, poor charge extraction occurred in the absorber 
layer of CBI, thereby producing a very poor of device performance as shown in Figure 6(d) for the 
sample at 1 h and 6 h. 
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Fig. 5. I-V performance of CBI-PeSCS device at different 
immersion times using HIM 
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charge recombination is decreased at the absorber active layer, thereby producing a better device 
performance of CBI cell as shown in Figure 6(d) and inset Table 2 of Figure 5. In addition, a compact 
morphology, less defect and pinhole-free as shown by sample at longer time of immersion (18 h and 
24 h) are also contributed to a high voltage value and fill factor as indicated in Figure 6(b) and (c), 
respectively. 
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Table 2. The performances of CBI-PeSC's at different immersion times

Immersion times (h) Current density, J, 
(mA/cm2) Voltage Fill factor 

(%) PCE (%)

(a) 1 h 0.030 0.008 0 0.00000
(b) 6 h 0.009 0.025 14.6 0.00003
(c) 12 h 0.045 0.059 20.7 0.00055
(d) 18 h 0.112 0.116 38.4 0.00494
(e) 24 h 0.012 0.333 35.6 0.00148

(i)
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In summary, at the longer of immersion time, a high crystallinity and compact film with a rough 
surface, smaller crystallite size and pinhole-free, a narrow optical bandgap and ideal film thickness, 
are identified as three factors that might influences the current density and voltage of CBI-PeSCs at 
18 h of immersion time. Eventually, the device performance still showing some improvement, 
whereby the recorded value of current density and voltage are still attainable by using hot immersion 
method. However, the obtained value of CBI-PeSCs device performance is still low at present. 
Therefore, optimum immersion time at 18 h is identified should be explored more with varying the 
time around 18 h, because it gives hint that the current density and voltage could be improved 
further. In addition, the challenge in this study such as large crystal structure of CBI (hexagonal shape) 
and the thickness of the film should be controlled by applying the anti-solvent in HIM approach in 
the future work. However, this study is not clarified yet and further investigation focusing on HIM 
with anti-solvent is necessary in the future. The higher efficiency of the state of the art of CBI based 
perovskite solar cells ever achieved by previous study is 3.20 % [28]. 

 

 
 

 

 

 
 

 
Fig. 6. Solar cell parameters at different immersion times (a) 1 h, (b) 6 h, (c) 12 h,  
(d) 18 h and (e) 24 h 

 
4. Conclusions 
 

We have successfully fabricated the CBI-PeSCs device and evaluated its performance by changing 
the immersion times using a simple hot immersion method (HIM), for the first time. The HIM showed 
that the performance of CBI-PeSCs, particularly the crystallinity, surface morphology, and the 
absorbance intensity of the CBI film can be enhanced by prolonging the hot immersion time. SEM 
results showed improved morphology with a compact, uniform, dense and pinhole-free, while 
smaller crystallite size and rougher film were obtained, as confirmed by the Dektak measurement, 
which was 22.61 nm and 42.33 x 102 nm for the crystallite size and roughness, respectively, while the 
XRD measurement indicated that the CBI film had a high crystallinity at 18 h of immersion times. UV-
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absorption showed that the absorbance intensity increased, and the band-edge absorption region 
was extended towards NIR wavelength region of 662 nm from 647 nm with a narrower optical 
bandgap, Eg at 1.67 eV. Eventually, the performance of the CBI-PeSCs device showed fifteen times 
increment from 0.008 V to 0.12 V for the open-circuit voltage, while the current density showed 
improvement as well, which was four times increment from 3 x 10-2 mA/cm2 to 0.11 mA/cm2, 
resulting in the efficiency of 0.00494% much improved from 0%. Hence, it can be summarized that 
by changing the immersion times through the hot immersion method, the device performance of CBI 
solar cells is still achievable, in which relying on the crystallinity, compact film crystallite size, surface 
roughness, high absorbance intensity and a narrower optical bandgap. Our study gives a new route 
to fabricating an CBI-PeSCs by HIM to further improve the CBI device performance. Finally, HIM offers 
a plenty of space to be explored in future to fabricating a Pb-free perovskite solar cells, such as 
applying the anti-solvent into immersion solution to controlling the crystal size of perovskite 
structure, study on the effects of volume of immersion solution and varying the thickness of CBI film. 
Besides, our findings might contribute a new idea to the field of Pb-free PeSCs development, 
particularly the development CBI based perovskite solar cells. 
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