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ABSTRACT 

Albeit the iconic lead-based perovskites solar cell has summited power 

conversion efficiency (PCE) of 23%. Lead toxicity remains a glitch for its 

commercialization. To replace the toxic lead, numerous alternatives have been 

introduced. Out of many, bismuth (Bi) was introduced as a stable alternative 

with isoelectronic properties to the conventional lead in perovskites (PVKs) 

framework. However, Bi-based PVKs also encountered several problems; for 

example, poor film morphology and crystallinity. The crystallization of Bi-

based PVKs is abrupt and does not form any intermediate solvated phases, 

leading toward isolated crystals formation instead of uniform pinholes-free 

films. Hence, it is challenging to fabricate compact thin films of Bi-based PVKs. 

Herein, we attempted to fabricate compact and pinholes-free Bi-based PVKs 

film by incorporating butyl ammonium chloride (BACl) into the precursor 

solution of the Bi-based PVKs. Preliminary results indicate that the doping of 

BACl not only caused the improvement in the film morphology but also 

improved the crystallinity of the film. We believe that these results could be 

helpful in the material development of the Bi-based PVKs and their utilization 

in optoelectronic devices. 
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INTRODUCTION  

Organometal halide perovskites are in demand because of their prodigious applications 

as ferroelectrics, piezoelectric, superconductors, photovoltaic, LED, LASER, etc. [1]. They are 

propitious ones for optoelectronic devices having high absorption coefficient, enhanced 

charged mobility, long charged diffusion length, and small exciton binding energy. In a very 

short period, lead-based perovskites PCE reaching 24.2% with low cost and low-temperature 

solution processibility made itself a strong contender against the mainstream state of art device 

silicon-based solar cells [2].  

Besides these peculiar advantages, PVKs encountered many serious pitfalls like they 

are highly unstable against humidity, heat, and UV light. Owing to a long-standing impression 

of lead-based organometal halide perovskites' efficiency, its toxicity due to the presence of lead 

inhibits its commercialization. A lot of work has been done to solve the problem of moisture 

ingress using proper encapsulation and combining it with lower-dimensional PVK [3, 4]. The 
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Down conversion technique is used to solve the problem of  UV light and thermal instability 

is resolved by using a 2D material at the top of the PVK layer [5, 6]. Instead of all the solutions 

regarding the pitfalls toxification of lead is not able to compensate as there is no safe threshold 

value of the damage caused by lead has been reported. High levels of health risks indulge the 

scientific community to dig out a possible solution to replace toxic lead with nontoxic or less 

toxic elements [7, 8]. In this regard, many materials have been put forward by the scientific 

community to find out the best replacement for lead. Mostly this replacement is from group 14 

and group 15 of periodic table elements. 

Prominently group 14 has mainly  Sn and Ge as potential candidates for replacement of 

the lead. Sn is prone to self-doping [9]. Ge has its problem of smaller band gaps that are not 

even in the range of the Shockley-Queisser limit necessary for working of the solar cell. 

Group 15 ultimate choice is Bi as it shares the same electronic configuration, 

comparable ionic radius, similar electronic configuration, and above all Bi is nontoxic and is 

used in many medicines [10, 11]. As far as toxicity and stability are concerned, Bi remained a 

probable choice as a lead alternative [12]. Attaining charge neutrality in typical PVKs ABX3 

structure is difficult as Bi has a different oxidation state than that of lead [13, 14]. To cope with 

it, mixed valency approach is used to balance the charges in the structure as the lattice of Bi-

based PVKs built up of distorted octahedra due to which they have structural diversity and can 

be easily categorized as zero, one, two, and three-dimensional structures [15]. [16-18]. Many 

groups inferred that for Bi-based PVKs poor film morphology is the greatest hitch in improving 

the device efficiency so that it comes at par with lead-based perovskite efficiency [19, 20].  

The high-quality film is a necessary aid to achieve high device performance and 

stability. Many approaches are being practiced to solve this glitch instantly. In this regard, films 

were made by using single-step and two-step spin-coating deposition techniques for compact 

film fabrication [16, 21]. Some groups reported solvent engineering approaches for better film 

morphology significant improvement in device performance has been reported by improving 

the film quality [19]. Though Bi-based, PVKs have superior stability factors in the open air, 

their poor device performance is very disheartening therefore extensive research is needed to 

resolve the issue of film quality by understanding what is lacking to assemble green and 

inexpensive solar cells. 

Better PV performance needed quality thin films with full coverage, improved 

crystallinity, and pinhole-free films. For instance, Bi-based PVKs crystalize in a very different 

manner than that conventional Pb-based PVKs. It crystallizes without forming any solvated 

phase and grows to form an uneven isolated crystal with greater pinholes and thin films [22, 

23]. Thus it's really difficult to fabricate compact pinhole-free thin films for Bi-based PVKs. 

 Bi has also been used as a dopant material in different materials for electrical 

conduction enhancement, photonic applications, etc.[24, 25]. For instance, we thought that 

doping may have fruitful effects on the morphology of Bi-based PVKs films. Here in this paper, 

we have doped Cs3Bi2I9 with Butyl ammonium chloride followed by one-step film synthesis 

which gives maximum coverage on ITO substrate. Doping of Butyl ammonium chloride 

resulted in better compact films having excellent film morphology with improved crystallinity. 

These better results could be helpful in compact film fabrication and may eventually provide 

efficient device fabrication.  

 

METHODOLOGY 

Cesium iodide (CsI), bismuth iodide (BiI3), butyl ammonium chloride (BACl), 

hydrochloric acid, dimethyl formamide (DMF), and indium tin oxide (ITO) glass substrates 
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were purchased from McKlin China. All of the purchased reagents were of analytical grade 

and used as received. 

Preparation of Cs3Bi2I9 solution: CsI and BiI3 were dissolved completely in DMF 

solution with 1.5 millimolar and 1 millimolar ratio respectively under constant stirring at 70 

℃ temperature for about two hours. Filtered out the saturated solution using an organic filter 

after the designated time.   

Preparation of doping solution: For doping CBI solution 0.1milli molar amount of 

butyl ammonium chloride was added to the above prepared Cs3Bi2I9 solution to ensure that 

dopant dissolved and chemical reaction occurred completely doped solution kept on stirring 

again for about six hours. After the designated time, filter out the solution using an organic 

filter. Now our doped solution is ready which is further used for characterization and film 

fabrication.    

Glass cleaning: To ensure the formation of better quality films substrate cleaning is 

very essential to make it free from any dust and other residues which may contaminate the film 

or the solution. ITO glass was sonicated (10 min) in de-ionized water, acetone and ethanol. 

Each time after sonication, the glass substrates were dipped in hot water (~ 90 ℃) and dried 

with nitrogen gas. The substrates were finally treated with UV-Ozone to remove all the organic 

species from the surface. 

   

Film Fabrication: One-step spin-coated thin film fabrication is now can be done using 

a cleaned ITO substrate. About 70 µl of the doped solution was dropped gently at the center of 

the glass substrate which is already spinning at 3500rpm and after one minute of rotation 

substrate is now removed quickly from the spin coater and placed on a hot plate on the already 

spinning glass substrate (3500 rpm) and allowed to rotate for 1 minute. Afterward, the substrate 

was quickly transferred to the hot plate and annealed at 120 C for 5 min while covered with a 

glass dish.    

Characterizations and techniques: Photoluminescence (PL) analysis performed using 

Andor SR-500i-B1 spectrograph FLS-920 and Steady/Transient fluorescence spectrometer 

from Edinburgh Instrument having incident radiation 535 nm. Optical absorption (OA) was 

done by 5000 UV–VIS-NIR spectrometer by Agilent Technologies. For film characterizations, 

scanning electron microscope (SEM) from Hitachi S4800 was used. X-ray diffraction (XRD) 

analysis was done by Empyrean Alpha-681 X-Ray Diffractometer from PANalytical. Contact 

angle measurement was done by CAM200 optical contact-angle meter (KSV Co.Ltd.). 

    

DISCUSSION AND ANALYSIS 

 

Figure 1a shows the optical absorption and PL spectra of the as-prepared pure CBI 

films. The characteristic absorption peak (which is associated commonly with the lower 

dimensional perovskites) is shown at about 650 nm. The corresponding PL spectra are also 

shown in the same figure. The PL peak and the absorption onset are almost at the same 

wavelengths, indicating a lower Stoke’s shift of the material. The PL peak is broader and shows 

a wider full-width half maxima, indicating less coverage of the substrate as well as poor 

crystallinity of the pure CBI film. Similarly, Fig. 1b shows the absorption and PL 

characteristics of the doped CBI film. In contrast to the pure CBI, the optical absorption peak 

of the doped CBI is of higher intensity, showing better coverage of the film. Likewise, the PL 

of the doped CBI is not only sharper but more intense than the pure CBI, showing better 

crystallinity and fewer defects sites than the doped CBI.   
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The improved coverage of the substrate is also vivid from the scanning electron images 

of the pure and doped CBI films. Figure 1c shows the SEM image of the pure CBI thin film, 

exhibiting dispersed sheets (parallel to the substrate) of hexagonal shape with poor coverage 

of the substrate. On the other side, Fig. 1d shows SEM image of the doped CBI, which has 

more surface coverage than the pure CBI films. Moreover, the doped CBI crystals are oriented 

perpendicular to the substrate, which is favorable for better charge transport in planar-type 

photovoltaic devices [26]. The improved coverage of the doped CBI can be attributed to the 

longer chain of organic cations in the structure, which usually crystallizes slowly as compared 

with the inorganic Cs-based perovskites [5]. 

 

 

 Figure 1: Optical and morphological characterization of the pure CBI and doped CBI: 

(a) absorption and PL spectra of the pure CBI. (b) Absorption and PL of the doped CBI. (c) 

SEM micrographs of the pure and (d) doped CBI thin films. (e) and (f) are the snapshots of the 

water contact angles respectively for the pure and doped CBI.  

 

Additionally, to observe the surface hydrophobicity of the pure and doped CBI, water 

contact angle tests were performed. The water contact angle can provide information about the 

resistance of a material to the water ingress i.e. greater the water contact angle, the greater will 
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be the hydrophobicity of the material and vice versa [27]. Since doped CBI exhibited better 

coverage; therefore, showed a greater contact angle (85°) than the pure one (66°), as shown in 

Figure 1e and 1d. Better surface coverage and greater hydrophobicity could not only improve 

the environmental stability of the material but also for minimizing the shunt resistances of the 

photovoltaic device.  

 

Figure 2 a) Xrd of pure and doped CBI films. b) Raman spectroscopy of pure and doped CBI 

films. 

          Figure 2a shows XRD spectra of pure CBI and doped CBI. Both the spectra showed a 

characteristic peak of hexagonal phase, i.e., Pmmc 63, which is following the previous results 

[28, 29]. With doping of Butyl ammonium chloride, the intensity of the XRD peaks increases.  

It gives more sharp peaks that are attributed to the good crystallinity of the doped CBI films. 

This increase in intensity is attributed to the greater film coverage, and better crystallinity as 

well as .pinhole-free compact films [23]. The XRD results are also in line with SEM results as 

well as with Raman spectra (discussed as follows). 

         Raman spectroscopy indicates the vibrational modes of pure CBI and doped CBI films in 

Figure 2b. Detailed analysis of Raman vibrational modes for CBI films has shown that [Bi2I9]
3- 

dominates the vibrational modes in the Raman spectra. So most dominant vibrations within the 

structure are due to this strongly bounded anion. Major stretching in pure CBI films is shown 

with Bi–I mode this stretching mode is further associated with six Iodide atoms three of which 

are terminal iodides and the rest of the three are bridging iodides that eventually connect two 

Bi atoms. Peak 146 cm–1  for pure CBI film is the symmetric stretch whereas the two anti-

symmetric stretches are shown at and two anti-symmetric stretches are shown at 127.2 cm–1 

and 119.8 cm–1 [30].   

        Bridging iodides have a lesser force constant than that of terminal iodide atoms as they 

need to share their bonding with the Bi atoms to join the two Bi atoms together. The stretching 

peak is a high energy peak as it is related to the terminal bonds, a major peak of 146 cm–1 is 

attributed to the Bi–I terminal bonds that are associated with its anti-symmetric bonds as shown 

in pure CBI film [31]. Moreover, it was also attributed from Raman peaks that the presence of 

strong intense peaks for [Bi2I9]
3- showing that still a lot of unreacted anions are still present in 

pure CBI film resulting in less coverage and rough film. Noticing the Raman peaks for doped 

CBI film showing very less intense peaks for the [Bi2I9]
3- anion depicting that minute amount 

of anion remained unreactive and resulted in a complete chemical reaction which becomes the 

reason for compact and almost pin-hole free film with maximum coverage.  
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CONCLUSION & RECOMMENDATIONS 

We have demonstrated one way to attain compact and almost pinhole-free CBI film by 

using the doping technique as many solvent techniques have been used to improve the quality 

of the film but still, poor device efficiency remained an unsolved issue because of the film 

quality. A comparison of pure CBI film and doped CBI film shows that organic doping has a 

strong impact on the quality of the film. Doping of Butyl ammonium chloride in CBI films has 

shown improved crystallinity, better coverage, and morphology which could be helpful in 

improved device efficiency. All the characterization results justify each other and are well 

attributed to better compact films for further utilization in optoelectronic devices. 
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