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Abstract 

We present a controlled, stepwise formation of methylammonium bismuth iodide 

(CH3NH3)3Bi2I9 perovskite films prepared via the vapour assisted solution process 

(VASP) by exposing BiI3 films to CH3NH3I (MAI) vapours for different reaction times, 

(CH3NH3)3Bi2I9 semiconductor films with tunable optoelectronic properties are 

obtained. Solar cells prepared on mesoporous TiO2 substrates yielded hysteresis-free 

efficiencies upto 3.17% with good reproducibility. The good performance is 

attributed mainly to the homogeneous surface coverage, improved stoichiometry, 

reduced metallic content in the bulk, and desired optoelectronic properties of the 

absorbing material. In addition, solar cells prepared using pure BiI3 films without MAI 

exposure achieved a power conversion efficiency of 0.34%. The non-encapsulated 

(CH3NH3)3Bi2I9 devices were found to be stable for as long as 60 days with only 0.1% 

drop in efficiency. This controlled formation of (CH3NH3)3Bi2I9 perovskite films 

highlights the benefit of the VASP technique to optimize material stoichiometry, 

morphology, solar cell performance, and long-term durability.  

Graphical abstract 

We have used vapour assisted solution process technique to prepare lead-free, non-
toxic bismuth-based perovskite solar cells using BiI3 and BiI3 on reaction with CH3NH3I 
vapours (MAI(v)) for different reaction times. By this stoichiometric tailoring and fine-
tuning bismuth-based perovskite have shown record breaking performance with 
3.17% hysteresis free efficiency (world record so far for CH3NH3BiI3 based perovskite 
solar cells) that retains for more than 60 days (>1440 hours) under continuous 1 sun 
(Am1.5G) illumination showing a breakthrough in the long-term stability. The figure 
represents BiI3 and multicolour absorber layers formed on reaction of BiI3 with MAI(v) 
for different reaction time and utilized in making solar devices. 
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Introduction 

Perovskite solar cells have shown remarkable improvement in power conversion 

efficiency (PCE) [1] and have reached >22% certified efficiency. Nevertheless, many 

challenges regarding the stability and toxicity of lead-based perovskite materials 

remain at the forefront of current research. The toxicity of lead, which is present in a 
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rather water-soluble form in perovskite solar cells, remains an environmental 

concern and for this reason there has been several attempts to make lead-free 

perovskite materials for solar cells. [2 -16] For instance, it has been shown that tin 

(Sn) based perovskite solar cells can achieve more than 6% efficiency. [16] However, 

they are generally unstable during the device operation due to the rapid oxidation of 

Sn2+ to Sn4+ state. [17 - 18] Antimony and bismuth-based perovskite like materials are 

increasingly studied as alternatives for toxic lead in perovskite materials due to their 

optoelectronic properties and stability for photovoltaic applications [13], [19-20]. 

Furthermore, there are reports of beneficial silver (Ag+ ions) doping in bismuth-based 

perovskite forming bismuth halide double perovskite [5], [21-24]. However, silver 

iodide is hygroscopic in nature and has poor photostability hindering the stability of 

these cells. The bismuth based zero-dimensional perovskite shows relatively high 

band gap (Eg) of 1.8 eV [5], [21 - 24] which makes it a suitable candidate for 

application in tandem solar cells. Recently, bismuth-triiodide (BiI3) and (CH3NH3)3Bi2I9 

has been used in solar cells as photoactive materials [25-29] with the highest 

reported efficiency of 1 % and 1.6% respectively. [28-29] However, there are very 

few attempts to make pure bismuth triiodide based solar cells and also a lack in 

systematic investigation on morphological tailoring, a viable route to fully utilize the 

potential of this material is to fine tune the desired composition and properties for 

(CH3NH3)3Bi2I9 material without any doping. 

In this direction, we report a vapour assisted solution process (VASP) two-step 

method to prepare methylammonium bismuth iodide perovskite samples at different 
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reaction times.  Although, VASP method was used for the preparation of lead-based 

perovskites, [30-31] to date, it has not been exploited to fine-tune the composition 

of lead-free perovskite materials. In previous work, we studied the formation of 

CH3NH3PbI3 (MAPbI3) by VASP, which proved to be beneficial for the formation of a 

highly uniform and compact film. [30] Spin coated and annealed BiI3 films react with 

methylammonium iodide (MAI) vapours in a similar way as PbI2 films do [30], [31] 

resulting in the formation of (CH3NH3)3Bi2I9 perovskite-like materials. In this process, 

the primary variable determining the formation of a high-quality film was the 

reaction time between films of BiI3 and methylamine as well as hydrogen iodide gas. 

Reaction time plays a crucial role in yielding a highly crystalline film with low defect 

concentration. Suppressing the metallic constituents in solution-processed films is 

beneficial in order to reduce the hole carrier concentration in the films. [32] The 

VASP process is therefore particularly suitable for light absorbing materials that are 

sensitive to reduction and synthesis conditions.  

We have employed several characterization techniques to probe the optoelectronic 

properties, surface morphology and chemical constitutes of BiI3 films and films 

prepared upon interaction of BiI3 with MAI vapours for different reaction times.  

The record power conversion efficiency of 3.17% was obtained for the solar cells 

made from BiI3 + MAI(vapours) with a reaction time of 25 minutes. The champion cells 

showed high current density of 4.0 mA/cm2 and an impressive Voc of 1.01 V 

approaching that of traditional lead-based perovskite solar cells. This work 
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demonstrates the efficacy of the VASP process in producing highly compact, low 

metal defects, good quality films and solar cells. 

 

Results and Discussion 

The reaction of MAI with BiI3 was monitored as a function of reaction time using 

XRD, scanning electron microscopy (SEM), UV-visible spectroscopy, 

photoluminescence, resonance Raman and X-ray photoelectron spectroscopy. 
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Figure 1. (a) XRD patterns and (b) Top-view SEM images of BiI3 films before and after 
annealing and on interaction with MAI vapours for different reaction time. The 
inserts show magnified views. In the XRD patterns,     symbol represents the 
(CH3NH3)3Bi2I9 and     represents the BiI3 crystalline phase  
 
X-ray diffraction and SEM were used to monitor crystallinity and surface morphology. 

Before annealing the spin coated BiI3 films are mostly amorphous in nature and are 
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non-uniform with some grains appearing. After annealing at 100oC, these films 

become more crystalline, evident from XRD (Fig. 1a). 

The XRD patterns show a pure hexagonal BiI3 phase, which is well matched with the 

reported diffraction data for BiI3. [15], [33] The increase in intensity of the (003) and 

(006) orientation from pre-annealed to post annealed samples of BiI3 films indicates 

increased crystallization and grain size (Figure 1(a)). On exposure to MAI vapor, 

which consists of methylamine and hydrogen iodide, there is a colour change from 

brown/black to red, indicating the conversion to (CH3NH3)3Bi2I9, this is consistent 

with the appearance of new peaks in the XRD that can be assigned to (CH3NH3)3Bi2I9,  

which is a perovskite-like material. Based on this we propose the following chemical 

reaction occurring between BiI3 and MAI. In the first step at high temperatures, solid 

MAI (CH3NH3I) dissociates into CH3NH2 and HI gas phase molecules, which 

subsequently react with BiI3 to form (CH3NH3)3Bi2I9. 

                                       CH3NH3I(s)    →   CH3NH2(g) + HI(g) 

                         2BiI3(s) + 3CH3NH2(g) + 3HI(g) → (CH3NH3)3Bi2I9 (s) 

Throughout the experiment, we did not observe any peaks that can be assigned to 

MAI crystals (main reflections at 9o, 19o and 29o. [34-35] This confirms consumption 

of CH3NH3I as a result of perovskite phase formation. Scanning electron microscopy 

(Figure 1 (b)) shows that spin coated BiI3 films are inhomogeneous before annealing, 

after annealing at 100OC for 30 minutes, the deposited BiI3 crystallizes into a 

mesoporous film of elongated grains and becomes more homogenous This change is 

accompanied by an increase in optical absorption (as shown in Figure 3). Annealed 
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BiI3 films were selected for making pure BiI3 based photovoltaic devices and for 

further reaction with MAI vapours. 

The introduction of MAI vapours significantly affected the surface morphology of the 

films. On increasing reaction time with MAI vapours Figure 1 (b) shows formation of 

larger sized grains on surface that are continuous throughout the film. Upon longer 

exposure times, especially the 25 and 45-minutes reaction samples, significantly 

larger crystal grains formed. This is plausible since the longer exposure to high 

concentration of MAI vapours at the temperature of 150oC is favourable for the 

formation of larger crystals [30]. Unlike the previously reported (CH3NH3I)3Bi2I9 films 

prepared via one-step solution technique [11] which give inhomogeneous films, our 

films shows improved homogeneity. This is because the two-step processing involves 

the formation of BiI3 grains in first step, which can act as nucleation centres with 

vapours of CH3NH2 and HI, resulting in a more homogeneous surface coverage of 

(CH3NH3)3Bi2I9 with rather large grain size as seen from Figure 1(b) SEM surface 

morphology images. To probe the crystalline as well amorphous bismuth perovskite 

like phases, we performed resonance Raman spectroscopy on the same samples. The 

hexagonal phase of BiI3 belongs to the trigonal crystal system with a hexagonal 

lattice with space group R-3 (C2 3i in Schoenflies notation) [36] with 4Eg and 4Ag 

modes are Raman active, and 3Eu and 3Au modes are IR active [37]. The Raman 

spectra show strong increase in Raman intensity of BiI3 after annealing in good 

agreement with the increased crystallinity seen from XRD, Figure 1. The Stokes lines 

are after annealing seen at 71, 108, 159, 230, and 322 cm-1 (Figure 2 a) were the 71 
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and 108 cm-1 lines can be assigned to the Eg and Ag modes, respectively. [34] The 

slight downshift of the Eg band found here is indicative of large bending type modes 

in comparison to a pure stretching mode. The band at 159 cm-1 has previously been 

suggested to originate in a second-order Raman band [38], but as the intensity is 

quite high and that the original band is not enhanced, this assignment is uncertain. 

The additional high order band seen here (230 cm-1) is consistent with a high 

crystallinity as seen in XRD and can tentatively be ascribed to combinatorial 

vibrations (e.g. 71 cm-1 + 159 cm-1 = 230 cm-1) while the band at 322 cm-1 is more 

uncertain. It can either be from the LO-TO split or as it is quite weak, also a higher 

order band with three components. The Raman spectra from the reaction with MAI 

(figure 2b) show a gradual disappearance of the Raman signal in the low 

wavenumber region and a vibration feature at around 1550 cm-1 for intermediate 

reaction time (15-20 minutes). The loss of Raman activity reveals a successive 

transformation into a Raman inactive phase, consistent with a transformation to a 

cubic perovskite phase [39]. 

 

Figure 2. Raman spectra of (a) BiI3 before and after annealing, and (b) BiI3 and MAI 
after different reaction times. 
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Figure 3. Optical properties of BiI3 film before and after annealing and on reaction 
with MAI (CH3NH3I) vapours on different reaction time (a) UV-visible spectra of BiI3 
before and after annealing and (b) BiI3 on interaction with MAI (CH3NH3I) vapours on 
different reaction time. (c) UV-visible reflection measurements, (d) 
Photoluminescence spectrum.  
 

Ultraviolet-visible (UV-Vis) and photoluminescence (PL) spectra are shown in Figure 

3. After annealing the BiI3 film there is a increased absorption in the visible range and 

a red-shift of the onset from about 570 to 675 nm (Figure 3(a)), corresponding to a 

change in respective bandgap from 2.2 eV to 1.8 eV. The bandgap of BiI3 single 
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crystals has been reported to be 1.67 eV,[40] similar to the 1.8 eV we observed here. 

Upon interaction of BiI3 with MAI vapours for different reaction times, the strong 

pronounced absorption peak appears around 495 - 516 nm, which is commonly 

attributed as exciton peak in semiconducting materials (Figure 3 (b)). The peak 

appears at ~500 nm (maximum intensity) with a shoulder at 625 nm characteristic of 

two bands involved in the electronic transition. This shoulder at 625 nm decreases 

with increasing reaction time with MAI vapours. The strong binding energy of the 

exciton (≈ 400 - 450 meV) may cause poor charge dissociation causing low 

photocurrent generation. This is a direct result of the interlayer crystal chemistry of 

(CH3NH3I)3Bi2I9. The large dielectric mismatch between the large organic cation (MA) 

and isolated Bi2I9 - octahedron is expected to contribute a significant role in excitons 

dissociation and charge carrier transport. [41] Figure 3 (c) shows the reflectance data 

measured for the BiI3 and MAI treated VASP films. The absorption onset of the BiI3 

film was monitored at around 700 nm. The absorption onset of the BiI3 + MAI vapour 

films are modified with reaction time [33]. Significantly lower absorption is found for 

the 5 minutes reaction time films indicating a quick transformation of BiI3 films to 

(CH3NH3)3Bi2I9) composite. As the BiI3 reaction time with MAI vapours increased the 

absorption shifted to shorter absorption wavelength range (figure 3(c)). In addition, 

the formation of (CH3NH3I)3Bi2I9 composite leads to changes in grains size 

distribution, causing more light scattering, which can explain the high reflectivity in 

the near-IR region. 
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To further delineate the optical properties of the (CH3NH3I)3Bi2I9 films, 

photoluminescence (PL) measurements were performed. Figure 3 (d) shows the PL 

spectra of the BiI3 films before and after annealing, and with different reaction time 

with MAI vapours. The measured PL signal for the pre-annealed (spin coated) BiI3 

film is relatively intense broad peak at ≈625 nm (1.98 eV). After annealing the PL is 

redshifted to a maximum at 690 nm (1.8 eV) with a broad band showing a shoulder 

at 775 nm. On reaction with MAI vapours at the different reaction times, the films 

show photoluminescence emission with peaks in the 580-600 nm range as shown in 

Figure 3(b). 

 

 
 
Figure 4. Overview spectra of a precursor material BiI3 (annealed) and quasi 
perovskite (CH3NH3I)3Bi2I9. The spectra are normalized to I 3d5/2 peak, shifted for 
visualization, and measured with a photon energy of 4000 eV. 
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Figure 4 shows the photoelectron spectroscopy overview spectra of different 

(CH3NH3I)3Bi2I9 films on a TiO2 substrate along with the annealed BiI3 film. A photon 

energy of 4000 eV is used, which is higher than that from traditional in-house Al Kα 

source (1487 eV) and thus characteristic of a more bulk sensitive characterization of 

the sample. At 4000 eV, a probing depth (3 × inelastic mean free path) slightly below 

20 nm is expected for the core levels reported here. All samples show the distinct 

core peaks from the deposited materials (i.e. Bi, I, C and N), and no peaks from the 

substrate (i.e. Ti), which indicates that precursors and the (CH3NH3I)3Bi2I9 films were 

deposited thoroughly covering the mesoporous scaffold Titania surface. 

The transition from the two precursors to the desired material can be monitored 

using core level signals. An approximate estimation of the material stoichiometries 

can be made using the relative intensities of the experimental core levels and taken 

differential photoionization cross-sections into account. [42] The stoichiometry 

estimation for I/Bi is listed in Table 1, with values reasonably close to the expected 

value of 4.5. This stoichiometry points to marginal Iodine deficiencies within the 

crystal, a common bulk defect found in many organometallic halides [53] 

Table 1. HAXPES stoichiometry data for the measured samples. 
 

Sample   BiI3 BiI3 + MAI(v) 

5 min. 

BiI3 + MAI(v) 

15 min. 

BiI3 + MAI(v) 

25 min. 

BiI3 + MAI(v) 

45 min. 

I 4d/Bi 5d 3.03 4.31 4.30 

 

4.50 4.28 

I 3d/N 1s - 2.94 2.95 

 

2.82 2.46 
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The iodine-to-nitrogen ratio is also listed, and the values also commensurate with the 

expected value of 3. The conversion of BiI3 and MAI vapours into (CH3NH3)3Bi2I9 in 

the VASP process occurs within five minutes with minor variations untill we reach for 

45 minutes, where a slight deviation from the desired stoichiometry begins. As 

discussed later, a reaction time of 45 minute decreases the photovoltaic efficiency as 

well as the onset for degradation of the material itself. The molar ratios of I : Bi 

atoms were calculated from the EDX results (Figure S2) for the BiI3 annealed sample 

and for BiI3 + MAI vapours at different reaction time of 5 min., 25 min. and 45 min., 

being ≈ 3.1, 4.1 and 4.3 respectively. These values are a close match with the HAXPES 

stoichiometric data obtained in Table 1, and discussed above. 
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Figure 5 (a) Core-level peak for Bi 4f and (b) I 3d. The inset of the Bi 4f signal shows 
the metallic portion to the spectra, decreasing with increasing reaction time with 
MAI, a validation of increased crystallization.  
 
The experimental Bi 4f and I 3d signals are presented in Figure 5. The main 

contribution of the main line peak is around 159 eV, indicative of Bi in the Bi3+ 

oxidation state [11]. The Bi 4f binding energy positions for the BiI3 as well the 

different reaction timed samples are separated by 350 meV. The shoulder peaks at 

lower binding energy (~157 eV) is metallic Bi0, which is expected due to the likely 

decomposition organic metal halides and BiI3. [43] A discernible trend is observed as 

we go from sample BiI3 + MAI(v) 5min. to BiI3 + MAI(v) 45 minute (an increase of 

reaction times with MAI, inset), is a decrease in the metallic Bi0 component. This 

leads to a better control in film quality and a lower possibility of iodine vacancies in 

the crystal lattice. The improved stoichiometry and overall film quality is seen 

through sharpening and increased intensity of diffraction peaks (Figure 1(a)). In 

addition, deconvolution of the Bi 4f spectra indicate that the metallic content 
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decreases from 20% for 5 minutes to about 2% for 45 minutes, demonstrating the 

effectiveness of longer vapour exposure times in reducing metallic bismuth in the 

bulk. In comparison with the conventional one-step or two-step process, the metallic 

content is still persisting in the material during this synthesis process [44]. The 

asymmetric spectral shape for the 25 min. samples is likely the result of an additional 

phase/oxidation state or due to the decomposition of the precursor material present 

in the sample. This can likely be the result of air exposure or different coordination 

around the bismuth metal, compensating for the bismuth voids and vacancies in the 

crystal matrix. Nevertheless, this sample is still follows the trend in decreased 

metallic content with increased reaction times. This suggests that thicker films 

reduce metallic bismuth with improved crystallinity. As HAXPES is surface sensitive 

technique therefore we do not ignore the presence of BiI3 in the bulk of the 

composite films formed by BiI3 + MAI(v). The presence of metallic bismuth is likely to 

have negative consequences on performance by providing nonradiative decay 

centres in the bulk. Our present results indicate that this coordination of the bismuth 

atom is still beneficial to device properties, as discussed in the next sections. We also 

note that the sample does degrade with exposed radiation with increased 

concentration of metallic bismuth (Supporting Information, Graph S1), and only 

spectra without such effects are collected and subsequently averaged. The Iodine 3d 

core level peaks are all around a binding energy of 619.3 eV. The spin−orbit split is 

11.5 eV in I 3d3/2 level for all samples, indicating the anion iodine in each of the 

samples are in a very similar electronic environment. The separation in core-level 
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peaks between I 3d and Bi 4f for all five samples are approximately 460.20 eV, 

showing that all samples are in the exact same oxidation states, and aided with 

composition calculation stated earlier, establishes the same structure and 

stoichiometry regardless of reaction times. 

It is known that bismuth-based compounds experience the same benefit as MAPbI3 

through the large relativistic effect of the heavy cation, which act to stabilize the 

oxidation state [45] and increase the bandwidth of the conduction band by a 

significant lowering of the CB minimum. [46] The partial Density of state (DOS) plots 

from previous calculations for similar Cs3Bi2I9 show that the excitation across the gap 

for all phases mainly occur from occupied I p states with a small contribution of Bi s 

states into empty Bi p + I p states. [47]  

 

 

Figure 6. Valence band spectrum for all samples and the annealed BiI3 film and BiI3 + 
MAI(v) for different reaction time. The valence band edge is in same position and the 
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spectral shape to the precursor, indicating counter cation has limited contribution to 
the valence states. 
 
We expect that even for a slightly larger cation size such as the methylammonium, 

the character of the optical transition is expected to be the same. [48] The 

experimental valence band spectra are shown in Figure 6. The dashed red line (see 

inset) indicates where the linearly extrapolated experimental spectra intersect with 

the baseline, an estimated measure of the valence band edge position. The VB offset 

are approximately the same for the entire set, except for reaction time of 5 min., 

which has a substantially higher metallic bismuth concentration. The extrapolated 

experimental spectra intersect for nearly all the samples are mostly in line with BiI3, 

indicating the corner-sharing counter cation CH3NH3 seems not relevant to the 

density of states in the valence band edge. The main spectral features are the 

hybridized states around ~3 eV and ~ 5 eV. This region is composed of I 5p and Bi 6p 

and lone pair 6s2 anti-bonding states. [48] Although the samples were on a 

nanoporous TiO2 substrate film, we see very little contribution from the substrate. 

Generally, the carbon and nitrogen in the organic cation is expected to contribute 

with some density of states at around 8 and 13 eV, as it for MAPbI3. [44] The lack of 

such signal comes from a low photoionization cross sections of light elements at high 

photon energies (hν = 4000 eV). The XRD, UV-visible, SEM surface morphology and 

HEXPES results above show that the introduction of MAI vapours on BiI3 films 

significantly improves the crystallization and surface coverage optimizing the quality 

of the film formed. This stepwise formation of Bismuth-MAI composites effectively 
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leading to enhanced surface morphology that is usually associated with effective 

charge transport. To study the effect of these crystalline and morphological 

properties on the solar cell device performance we have prepared devices with BiI3 

films and BiI3 films subjected to different reaction times with MAI vapours.  

 

 
 
Figure 7. (a) JV characteristics, (b) IPCE, (c) Statistics of PCE of 15 best performing 
solar cell devices and (d) Stability of non-encapsulated BiI3 solar cells and devices 
made from selected BiI3 + MAI(v) reaction time of 5, 25 and 45 min. respectively  
 

Table 2. Photovoltaic performance at 1000 Wm-2 (AM1.5G) of BiI3 and BiI3 + MAI(v) 
(MBI) devices mesoporous devices prepared with different VASP reaction times. All 
measurements were done at constant scan speed of 10 mVs-1 
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Devices with 

different 

reaction time 

Jsc 

(mA/cm
2
) 

Voc 

(V) 

FF 

Fill Factor 

Area 

(cm
-2

) 

Efficiency 

(%) 

BiI3   

0 min. 

2.71 0.28 0.45 0.126 0.34 

BiI3+MAI(v) 

5 min. 

2.47 0.47 0.41 0.126 0.50 

BiI3+MAI(v) 

25 min. 

4.02 1.01 0.78 0.126 3.17 

BiI3+MAI(v) 

45 min. 

3.48 0.84 0.64 0.126 1.87 

 

 

 

 

 

 

Solar cell devices were made using BiI3 and BiI3 + MAI(v) films with different reaction 

time on FTO substrates with a compact TiO2 and an additional layer of mesoporous 

TiO2 prepared by spray pyrolysis and spin coating respectively. P3HT (Poly(3-

hexylthiophene-2,5-diyl) is used as the p-type contact for the solar cells. The 

thickness of the active layer (TiO2 + perovskite) is 650 - 700 nm (Figure S7). Solar cells 

prepared using annealed BiI3 films show a power conversion efficiency of 0.34 % with 

Jsc = 2.71 mA/cm2, Voc = 0.28 and FF = 0.45. However, this is still low PCE compared 

to (BiI3 + MAI) films prepared after different reaction time. The limited efficiency 

performance of BiI3 based devices is attributed to the relatively low open circuit 

voltage of 0.25 V that arises from the mismatch of the valence band maxima of BiI3 

and the hole transport layer (P3HT) used.  

Figure 7(a),(b) shows the current-density-voltage (J-V) characteristics of an 

(CH3NH3)3Bi2I9 solar cell devices measured in illumination using 100 mWcm-2 AM 

1.5G.  
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For all solar cells, the short circuit current (Jsc) values obtained from JV 

characteristics spectrum are well match with the integrated photocurrent density 

values obtained from IPCE spectrum (Figure S8). 

The solar cells prepared by 25 minutes of reaction of BiI3 with MAI vapours yields 

record power conversion efficiency of 3.17%, Which is the highest reported PCE to 

date with a highest current density (Jsc) of 4.02 mA/cm2, record open circuit voltage 

(Voc) of 1.01 V and impressive fill factor (FF) of 0.78. All devices shows hysteresis-

free behaviour as shown in supporting information Figure S3 and Table S1. At 

maximum power point tracking for 10 minutes all solar cells show stable power 

output. (Figure S6) The histogram of photovoltaic performance for best performing 

15 solar cell devices for each batch are presented in supporting information, Figure 

S4. Consistent with the optical absorption of the BiI3 and BiI3 + MAI(v) films prepared 

at different reaction time shows well match with the external quantum efficiency 

(EQE). The EQE spectrum of devices prepared with BiI3 shows absorption in visible 

spectrum around 650 nm, which is close match with optical band gap (1.9 eV) of 

single crystalline BiI3 [40]. The open circuit voltage (Voc) shows a steady increase 

from 0.28 V to 0.91 V upon increasing reaction time from 5 min. to 25 min. The 

current is rather low 2.47 mA/cm2 for 5 min. reaction time and is progressively 

increased for longer exposure times, upto 2.99 mA/cm2. A low fill factor of 0.41 is 

observed for BiI3 + MAI(v) 5 min. reaction time is therefore negatively affects the 

solar cell performance. With increasing reaction time, the fill factor improves to as 

high as 0.78 for solar cells prepared with 25 minutes reaction time. The best 
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performing device with a PCE of 3.17%, is the record reported efficiency for MABiI3 

based perovskite materials to date with record open circuit voltage of 1.01 V 

(FF=0.78), after longer reaction time (45 min.) the short circuit current, Voc and FF is 

decreased to 3.48 mA cm-2 ,0.84 V and 0.64 respectively, limiting the PCE to 1.87%. 

This decrease in performance at increased reaction time from 25 min. to 45 min. may 

indicate the degradation of active layer due to the long exposure to high 

temperature.  Table 2 summarizes the photovoltaic performance of the BiI3 and MBI 

devices. The trend in PCE was from 0.34 % for BiI3 and 0.50% 3.17% and 1.8 % for 

devices prepared with reaction times of 5 min., 25 min. and 45 min. respectively. 

This improvement in PCE with reaction time is attributed to the improved 

homogeneity, which results in improved interface between the HTM and ETM and 

making charge extraction more efficient and kinetically favourable. Figure S9 (a) - (d) 

and Table S2 show light intensity dependent Jsc and Voc characteristics of BiI3 solar 

cells and solar cells made using BiI3 and BiI3 + MAI(v) with reaction times of 5 min., 25 

min. and 45 min. All the solar cells show reduction in Jsc and Voc with decreasing 

light intensity.  The champion solar cells made from BiI3 + MAI(v) with reaction time 

of 25 min. shows highest Jsc and Voc resulting into the high PCE as compare to the 

BiI3 solar cells and solar cells prepared at 5 min. and 45 min. reaction time.  One can 

observe a large difference in the voltage for the dark curve in comparison to voltage 

under recombination. The precise origin of this is unclear but can be related to the 

larger halide ion migration expected under illumination and thus passivation of back- 
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and front contact recombination as well as possible trap state healing in bulk under 

operation. 

Long term stability [49-51] and toxicity [51-52] are critical issues for lead-based 

perovskite devices. Bismuth is not only a non-toxic element but also possess a better 

chemical stability in (CH3NH3I)3Bi2I9 than that of the Pb-based perovskite. The non-

encapsulated devices were tested for 60 days. All devices show very small decrease 

in PCE of 0.1 % after 60 days of time and much improved stability compared to lead-

based perovskite. Long-term stability and its evolution in time are shown in Figure 7 

(d). In addition, the champion devices were exposed to continuous illumination at 1 

sun (AM 1.5G) and simultaneous efficiency measurements for 400 hours (Figure S5) 

and show negligible drop in efficiency. This improved stability can be attributed to 

the layered nature of the material as was shown with lead halides perovskites 

recently. [53] The best performing solar cells (PCE = 3.17%) prepared at 25 min. 

reaction time shown very good stability with very negligible drop to 3.07% in PCE 

after 60 days.  

 

Conclusion 

We have demonstrated that BiI3 thin films can be converted into (CH3NH3)3Bi2I9 

perovskite by means of exposure to MAI vapour. The resulting material was used to 

obtain good performing solar cells. The conversion of BiI3 mesoporous films to 

(CH3NH3)3Bi2I9 perovskite is monitored using the controlled vapor-assisted solution 

process (VASP) was investigated in detail, using films of BiI3 and (CH3NH3)3Bi2I9 on 
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mesoporous TiO2. The strong exciton absorption and improved crystallinity and 

homogeneous surface coverage was monitored by XRD and surface morphology SEM 

images respectively. The stoichiometric elemental analysis using HAXPES shows 

formation of (CH3NH3)3Bi2I9  phase during the entirety of the timed-growth synthesis. 

Furthermore, HAXPES shows the presence of (metallic) Bi0. The metal content is 

substantially reduced after longer vapour-assisted growth (25 and 45 minutes BiI3 + 

MAI vapours, mitigating metal defect sites and improving semiconducting properties 

that resulted in improved photovoltaic efficiency. The variation in the electronic 

structure in the series is only related to Fermi level of the samples, affecting charge-

transfer of photo-excited carriers that are favourable in a mesoporous TiO2 scaffold. 

Solar cells made from BiI3 and (CH3NH3)3Bi2I9 (different reaction time between 

precursor BiI3 + MAI vapours) sample showed improved performance with efficiency 

of 0.34% for mesoporous Bismuth triiodide and because of improvement in 

crystallinity and surface morphology on reaction of BiI3 with MAI vapours record 

highest efficiencies of 3.17% to 1.87% obtained for devices prepared at relatively 

long VASP. This phenomenon was mainly attributed to two reasons: (a) Enhanced 

crystallization and improved surface coverage, which ultimately avoids short circuit, 

recombination loss caused between perovskite layer and P3HT. (b) Reduction in 

metal defect sites as observed from high resolution x-ray photoelectron (HAXPES) 

spectroscopy leads to improved semiconducting behaviour. The findings of this work, 

specially the reduction of metallic defects as observed from high resolution X-ray 

photoelectron spectroscopy by using the two-step vapour assisted solution process 
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methodologies applied is promising to extend the improvement in the performance 

and stability of other lead free (e.g. antimony and tin) based perovskite solar cells by 

facile fabrication means.  
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Highlights 

 For the first time a two-step vapour assisted solution process (VASP) technique was used to 

systematically react films of BiI3 with MAI vapours to form perovskite at different reaction 

time.  

 Detailed investigation/characterization for the stepwise formation of (CH3NH3)3Bi2I9 from the 

precursors demonstrated a reduction of trap states in the material.  

 The effect of metallic content on performance of solar cells as well the formation 

mechanism of (CH3NH3)3Bi2I9 was revealed.  

 World record hysteresis-free, power conversion efficiency of 3.17% obtained for 

(CH3NH3)3Bi2I9 solar cells.  

 The devices shown breakthrough in long-term stability, proving stable performance for more 

than 1,440 hours on continuous 1 sun illumination. 

  

 


