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ABSTRACT

Although Pb-based perovskite solar cells already achieve power conversion efficiencies
(PCE) beyond 20 %, the use of toxic Pb is causing considerable environmental concern. As a
consequence, a variety of alternative cations have been investigated to replace Pb2+ in the
perovskite structure. Methylammonium bismuth iodide (MA3Bi2I9, MBI) has shown promising
results for environmentally benign and chemically stable devices. While the PCE of MBI-
based solar cells are still comparably low, structural improvements have been made by using
chemical vapor deposition (CVD). CVD allows for the well-controlled formation of coherent
and dense MBI layers in contrast to solution-processing. In this work, CVD as a possible MBI
fabrication method for efficient and size-scalable solar cells is discussed. The precursors MA
iodide (MAI) and Bi iodide (BiI3) are deposited in an alternating deposition process forming
the desired MBI perovskite on the heated substrate. Substrate temperatures as well as
deposition times of each precursor are varied with the aim of forming coherent and dense
MBI layers. Optimized films are further processed to solar cell prototypes and compared with
solution-processed reference devices. The results reveal that CVD possesses great potential to
enable the manufacture of MBI photovoltaic (PV) devices processed in a solvent-free
environment.

INTRODUCTION

Perovskite solar cells have become a prominent subject in photovoltaic (PV)
research because of a rapid development of PCE figures. Benchmark devices reach PCE
significantly >20 % [1]. For the widely used organo lead halide perovskites, solution-
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based (e.g. spin-coating) as well as vapor phase deposition have been demonstrated [2].
Recently, less toxic replacements for Pb and solvent-free processes have come into focus 
to overcome toxicity issues [3]. In this context, replacing Pb with less toxic Bi showed 
superior stability [4]. While lifetime improved strongly, PCE figures are still rather low, 
rarely exceeding the value of 1 % [5]. Solution-processing of MBI leads to films with 
poor substrate coverage, small crystal grains, deteriorated electronic properties and PV 
performance [6]. Efforts to optimize MBI solar cells are therefore mainly focused on 
their structural properties and film morphology. Deposition from the vapor phase has 
been demonstrated to form high-density layers with enhanced coverage [7]. These MBI-
based solar cells also demonstrated superior PCE (up to 1.64 %) compared to solution-
processed ones, thus proving the great potential of gas phase deposition techniques for 
MBI. In this work, we analyse the influence of substrate temperature and deposition 
times on CVD MBI in a setup which has already been successfully used for the 
deposition of MAPI (methylammonium lead iodide) [8]. As a reference, solution-
processed MBI layers are also fabricated. Solution-processed and CVD MBI layers are 
finally compared regarding their PV performance. 

EXPERIMENTAL DETAILS 

A custom-built CVD tool for perovskites is employed to deposit MBI, tailored 
to the different vapor pressure regimes [9, 10] of both precursors. Nitrogen is used as 
carrier gas, and the process chamber pressure is set to 10 hPa. BiI3 is placed in a crucible 
which allows for evaporation into a hot carrier gas stream, and the source is heated to 
250 °C. MAI is loaded into a powder evaporation source, held at 150 °C also in nitrogen 
carrier gas. During deposition, the source nitrogen flows are set to 500 sccm in each 
source. The substrate temperature can be controlled in the range of 10 to 80 °C. Due to 
the low Reynolds number of the process, a laminar flow regime is expected inside the 
deposition chamber, most likely resulting in only negligible intermixing of the individual 
mass flows on their way to the substrate [11]. Therefore, the two precursors are deposited 
in an alternating deposition scheme in which both species are deposited consecutively 
over defined periods (deposition cycles) with time lengths between 300 s and 9,000 s.
The total deposition time has been set to 5 h. In this study, both constituents are 
deposited with identical durations (e. g. a deposition cycle of 300 s of BiI3 followed by a
300 s cycle of MAI). While depositions of the single components BiI3 and MAI are 
carried out on bare FTO substrates, perovskite formation is optimized on TiO2-coated 
FTO. Pre-cut FTO substrates (2.5 cm x 2.5 cm) are cleaned in DMSO (170 °C), acetone 
(80 °C) and iso-propanol (80 °C) baths and rinsed with de-ionized water for 10 min. 
each. For TiO2 coating, a 15 nm Ti layer is thermally evaporated under high vacuum 
(p < 10-6 hPa). On top of this compact Ti layer, diluted titania paste (Sigma-Aldrich, 1 g
paste in 5 ml 2-methoxyethanol) is spin-coated at 2000 rpm in N2 atmosphere. The 
deposited layers are annealed at 130 °C for 5 min. and at 500 °C for 30 min in air. For 
the solution-processed MBI films, 235.9 mg BiI3 and 95.4 mg MAI are dissolved in 1 mL 
dimethylformamide (DMF) in nitrogen. Prior to spin-coating at 5000 rpm for 30 s, the 
solution is heated to 100 °C. The solution-processed MBI layers are then annealed at 
100 °C for 10 min. in a N2-filled glovebox. It should be mentioned that CVD MBI layers 
are transported to the N2 atmosphere after MBI deposition with short exposition to air.
Due to the superior air stability of MBI, only limited impact of this exposure is expected. 
For both types of MBI samples, as p-type doped HTM (hole transport material), 83.3 mg
Spiro-MeOTAD, 11.13 mg TBP (tert-butylpyridine) and 7.5 mg Li-TFSI (lithium-bis-
trifluoromethanesulfonyl-imide) are dissolved in 1 mL of a mixture of chlorobenzene and 
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acetonitrile (10:1 volume ratio) [12]. The solution is spin-coated on the perovskite at 
2000 rpm for 30 s and dried afterwards at room temperature for 30 min. For cathode 
deposition, 60 nm Au are evaporated via e-beam (p < 10-6 hPa). Active areas (0.19 cm2) 
are defined via a shadow mask during the cathode deposition. The morphology of the 
perovskite layers is characterized by scanning electron microscopy (SEM). IV curves of 
the solar cells are measured with a Keithley 2400 Sourcemeter under AM1.5 
illumination. Thicknesses are determined via SEM cross-section images. 

DISCUSSION 

Single Depositions of BiI3 and MAI

Prior to depositing MBI, single deposition experiments of MAI and BiI3 are 
conducted to calibrate the deposition rates of the individual precursors. MAI deposition 
on FTO at a substrate temperature of 15 °C leads to homogeneous layers. Deposition 
rates are determined to be approx. 300 nm/h. For the single deposition of BiI3 on FTO, 
the resulting deposition rate at a substrate temperature of 15 °C is about 60 nm/h, which 
can be attributed to its significantly lower vapor pressure (identical flows of 500 sccm).

Variation of substrate temperature 

MBI layers are deposited for 5 h at substrate temperatures of 15, 30, 50 and 
80 °C with deposition cycles of 3600 s (Fig. 1). The cyclic deposition process is starting 
with BiI3. MBI deposition rates are determined to be in the range of 40 nm/h, which is 
much lower than the average of the precursor deposition rates measured before.

Figure 1: SEM pictures of MBI films deposited at different substrate temperatures  
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The final thickness for all samples was ~200 nm with only small deviations 

between the samples. We expect MBI formation to be limited by BiI3, the less volatile 
constituent with the lower individual growth rate which is converted to MBI by the MAI 
partial pressure. Normalized to the BiI3 deposition cycles only, an MBI deposition rate of 
80 nm/h (BiI3: ~60 nm/h) can be extracted. At a low substrate temperature of 15°C, small 
particles (50-100 nm) can be observed in SEM images (Fig. 1) as well as larger dark 
spots corresponding to uncovered areas. The MBI structure is porous and the layer is not 
entirely closed. It might be the case that at low temperatures, excess MAI is neither re-
evaporated properly from the surface before the following BiI3 deposition cycle nor 
consumed for MBI formation. With increased substrate temperatures at 30 °C and 50 °C, 
crystal grains are growing more rapidly and the surface coverage is enhanced. While 
small particles still can be seen in the structure deposited at 30 °C, large crystals are 
grown at 50 °C. At the highest temperature (80 °C), largest grain size and uniformity of 
the film can be achieved, with crystals nearly reaching a diameter of 1 μm. In conclusion, 
higher substrate temperatures (80 °C) promote crystal growth and re-evaporation of 
MAI, which is beneficial for MBI stoichiometry. 

Variation of deposition cycles 

Different deposition cycles (Fig. 2) are chosen, using the optimized substrate 
temperature of 80 °C. The total deposition time has been set to 5 h for each sample and 
the layer thicknesses of the samples have been measured to be in the range of 200 nm. 

Figure 2: SEM pictures of MBI films at different deposition cycles. Bottom-right: Cross-section image of a complete 
solar cell showing the gaps of MBI at the titanium dioxide interface. 

As it can be clearly seen in the SEM images, coverage of MBI layers increases 
with longer deposition cycles whereas at shorter cycles, MBI nuclei tend to grow 
primarily in vertical direction. From literature, it is known that BiI3 preferably grows in 
vertical direction at higher temperatures [13]. As a consequence, during BiI3 deposition 
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cycles crystals are formed perpendicular to the surface. With longer deposition cycles of 
MAI, MBI crystals also grow in horizontal direction and close the gaps between the 
crystal grains. Cross-sectional images reveal that closed and conformal layers are not 
entirely achieved throughout the film thickness. Especially, at the interface to the TiO2
layer relatively large gaps remain (Fig. 2), consistent with the proposed preferentially 
vertical growth mechanism. Assuming a 3D-growth of the MBI nuclei, coalescence of 
the grains is only achieved above a certain time of MAI deposition and the crystals 
remain incoherent near the titania interface. These gaps between the MBI crystals result 
in a poor electrical contact between the mesoporous TiO2 structure and the active layer, 
which leads to cells with low current densities. This is discussed in the following section.

Fabrication of solar cells and comparison with solution processing 

To evaluate the solar cell performance of the CVD MBI layers, solar cells using 
solution-processed MBI are also fabricated. Solution processing of MBI leads to 
structures with significantly different morphology. The structure is composed of flat 
needle-shaped crystal grains which are oriented in parallel to the surface with limited 
contact between each other. Nonetheless, these solar cell show reliable performance with 
short-circuit currents comparable to those of devices reported in literature, but fill factors 
remain low. This might be attributed to the large gaps in the active layer, facilitating 
short-circuits between the HTM and the mesoporous TiO2 matrix. On the other hand, 
devices with CVD MBI exhibit rather low currents and generally higher fill factors. 
While the higher fill factors can be explained by the coalesced films preventing shunts 
between the HTM and TiO2, diverse structural defects may cause the low currents. First, 
the active layer is not entirely in contact with the TiO2, and electron transport between 
both layers is hampered. Second, it might be assumed that MBI does not penetrate the 
mesoporous titanium structure properly as it can be observed in solution-processed solar 
cells. Thus, the diffusion pathways of excitons are increased. Since the exciton binding 
energy is much higher in MBI, this has a more pronounced effect on the extracted current 
than it would have e. g. on MAPI devices [14]. For the CVD MBI, the highest open-
circuit voltage measured is 0.71 V (identical with solution-process MBI) and is achieved 
with 80 °C substrate temperature and a deposition cycle of 3600 s. The largest PCE is 
0.0471 %. This cell has been fabricated with lower deposition cycles of 1200 s. The best 
cells with solution-processed MBI have shown a remarkable PCE of 0.169 % which is 
significantly higher than those of the CVD cells (Fig. 3).

CONCLUSION 

The experiments conducted in this work show that CVD is a promising for 
MBI-based solar cells. However, PCE of the produced cells remain low which can be 
attributed to poor adhesion and interpenetration between the MBI and the titania 
electrode. Future work should include further optimization of the reaction engineering 
aiming at better coverage of MBI on the mesoporous TiO2 and a complete process 
without air exposure. In conclusion, cells fabricated with CVD MBI showed promising 
results such as relatively high open-circuit voltages and improved fill factors.   
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Figure 3: IV-Curves of solar cells with best FF, PCE and VOC fabricated by solution-processing and CVD 
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