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Chemical Vapor Deposition of 
organic-Inorganic Bismuth-Based 
perovskite Films for solar Cell 
Application
s. sanders1, D. stümmler1, p. Pfeiffer1, N. Ackermann1, G. simkus1,2, M. Heuken1,2, 
p. K. Baumann3, A. Vescan1 & H. Kalisch1

perovskite solar cells have shown a rapid increase of performance and overcome the threshold of 
20% power conversion efficiency (PCE). The main issues hampering commercialization are the lack of 
deposition methods for large areas, missing long-term device stability and the toxicity of the commonly 
used Pb-based compounds. In this work, we present a novel chemical vapor deposition (CVD) process for 
Pb-free air-stable methylammonium bismuth iodide (MBI) layers, which enables large-area production 
employing close-coupled showerhead technology. We demonstrate the influence of precursor rates on 
the layer morphology as well as on the optical and crystallographic properties. The impact of substrate 
temperature and layer thickness on the morphology of MBI crystallites is discussed. We obtain smooth 
layers with lateral crystallite sizes up to 500 nm. Moreover, the application of CVD-processed MBI layers 
in non-inverted perovskite solar cells is presented.

Organic-inorganic halide perovskites offer a unique combination of properties including long carrier lifetimes1,2 
and high absorption coefficients1,3, rendering these materials promising candidates for solar cell application. 
Recently, Pb-based perovskite solar cells have overcome the threshold of 20% power conversion efficiency (PCE) 
for single-junction devices4–9. Perovskite-silicon tandem solar cells were demonstrated with a PCE up to 27.3%10. 
The main issues hampering commercialization of this technology are the toxicity of Pb, a lack of deposition 
methods for large areas and limited long-term cell stability. To avoid the toxic and heavily regulated Pb, alterna-
tive perovskite materials based on Sn or Bi cations were investigated11–15. While Sn-based perovskites suffer from 
oxidation of Sn2+ to Sn4+, leading to an instant degradation of photovoltaic (PV) performance16–18, Bi-based per-
ovskites exhibit superior air stability19. Exposing these layers to ambient air induces the formation of a thin Bi2O3 
or BiOI film on the surface which protects the bulk19.

Spin-coating is the most common deposition method for perovskites. However, processing from liquid phase 
suffers from low reproducibility, limited substrate sizes, and in the case of methylammonium bismuth iodide 
(MBI), also poor coverage20–22. In contrast, chemical vapor deposition (CVD) offers improved process control, 
higher reproducibility and no fundamental limitations of substrate size. Thus, pure gas phase processes as well 
as combinations of solution and gas phase processes were investigated, leading to more efficient perovskite solar 
cells compared to those fully processed from solution13,14,19. Hoye et al. demonstrated a vapor-assisted conversion 
of spin-coated BiI3 to MBI by exposure to methylammonium iodide (MAI) in a saturated atmosphere. Those 
films exhibit improved lifetime of photo-excited species and higher crystallinity compared to solution-processed 
perovskites19. With an identical deposition route, the highest PCE reported for Bi-based perovskite solar cells of 
3.17% is reached, due to the reduction of metal defect sites, enhanced crystallization and improved surface cov-
erage13. Zhang et al. demonstrated dense MBI layers fabricated by a dry two-step deposition process. Via thermal 
evaporation, a BiI3 layer is formed and afterwards converted to MBI in an MAI-saturated atmosphere, exhibiting 
long-term stability over 15 weeks (stored in nitrogen atmosphere, measured in ambient air once per week) and a 
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PCE of 1.64%14. However, either solvents or high-vacuum processes are required to deposit perovskite films with 
these methods.

Here, we demonstrate a solvent-free low-vacuum process using an in-house developed CVD reactor to deposit 
the precursors MAI and BiI3 simultaneously. This is to our knowledge the first showerhead-based deposition tool 
for perovskites, offering precise process control options and paving the way for large-area production. We analyze 
the influence of the ratio of the supplied precursors and of the substrate temperature on the layer crystallinity, 
morphology and optical properties. Finally, the implementation of MBI layers in standard non-inverted per-
ovskite solar cells is demonstrated.

Methods
Unless otherwise noted, materials were purchased from Sigma-Aldrich and used without further purification. 
The deposition of the perovskite films was studied on a typical solar cell anode stack on glass consisting of 
fluorine-doped Sn oxide (FTO)/compact TiO2 (c-TiO2)/mesoporous TiO2 (mp-TiO2). FTO-on-glass substrates 
(VisionTek Systems, 6–9 Ω/sq, 2.5 cm × 2.5 cm) were cleaned sequentially with dimethyl sulfoxide (DMSO), ace-
tone and isopropyl alcohol, followed by rinsing in deionized water (DI) and drying with nitrogen. All following 
process steps (except for TiO2 oxidation/annealing in a muffle furnace) were carried out either under vacuum 
or purified nitrogen atmosphere. For the c-TiO2 layer, 15 nm of Ti were evaporated (rate 0.2 nm/s) using an 
e-beam evaporator under high vacuum (p < 10−6 hPa). For mp-TiO2, TiO2 paste (99% anatase, average particle 
size 20 nm) was dissolved in 2-methoxyethanol with 3.3 wt% and spin-coated on top of the Ti film at 1000 rpm 
for 30 s. Oxidation and annealing were performed for 5 min at 130 °C on a hot plate and for 30 min in a muffle 
furnace at 500 °C.

A schematic of the CVD tool is depicted in Fig. 1 (left). The base pressure was set to 10 hPa (10 mbar) and the 
N2 flow to 500 sccm (standard cubic centimeter per minute). The evaporation source consists of two crucibles for 
BiI3 and MAI, which are separated by a shield to avoid cross contamination. The BiI3 crucible was heated up to 
240–270 °C and the MAI crucible to 180–200 °C, depending on the desired MAI/BiI3 ratio and the current filling 
levels of the crucibles. The showerhead was kept at 260 °C and disperses the gas mixture of carrier gas and sub-
limed molecules, enabling a homogeneous deposition on large-area substrates up to 108 cm² (12 cm × 9 cm). A 
quartz crystal microbalance (QCM) was used to determine the deposition rate. The temperature of the substrate 
was adjusted by using a controlled water cooling circuit.

To fabricate perovskite solar cells, the hole-transport material 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)
amino]-9,9′-spirobifluorene (8 wt%, 99% purity) (Spiro-MeOTAD), lithium bis(trifluoromethanesulfonyl) 
(0.007 wt%, 99.95% purity) (Li-TFSI) and 4-tert-butylpyridine (0.01 wt%, 96% purity) were dissolved in acetoni-
trile and chlorobenzene (1:10 volume ratio). The solution was stirred overnight and spin-coated on top of the 
MBI layer at 2000 rpm for 30 s. For the top-contacts, 80 nm of Au were deposited using e-beam evaporation 
(0.2 nm/s) and shadow masks (circular, 19 mm², nine devices per substrate).

X-ray diffraction (XRD) 2θ scans with a fixed grazing angle of incidence were carried out using a Philips 
XPERT Pro tool. To evaluate the XRD patterns, background subtraction, 5-point Savitzky-Golay smoothing23 and 
normalization to the highest intensity were used. Morphological characterization of the deposited films was per-
formed by using scanning electron microscopy (SEM, Zeiss Sigma). Absorption properties of the perovskite films 
were determined via a PerkinElmer LAMBDA 25 spectrophotometer. Illuminated I-V characteristics were meas-
ured using a Keithley 2400 source meter and a Newport S94023A-SR1 solar simulator (AM1.5 at 100 mW/cm2).

Results and Discussion
For this study, we deposited MBI films with different precursor ratios (controlled by the evaporation tempera-
tures) and layers at different substrate temperatures in order to analyze the impact on film crystallinity and layer 
morphology. First, separate deposition experiments of MAI and BiI3 were conducted for QCM calibration. The 
morphology of a BiI3 film, processed at substrate temperature of 88 °C, is depicted in Fig. 2 (right). The dense film 
(layer thickness 175 nm, rate 1.0 nm/min) contains crystallites with an average grain size of around 200 nm. The 
MAI-only film was processed also using 88 °C substrate temperature and a rate of 3.0 nm/min.

Figure 1. Schematic illustration of the deposition tool. The N2 flow was set to 500 sccm and the base pressure to 
10 hPa.
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To obtain stoichiometric MBI, we have to consider the different volumetric molecular densities (mol/cm³) of 
MAI (CH3NH3I) and BiI3. With respect to the molar weights M and densities d of both precursors (MMAI = 159 g/
mol, dMAI ≈ 1 g/cm³ for organic matter24, MBiI3 = 590 g/mol, dBiI3 = 5.8 g/cm³25), a deposited-volume ratio (meas-
ured by the QCM rates) of 1.6 is required for equal molarity. The molecule MBI (MA3Bi2I9) contains of 3 methyl-
ammonium and 2 bismuth ions, leading to an ideal molar ratio of MAI and BiI3 precursor molecules of 1.5. As a 
result, a volume ratio (adjusted by the QCM rates) of 1.6 × 1.5 = 2.4 between MAI and BiI3 is required to deposit 
stoichiometric MBI. However, during simultaneous deposition of both precursors, the ideal ratio can deviate 
from the calculation due to the significantly larger vapor pressure of MAI26, the uncertainty in dMAI, chemical 
pre-reactions or sublimation.

To deposit stoichiometric MBI, we varied the ratio of the QCM rates between MAI and BiI3 during film 
formation and analyzed its impact on the layer morphology, optical properties and crystal structure. The BiI3 
rate was set to 0.5 nm/min, and the MAI rate was adjusted to obtain the ideal ratio between MAI and BiI3 rates. 
Previous experiments (not shown here) showed no MBI formation for MAI/BiI3 ratios ≤2 and thus the necessity 
of higher ratios. By employing a MAI/BiI3 ratio of 3 (close to the ideal ratio) and ratios of 5 and 8, we obtained the 
films shown in Fig. 3. As can be seen from the sample images in Fig. 3, for layers deposited with the lowest MAI 
rate (MAI/BiI3 ratio of 3), a darker film was obtained. This is a strong indication for residual BiI3, due to insuffi-
cient supply of MAI, and thus its incomplete conversion to MBI. The layers deposited with higher MAI/BiI3 ratios 
are of orange color, which is characteristic for MBI thin films. Consequently, an MAI/BiI3 ratio higher than the 
expected theoretical ratio of 2.4 is required, indicating a reduced MAI deposition most likely due to the instant 
sublimation of condensed (non-reacted) MAI throughout the process.

The average size of the crystallites is around 100 nm for layers with the two lower MAI/BiI3 ratios of 3 and 5. 
For the film processed with the highest MAI/BiI3 ratio of 8, the crystallite size varies in the range of 100–200 nm, 
exhibiting a rougher layer due to partially vertical growth. All substrates are fully covered by MBI, ensuring 
an effective separation between the titanium dioxide and the hole transport layer Spiro-MeOTAD, preventing 
shunting pathways in the perovskite solar cells. For that reason, these layers are superior for solar cell application, 
compared to those MBI films which are not entirely closed and provided by liquid-phase processing22.

The corresponding absorption spectra of the BiI3 sample and MBI films are depicted in Fig. 4. The BiI3-only 
layer (optical bandgap = 1.8 eV27) has a broad absorption spectrum from 430 to 620 nm, and the absorption edge 
can be interpolated to 652 nm (1.90 eV), corresponding to the optical bandgap of the material.

The absorption spectra of the MBI films exhibit a strong excitonic absorption peak at 502 nm (2.47 eV), 
derived from the electron transition of 1S0 to 3P1 from the trivalent Bi3+ in the [Bi2I9]3− bioctahedrons28, which 
is a characteristic for MBI. The sample with a rate ratio of 3 does not show a steep edge on the lower-energy side 
at the excitonic peak (in the region of 500 to 650 nm) compared to those samples with higher MAI/BiI3 ratios. 
This is again a strong indicator of residual BiI3 in the MBI film14 and correlates to its darker color. The samples 
with higher MAI rate exhibit a steep edge at the excitonic peak, confirming the MAI amount to be sufficient for a 
complete conversion of BiI3 to MBI. Moreover, for the samples with MAI/BiI3 rate ratios of 5 and 8, the absorption 
edge of MBI can be interpolated to 539 nm (2.30 eV) and 543 nm (2.28 eV), respectively. These values represent 
the optical bandgap of MBI and are in good agreement with the literature value of 2.26 eV, derived from a Tauc 
Plot14. The sample with the largest MAI/BiI3 ratio of 8 shows higher absorption for wavelengths >575 nm com-
pared to the sample with a ratio of 5. The reason for this sub-bandgap absorption can be crystallographic defects. 
These defects can create states in the bandgap, which absorb photons with sub-bandgap energy29. Thus, the sam-
ple with an MAI/BiI3 ratio of 5 shows the best optical properties.

Figure 2. SEM image of a pure BiI3 film (layer thickness 175 nm, temperature of the substrate 88 °C, BiI3 rate 
1.0 nm/min) on FTO/c-TiO2/mp-TiO2 substrates. The inset shows the macroscopic appearance (photography, 
2.5 cm × 2.5 cm).
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The XRD spectra of the pure BiI3 film and the MBI layers (MAI/BiI3 ratios of 3, 5 and 8) are compared to a 
calculated XRD pattern of MBI30 (Fig. 5). For the BiI3-only film, the most significant peaks are located at 12.6°, 
25.5° and 38.8°, which were also observed in literature31. The measured XRD peaks of CVD-processed MBI layers 
for all investigated MAI/BiI3 ratios match those of the calculation. Additional signals at 33.8° and 37.8° (marked 
with*) correspond to FTO. As expected, with decreasing MBI layer thickness, their relative intensities become 
more prominent. Despite the indication of excess BiI3 by previously discussed absorption measurements, the 
presence of residual BiI3 for the sample with the MAI/BiI3 ratio of 3 cannot be confirmed by XRD analysis. A 
possible reason can be that the main BiI3 and MBI peaks are located at the same angle of 12.6°, and the remaining 
BiI3 peaks exhibit insufficient intensities. For the sample with an excessive amount of MAI (MAI/BiI3 ratio of 8), 
no significant differences compared to the sample with an MAI/BiI3 ratio of 5 and thus, no characteristic MAI 
peaks (located at 2θ = 9°, 19° and 29°32) are observed in XRD pattern. This can be explained by the sublimation 
of non-reacted MAI due to the thermal energy provided by the BiI3 molecules and the heat released during the 
condensation of both precursors. Thus, the simultaneous deposition has a self-limitation for MAI incorporation, 
leading to the formation of stoichiometric MBI perovskites. Based on the absorption measurements, the optimal 
ratio of MAI and BiI3 is determined to 5. As a consequence, this ratio is used for further deposition experiments.

We decreased the temperature of the substrate from 88 °C to 50 °C to analyze the impact of thermal energy 
during film formation and its influence on layer morphology. MBI films with layer thicknesses of 100 nm and 
225 nm were fabricated at 50 °C substrate temperature using the optimal MAI/BiI3 ratio of 5. The SEM images 
(Fig. 6, upper images) of the layer with a thickness of 100 nm exhibit the same average grain size of ca. 100 nm, but 
a significantly higher density of rounded grains compared to those film processed at 88 °C substrate temperature 
and with the same MAI/BiI3 ratio of 5 (Fig. 3, center, layer thickness 130 nm).

The higher layer thickness of 225 nm is beneficial for solar cell application22 and was deposited in order to 
support the formation of larger grains33, which are desired to obtain higher photocurrents in perovskite solar 

Figure 3. SEM images of MBI films deposited at 88 °C substrate temperature, a BiI3 rate of 0.5 nm/min and 
different MAI/BiI3 rate ratios of 3, 5 and 8. The insets show the macroscopic appearances (photography, 
2.5 cm × 2.5 cm).

Figure 4. Absorption spectra of the BiI3-only film and MBI layers on FTO/c-TiO2/mp-TiO2 substrates 
deposited with a BiI3 rate of 0.5 nm/min, a substrate temperature of 88 °C and different MAI/BiI3 ratios. The 
interpolated absorption edges are exhibited by the dashed vertical lines. The arrows illustrate the drop of 
absorption in the region of 500 to 650 nm for MBI layers without residual BiI3.
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cells34,35. The SEM images in Fig. 5 (lower images) exhibit larger rounded crystallites with sizes up to 500 nm. 
Regions with even bigger, micrometer-sized grains can be seen in lower magnification (marked with a red cir-
cle). Hence, reducing the substrate temperature to 50 °C leads to rounded grains, the sizes of which appear to 
scale with the layer thickness. As can be seen from SEM cross-section (Fig. S1), the larger crystallites are present 
through the entire perovskite layer confirming the continuous growth of initially formed smaller crystallites. 
However, reducing the substrate temperature leads to diverging crystal orientations, as can be seen from XRD 
measurements (depicted in Fig. 7).

The XRD spectrum of the film grown at 88 °C substrate temperature (layer thickness 100 nm) matches the cal-
culated pattern and serves as the reference. The XRD measurement of the sample with the same layer thickness, 
but deposited at 50 °C shows a reduced intensity of the main reflex at 12.5° ((101) plane) and a higher relative 
intensity at 24.4° ((006) plane). This is indicating a preferred orientation with its (006) plane parallel to the sub-
strate, which was also observed in literature for MBI layers30. The analysis of the sample grown at 50 °C with a 
layer thickness of 225 nm reveals that the spectrum also deviates from the ideal pattern, exhibiting a preferential 

Figure 5. Calculated XRD pattern of MBI and XRD measurements of BiI3-only film and MBI layers deposited 
with different MAI/BiI3 ratios (3, 5 and 8), substrate temperature of 88 °C and a BiI3 rate of 0.5 nm/min.

Figure 6. SEM images of MBI films deposited at 50 °C substrate and layer thicknesses of 100 nm and 225 nm. 
The insets show the macroscopic appearances (photography, 2.5 cm × 2.5 cm).
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orientation of the (100) plane (11.7°). However, there is no evidence which MBI crystallite orientation is more 
suitable for PV application. So far, we could not assign the peak at 25.8° (marked with #) to any material or per-
ovskite phase clearly. This reflex could refer to residual BiI3 as pure BiI3 films exhibit a peak at 25.5° belonging to 
its (021) plane. As expected, the film shows reduced intensity of the FTO peaks due to the higher perovskite layer 
thickness (225 nm).

For layers processed at 50 °C substrate temperature, we found an additional annealing step (100 °C for 60 min 
on a hot-plate) to be beneficial to achieve the calculated crystal orientation (XRD pattern shown in the support-
ing material, Fig. S2). Thus, the lower substrate temperature effects preferred orientations and hinders uniformly 
distributed crystal orientations, most likely due to limited diffusion.

Solution-processed MBI typically suffers from not entirely closed films due to needle-shaped crystals orien-
tated parallel to the substrate. However, those films penetrate into the mp-TiO2 matrix and feature reasonable 
device efficiencies. As can be seen from the SEM cross-section (Fig. 8), the CVD-processed MBI films are char-
acterized by a weak penetration into the mp-TiO2 matrix. Especially for MBI with short exciton diffusion length 
(<50 nm36), the reduced interface area may hamper the extraction of charge carriers. Thus, all fabricated solar 
cells feature limited device performance so far. The PV characteristics JSC (0.1 mA/cm²), VOC (0.4 V) and PCE 
(0.02%) are significantly lower compared to values from MBI layers, which were processed from solution with 
the same layer thickness and employed in the identical device architecture (JSC > 0.5 mA/cm², VOC > 0.7 V and 
PCE of 0.17%)22. However, the comparison of the FF exhibits no significant differences. IV measurements of the 
best performing device are shown in Fig. S3, possessing a quasi-hysteresis-free characteristic. An increase of 
device performance is conceivable by optimizing the process conditions for enhanced penetration of MBI into 
the mp-TiO2 matrix. Furthermore, the application of CVD-processed MBI in inverted device structures or planar 
architectures (without mp-TiO2) will be examined.

Conclusions
In this work, we demonstrate the first showerhead-based CVD of MBI layers, enabling large-area production. 
We determined the required ratio of precursors to form perovskites and verified the synthesis of MBI by optical 
absorption and XRD measurements. We found that the simultaneous deposition has a self-limitation for MAI 
incorporation, leading to the formation of stoichiometric MBI perovskites. Substrate temperature plays an impor-
tant role for the crystal structure. Reducing the temperature from 88 °C to 50 °C provides rounded crystallites 

Figure 7. XRD patterns of MBI grown at 50 °C substrate temperature with different layer thicknesses of 100 nm 
and 225 nm compared to MBI film deposited at 88 °C with 100 nm layer thickness.

Figure 8. SEM cross-section image (left) and PV characteristics (AM1.5, 100 mW/cm²) of MBI perovskite 
solar cell (right), fabricated using MBI layer deposited by CVD (50 °C substrate temperature, MAI/BiI3 ratio of 
5 and 225 nm layer thickness). Average and standard deviation based on 5 devices. Characteristics of the best 
performing solar cell are shown in parentheses.
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and different preferential orientations observed in XRD patterns. Moreover, we demonstrate the control of the 
crystallite size by adjusting the layer thickness. Further optimization of the deposition process (e.g. a tailored layer 
formation step to ensure crystallite growth or additional thermal annealing) could provide larger grains. CVD 
MBI was implemented in perovskite solar cells. The devices feature limited device performance due to weak pen-
etration of MBI into mp-TiO2 matrix. Future experiments should intend improved contact between the bottom 
electrode and the perovskite layer. The presented study highlights showerhead-based CVD as a promising depo-
sition method to enable large-area fabrication of environmentally benign PV devices. Furthermore, CVD could 
be the method of choice for Pb-free multi-cation perovskites with well controlled composition and morphology.

Data Availability
The data of this study are available from the corresponding author upon reasonable request.

References
 1. Wehrenfennig, C., Eperon, G. E., Johnston, M. B., Snaith, H. J. & Herz, L. M. High Charge Carrier Mobilities and Lifetimes in 

Organolead Trihalide Perovskites. Adv. Mater. 26, 1584–1589, https://doi.org/10.1002/adma.201305172 (2014).
 2. Shi, D. et al. Solar cells. Low trap-state density and long carrier diffusion in organolead trihalide perovskite single crystals. Science 

347, 519–522, https://doi.org/10.1126/science.aaa2725 (2015).
 3. Park, N.-G. Perovskite solar cells. An emerging photovoltaic technology. Mater. Today 18, 65–72, https://doi.org/10.1016/j.

mattod.2014.07.007 (2015).
 4. Jiang, Q. et al. Surface passivation of perovskite film for efficient solar cells. Nat. Photon. 1, https://doi.org/10.1038/s41566-019-0398-

2 (2019).
 5. Yang, W. S. et al. Iodide management in formamidinium-lead-halide-based perovskite layers for efficient solar cells. Science 356, 

1376–1379, https://doi.org/10.1126/science.aan2301 (2017).
 6. Saliba, M. et al. Cesium-containing triple cation perovskite solar cells. Improved stability, reproducibility and high efficiency. Energ. 

Environ. Sci. 9, 1989–1997, https://doi.org/10.1039/c5ee03874j (2016).
 7. Cheng, Y. et al. 18% High-Efficiency Air-Processed Perovskite Solar Cells Made in a Humid Atmosphere of 70% RH. Sol. RRL 1, 

1700097, https://doi.org/10.1002/solr.201700097 (2017).
 8. NREL. Efficiency chart. Available at, https://www.nrel.gov/pv/assets/images/efficiency-chart-20180716.jpg (accessed 11 December 

2018).
 9. Jung, E. H. et al. Efficient, stable and scalable perovskite solar cells using poly(3-hexylthiophene). Nature 567, 511, https://doi.

org/10.1038/s41586-019-1036-3 (2019).
 10. OXFORD PV., https://www.oxfordpv.com/news/oxford-pv-sets-world-record-perovskite-solar-cell (accessed 11 December 2018).
 11. Ke, W. & Kanatzidis, M. G. Prospects for low-toxicity lead-free perovskite solar cells. Nat. Commun. 10, 965, https://doi.org/10.1038/

s41467-019-08918-3 (2019).
 12. Shao, S. et al. Highly Reproducible Sn-Based Hybrid Perovskite Solar Cells with 9% Efficiency. Adv. Energy Mater. 8, 1702019, 

https://doi.org/10.1002/aenm.201702019 (2018).
 13. Jain, S. M. et al. An effective approach of vapour assisted morphological tailoring for reducing metal defect sites in lead-free, 

(CH3NH3)3Bi2I9 bismuth-based perovskite solar cells for improved performance and long-term stability. Nano Energy 49, 614–624, 
https://doi.org/10.1016/j.nanoen.2018.05.003 (2018).

 14. Zhang, Z. et al. High-Quality (CH3NH3)3Bi2I9 Film-Based Solar Cells. Pushing Efficiency up to 1.64%. J. Phys. Chem. Lett. 8, 
4300–4307, https://doi.org/10.1021/acs.jpclett.7b01952 (2017).

 15. Lee, S. J. et al. Fabrication of Efficient Formamidinium Tin Iodide Perovskite Solar Cells through SnF2-Pyrazine Complex. J. Am. 
Chem. Soc. 138, 3974–3977, https://doi.org/10.1021/jacs.6b00142 (2016).

 16. Zhao, Z. et al. Mixed-Organic-Cation Tin Iodide for Lead-Free Perovskite Solar Cells with an Efficiency of 8.12%. Adv. Sci. 4, 
1700204, https://doi.org/10.1002/advs.201700204 (2017).

 17. Noel, N. K. et al. Lead-free organic–inorganic tin halide perovskites for photovoltaic applications. Energ. Environ. Sci. 7, 3061–3068, 
https://doi.org/10.1039/C4EE01076K (2014).

 18. Hao, F., Stoumpos, C. C., Cao, D. H., Chang, R. P. H. & Kanatzidis, M. G. Lead-free solid-state organic–inorganic halide perovskite 
solar cells. Nat. Photon. 8, 489–494, https://doi.org/10.1038/nphoton.2014.82 (2014).

 19. Hoye, R. L. Z. et al. Methylammonium Bismuth Iodide as a Lead-Free, Stable Hybrid Organic-Inorganic Solar Absorber. Chemistry 
22, 2605–2610, https://doi.org/10.1002/chem.201505055 (2016).

 20. Singh, T., Kulkarni, A., Ikegami, M. & Miyasaka, T. Effect of Electron Transporting Layer on Bismuth-Based Lead-Free Perovskite 
(CH3NH3)3Bi2I9 for Photovoltaic Applications. ACS Appl. Mater. Inter. 8, 14542–14547, https://doi.org/10.1021/acsami.6b02843 
(2016).

 21. Lyu, M. et al. Organic–inorganic bismuth (III)-based material. A lead-free, air-stable and solution-processable light-absorber 
beyond organolead perovskites. Nano Res. 9, 692–702, https://doi.org/10.1007/s12274-015-0948-y (2016).

 22. Sanders, S. et al. Morphology Control of Organic-Inorganic Bismuth-Based Perovskites for Solar Cell Application. Phys. Status Solidi 
A 1, 1700097, https://doi.org/10.1002/pssa.201800409 (2018).

 23. Abraham, S. & Golay, M. J. E. Smoothing and Differentiation of Data by Simplified Least Squares Procedures. Anal. Chem. 36, 1627 
(1964).

 24. Mackay, D. Multimedia Environmental Models. The Fugacity Approach, Second Edition (CRC Press, 2001).
 25. Owens, A. Compound Semiconductor Radiation Detectors (CRC Press, 2016).
 26. Stümmler, D. et al. Reaction engineering of CVD methylammonium bismuth iodide layers for photovoltaic applications. J. Mater. 

Res. 34, 608–615, https://doi.org/10.1557/jmr.2018.497 (2019).
 27. Brandt, R. E. et al. Investigation of Bismuth Triiodide (BiI3) for Photovoltaic Applications. The journal of physical chemistry letters 6, 

4297–4302, https://doi.org/10.1021/acs.jpclett.5b02022 (2015).
 28. Kawai, T. et al. Optical Absorption in Band-Edge Region of (CH3NH3)3Bi2I9 Single Crystals. J. Phys. Soc. Jpn. 65, 1464–1468, https://

doi.org/10.1143/JPSJ.65.1464 (1996).
 29. Limaye, M. V. et al. Understanding of sub-band gap absorption of femtosecond-laser sulfur hyperdoped silicon using synchrotron-

based techniques. Sci Rep. 5, 11466, https://doi.org/10.1038/srep11466 (2015).
 30. Eckhardt, K. et al. Crystallographic insights into (CH3NH3)3(Bi2I9). A new lead-free hybrid organic-inorganic material as a potential 

absorber for photovoltaics. Chem. Commun. 52, 3058–3060, https://doi.org/10.1039/c5cc10455f (2016).
 31. Ikeda, M., Oka, T., Mori, K. & Atsuta, M. IEEE Nucl. Sci. Conf. R. 4520–4523 (2004).
 32. Jeon, N. J. et al. Solvent engineering for high-performance inorganic–organic hybrid perovskite solar cells. Nat. Mater. 13, 897, 

https://doi.org/10.1038/nmat4014 (2014).
 33. Kim, H. D., Ohkita, H., Benten, H. & Ito, S. Photovoltaic Performance of Perovskite Solar Cells with Different Grain Sizes. Adv. 

Mater. 28, 917–922, https://doi.org/10.1002/adma.201504144 (2016).
 34. Chen, J. et al. The Role of Synthesis Parameters on Crystallization and Grain Size in Hybrid Halide Perovskite Solar Cells. J. Phys. 

Chem. C 121, 17053–17061, https://doi.org/10.1021/acs.jpcc.7b03279 (2017).

https://doi.org/10.1038/s41598-019-46199-4
https://doi.org/10.1002/adma.201305172
https://doi.org/10.1126/science.aaa2725
https://doi.org/10.1016/j.mattod.2014.07.007
https://doi.org/10.1016/j.mattod.2014.07.007
https://doi.org/10.1038/s41566-019-0398-2
https://doi.org/10.1038/s41566-019-0398-2
https://doi.org/10.1126/science.aan2301
https://doi.org/10.1039/c5ee03874j
https://doi.org/10.1002/solr.201700097
https://www.nrel.gov/pv/assets/images/efficiency-chart-20180716.jpg
https://doi.org/10.1038/s41586-019-1036-3
https://doi.org/10.1038/s41586-019-1036-3
https://www.oxfordpv.com/news/oxford-pv-sets-world-record-perovskite-solar-cell
https://doi.org/10.1038/s41467-019-08918-3
https://doi.org/10.1038/s41467-019-08918-3
https://doi.org/10.1002/aenm.201702019
https://doi.org/10.1016/j.nanoen.2018.05.003
https://doi.org/10.1021/acs.jpclett.7b01952
https://doi.org/10.1021/jacs.6b00142
https://doi.org/10.1002/advs.201700204
https://doi.org/10.1039/C4EE01076K
https://doi.org/10.1038/nphoton.2014.82
https://doi.org/10.1002/chem.201505055
https://doi.org/10.1021/acsami.6b02843
https://doi.org/10.1007/s12274-015-0948-y
https://doi.org/10.1002/pssa.201800409
https://doi.org/10.1557/jmr.2018.497
https://doi.org/10.1021/acs.jpclett.5b02022
https://doi.org/10.1143/JPSJ.65.1464
https://doi.org/10.1143/JPSJ.65.1464
https://doi.org/10.1038/srep11466
https://doi.org/10.1039/c5cc10455f
https://doi.org/10.1038/nmat4014
https://doi.org/10.1002/adma.201504144
https://doi.org/10.1021/acs.jpcc.7b03279


8Scientific RepoRts |          (2019) 9:9774  | https://doi.org/10.1038/s41598-019-46199-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

 35. Kim, M. K. et al. Effective control of crystal grain size in CH3NH3PbI3 perovskite solar cells with a pseudohalide Pb(SCN)2 additive. 
Cryst Eng Comm 18, 6090–6095, https://doi.org/10.1039/C6CE00842A (2016).

 36. Ran, C. et al. Construction of Compact Methylammonium Bismuth Iodide Film Promoting Lead-Free Inverted Planar 
Heterojunction Organohalide Solar Cells with Open-Circuit Voltage over 0.8 V. J. Phys. Chem. Lett. 8, 394–400, https://doi.
org/10.1021/acs.jpclett.6b02578 (2017).

Acknowledgements
The authors acknowledge the financial support of the European Union through the European Regional 
Development Fund (ERDF)”Investing in our Future” in the EFRE.NRW 2014–2020 program for the project 
PeroBOOST (EFRE-0800127, EFRE-0801060).

Author Contributions
S.S. has written the manuscript. S.S. and N.A. have performed the experiments. All authors contributed to the 
conceptualization of the study and the analysis of the results and finally reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46199-4.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-46199-4
https://doi.org/10.1039/C6CE00842A
https://doi.org/10.1021/acs.jpclett.6b02578
https://doi.org/10.1021/acs.jpclett.6b02578
https://doi.org/10.1038/s41598-019-46199-4
http://creativecommons.org/licenses/by/4.0/

	Chemical Vapor Deposition of Organic-Inorganic Bismuth-Based Perovskite Films for Solar Cell Application
	Methods
	Results and Discussion
	Conclusions
	Acknowledgements
	Figure 1 Schematic illustration of the deposition tool.
	Figure 2 SEM image of a pure BiI3 film (layer thickness 175 nm, temperature of the substrate 88 °C, BiI3 rate 1.
	Figure 3 SEM images of MBI films deposited at 88 °C substrate temperature, a BiI3 rate of 0.
	Figure 4 Absorption spectra of the BiI3-only film and MBI layers on FTO/c-TiO2/mp-TiO2 substrates deposited with a BiI3 rate of 0.
	Figure 5 Calculated XRD pattern of MBI and XRD measurements of BiI3-only film and MBI layers deposited with different MAI/BiI3 ratios (3, 5 and 8), substrate temperature of 88 °C and a BiI3 rate of 0.
	Figure 6 SEM images of MBI films deposited at 50 °C substrate and layer thicknesses of 100 nm and 225 nm.
	Figure 7 XRD patterns of MBI grown at 50 °C substrate temperature with different layer thicknesses of 100 nm and 225 nm compared to MBI film deposited at 88 °C with 100 nm layer thickness.
	Figure 8 SEM cross-section image (left) and PV characteristics (AM1.




