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This work aims at extending the understanding of the formation processes of (Cs0.07FA0.93)PbI3 perovskite layers deposited by a two-step vapour method. In a first step, an inorganic CsI/PbI2 precursor stack is deposited by thermal evaporation (TE). A chemical vapour deposition (CVD) is then used to convert the precursor into the perovskite layer by reaction with a chemical vapour of formamidinium iodide (FAI). Here we show how crystallinity and morphology of the TE precursor layer are both influenced not only by the substrate surface properties but also by the thermal treatment in the initial phase of the CVD process. Furthermore, we provide insights on the evolution of perovskite film formation and show how a uniform elemental composition is achieved by the diffusion of cesium through PbI2 during the CVD conversion reaction.
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1 INTRODUCTION
High hopes are put in the technology of hybrid organic-inorganic perovskite solar cells (PSCs). On the lab-scale, the record power conversion efficiency (PCE) of PSCs (25.7%) has caught up with the well-established crystalline silicon (c-Si) solar cells (26.7%) (Yoshikawa et al., 2017; National Renewable Energy Laboratory, 2020; Jeong et al., 2021). However, such lab-scale record PSCs are obtained on a small active area, typically lower than 0.1 cm (Jeong et al., 2021; Liu et al., 2021a; Zhang et al., 2021a; Guo et al., 2021; Yoo et al., 2021). Looking at record devices with larger active area, one sees that PSC are still lacking behind (Park and Zhu, 2020). Therefore, further research is needed to identify possible routes to fabricate PSCs with a very high quality over larger areas.
Various scalable approaches such as blade coating (Razza et al., 2015; Siegrist et al., 2021), slot-die coating (Du et al., 2020; Patidar et al., 2020), inkjet printing (Eggers et al., 2020; Schackmar et al., 2021), spray-coating (Heo et al., 2016; Bishop et al., 2020a; Bishop et al., 2020b), thermal evaporation (TE) (Chiang et al., 2020; Li et al., 2020; Feng et al., 2021) and chemical vapour deposition (CVD) (Liu et al., 2021b; Luo et al., 2021; Sahli et al., 2021) for the fabrication of PSCs have already been reported. The vapour-based deposition methods (i.e., TE and CVD) are very promising as they are scalable (i.e., already used on the industrial scale) (Powell, 2006; Ávila et al., 2017) and allow conformal coating on textured or rough surfaces. This is an essential requirement when aiming at integration of PSCs into monolithic tandem solar cell technology. There, c-Si and CIGS are possible bottom cells, which feature this type of surface morphology (Jošt et al., 2020; Kothandaraman et al., 2020).
However, the deposition of high quality perovskite absorber layers by co-evaporation of the inorganic and organic components requires high control of the individual evaporation sources, due to the high volatility of the organic components, which poses a major challenge for the controllability and reproducibility of the process (Hoerantner et al., 2019; Swartwout et al., 2019; Liu et al., 2021b). To bypass this problem, one can separate the deposition steps of inorganic and organic constituents. In such a two-step process, an inorganic precursor (i.e., lead halides and/or cesium halides) layer is first deposited by thermal evaporation (i.e., at a pressure of a 10−7–10–5 mbar, typically with the substrate at room temperature). A CVD process is then used to react the inorganic precursor with the vapour of an organic precursor (e.g., formamidinium iodide) to form the perovskite absorber. This process is usually carried out at medium vacuum (0.1–10 mbar) at which the flux of organic vapour is much more controlled than under high vacuum conditions. The substrate can be heated during the vapour transport/reaction step and the ambient can be controlled with inflow of gas/air for vapour transport.
The perovskite formation by chemical vapour was first reported by Chen et al., in 2013 as “vapour-assisted solution process” (VASP) (Chen et al., 2014). Shortly after, Leyden et al. reported 'hybrid chemical vapour deposition’ (H-CVD) (Leyden et al., 2014), where they used a multi-zone tube furnace as reactor. The underlying concept behind other processes, such as in-situ tubular CVD (IT-CVD) (Luo et al., 2015) or low pressure hybrid CVD (LPHCVD) (Shen et al., 2016) remained generally same: A metal halide precursor is deposited by spin-coating or thermal evaporation and then converted to perovskite by reaction with a vapour of organo halides. In 2021, PSCs with efficiencies of 18.1% (Liu et al., 2021b; Wei et al., 2021) and even 19.59% (Luo et al., 2021) have been reported, showing the potential of CVD for PSCs.
As most of these reports usually focus on the power conversion efficiency of the final perovskite solar cell, only little investigations on the perovskite formation mechanism have been presented so far. Sahli et al. reported that a higher substrate temperature leads to larger perovskite grains (Guesnay et al., 2021). Liu et al. also observed a changed perovskite morphology depending on the employed organo halide precursor and hypothesized about the changes to the formation process due to different working pressures during CVD (Liu et al., 2021b). In our previous work, we have uncovered that a low substrate temperature in combination with long conversion times promote the formation of undesirable additional phases (Moser et al., 2020). In this paper we further elucidate the perovskite formation process: We first show that the structural properties of the metal halide precursor are determined by both the substrate surface properties it is evaporated on and the annealing during the heat-up of the CVD reactor, thus affecting the result of the CVD conversion process. We then present the top to bottom evolution of the reaction front during the CVD processs occuring in a planar fashion. We observe that during the conversion process the perovskite morphology is formed already in the initial stage and is maintained even beyond the point of full conversion. Concurrent to the conversion reaction, cesium diffusion through PbI2, allows for the formation of compositionally uniform perovskite.
2 RESULTS AND DISCUSSION
2.1 Deposition of Metal Halide Precursor by Thermal Evaporation
In this section, we present our investigations on the metal halide precursor layer, which is formed by sequential thermal evaporation of 15 nm CsI and 300 nm of PbI2.
2.1.1 Influence of the Annealing of NiO on the Structural Properties of Metal Iodide Precursor
The CsI/PbI2 precursor is deposited on glass/ITO substrates coated with a 20 nm thick sputtered NiO layer. NiO is commonly employed as hole transport layer (HTL) in hybrid perovskite solar cells (Saranin et al., 2021; Mann et al., 2021; Boyd et al., 2020; Abzieher et al., 2020; Ma et al., 2021; Pang et al., 2019; Zhang et al., 2021b; Aydin et al., 2018). In undoped NiO the optoelectronic properties are determined by its defect chemistry (i.e., Ni and Oxygen vacancies) (Zhao et al., 2019). In the case of thin films, annealing treatments can be used to induce reaction of NiO with oxygen and humidity from the ambient, changing said defect chemistry (Zhao et al., 2019; Niu et al., 2018). In this work we use an annealing treatment to the NiO coated substrates for 15 min at 100, 200 or 300°C in ambient air. Hence, we refer to the different samples as pristine NiO, NiO100, NiO200 and NiO300, to the NiO coated substrate being used in its pristine state (i.e., without annealing) or after the annealing at 100, 200 and 300°C, respectively. Supplementary Figure S1A shows the change of optical absorptance of upon annealing. For NiO100 there is no obvious effect, while for NiO200 and NiO300 the absorptance is clearly reduced with respect to the pristine NiO. This effect is attributed to a reduction of crystallographic defects (Newman and Chrenko, 1959). The annealing at or above 200°C is therefore a promising treatment to reduce the parasitic absorption by NiO in complete solar cells. In Supplementary Figure S1B we display scanning electron microscopy (SEM) top view images of the NiO layers. While the transparency of the NiO is improved by annealing, no structural changes (e.g., grain growth or cracking) are observed.
In 2015, Fu et al. reported that the choice of substrate has a strong effect on the morphology of evaporated PbI2. It was found that a compact morphology with oriented platelets is developed on amorphous substrates, while a disordered state is formed on a crystalline substrate. To understand the effect of the NiO coated substrates on the structural properties of the sequentially evaporated CsI/PbI2 layer, X-ray diffraction (XRD) and SEM were conducted. The investigation reveals that annealing of the NiO has a profound effect on the morphology and crystallinity of the CsI/PbI2 precursor layer. The SEM top-view and cross-section images presented in Figures 1A–D show a change from a compact, layered morphology on the pristine NiO to a disordered, rough morphology on NiO300. This morphological trend is also accompanied by changes in crystallinity observed in the XRD measurements. Figure 1E displays the full width at half maximum (FWHM) and maximum intensity of the (001) peak of the PbI2 phase. By the widening (i.e., increase of the FWHM) and a decrease in maximal intensity of the reflection peak, we see that the crystallinity of the precursor layer is highest on the pristine NiO and decreases with a higher annealing temperature of the NiO layer. From the full XRD scans (displayed in Supplementary Figure S2A) the same crystallographic orientation is observed for all precursor samples.
[image: Figure 1]FIGURE 1 | Effect of annealing of NiO HTL on the CsI/PbI2 precursor. SEM top view and cross section of CsI/PbI2 precursor on (A) pristine NiO and NiO annealed at (B) 100°C, (C) 200°C and (D) 300°C. The morphology changes from layered and compact on pristine NiO to disordered and rough on NiO annealed at 300°C. The scale bar shows a length of 1 μm and applies to all SEM images. (E) Full-width-at-half-maximum and maximum intensity of the (001) diffraction peak of PbI2 grown on pristine and annealed NiO (F) Surface free energy of the pristine and annealed NiO surfaces measured by contact angle measurements.
To understand the change in crystallinity of the precursor, we conducted contact angle measurements of H2O and di-iodomethane on the NiO surface. The contact angle of H2O decreases from 65.8° on pristine NiO to 14.1° on NiO300 (see Supplementary Figure S3). Using the Owens, Wendt, Rabel and Kaelble method, the free surface energy was calculated, using the contact angles of H2O as the polar solvent and of di-iodomethane as the non-polar solvent. The results are shown in Figure 1F. We measure an increase from 53 mN/m on pristine NiO to 79.5 mN/m on NiO300. The free surface energy is an essential driving force for the nucleation and subsequent growth behaviour during PVD (Thompson and Carel, 1995). Therefore, the different growth modes—leading to a flat, compact and well crystallized layers on pristine NiO and rough, disordered layers with a low crystallinity on NiO300—can be explained by the change of the free surface energy of the NiO upon annealing.
2.1.2 Annealing of the CsI/PbI2 Precursor
Seeing that the CsI/PbI2 precursor exhibits a different morphology and crystallinity depending on the surface properties of the NiO HTL, we have to consider if this also affect the properties of the final perovskite layers. However, during the initialization phase of our CVD process, the reactor is heated up and stabilized at the target temperature. This is essential to achieve stable reaction conditions (e.g., sublimation rate of organic precursor and reaction rate with the inorganic precursor). During this stage, a reverse flow of a carrier gas prevents the premature formation of perovskite phase, which means that the CsI/PbI2 precursor undergoes an annealing treatment at 170°C/7 mbar before the actual conversion to perovskite phase is occurring. More details can be found in our previous work (Moser et al., 2020). Our investigations show that during this annealing phase of the CVD process, the precursor undergoes a strong structural transformation before the perovskite formation starts.
Using XRD, SEM and atomic force microscopy (AFM) a strong sintering of the CsI/PbI2 precursor during said initialization phase of the CVD process is observed. In Figures 2A–C we display cross-sectional and top-view SEM images of the CsI/PbI2 precursor grown on NiO300 in its as deposited state as well as after 5 and 10 min of annealing in the CVD reactor. 10 min is the maximum annealing time as after this duration, the flow direction of the carrier gas would be reversed and the conversion process would begin. From the SEM cross-section images we can see how the disordered structure of the precursor turns into a compact layer. AFM measurements confirm that the precursor surface transforms from a rough landscape with protruding features to a flat planar surface. The root-mean-square (RMS) roughness of the three different surfaces is shown in Figure 2D. We see that through 10 min of annealing a near three-fold reduction of the roughness occurs.
[image: Figure 2]FIGURE 2 | Effect of annealing in the CVD system on the precursor. SEM cross section, top view as well as AFM scans of a CsI/PbI2 precursor deposited on NiO annealed at 300°C in its (A) pristine state and after (B) 5 and (C) 10 min of annealing in the CVD system (170°C, 7 mbar). The scale bar shows a length of 1 μm and applies to all SEM images (D) RMS roughness extracted from AFM measurements conducted on the as deposited and the annealed precursor. (E) Full-width-at-half-maximum and maximum intensity of the (001) diffraction peak of PbI2 of the layers in (A–C).
XRD measurements show that the morphological transformation is also accompanied by a recrystallization. Figure 2E shows the FWHM and maximum intensity of the (001) peak of the PbI2 phase before and after 5 or 10 min of annealing. The increasing peak intensity and simultaneously decreasing FWHM reveal a strong recrystallization due to the annealing. We note that the crystallographic orientation of the precursor is not changing during the recrystallization process. The full XRD scans are displayed in Supplementary Figure S2B.
For the as deposited precursor layer an average crystallite size of ∼99 nm can be estimated with the Williamson-Hall method (Birkholz, 2005). This crystallite dimension corresponds well to the size of particles seen in the SEM cross-section micrograph of Figure 2A. After 5 and 10 min of annealing in the CVD the precursor an average crystallite size of 229 and 368 nm is calculated respectively. These values are not exact as the Williamson-Hall method loses its linearity for crystallite sizes over 100–200 nm. Still the result clearly shows that the crystallites fuse together upon annealing and larger grains are formed. The details regarding the calculations are given in the supplementary information and the corresponding Williamson-Hall plot is shown in Supplementary Figure S4.
These results show that the start-up phase of CVD process provides a homogenizing annealing treatment - in terms of structural properties - of the CsI/PbI2 precursor. Thus, the surface properties of NiO are not expected to influence the structural properties of the perovskite layer. This can also be seen in Supplementary Figure S5, where the TE-CVD perovskite layers exhibit nearly identical morphology, irrespective of the HTL they were deposited on.
2.2 Perovskite Formation Process During CVD
In this section, we investigate the perovskite phase formation process by reaction of the metal halide precursor with FAI vapour. With our CVD system, we are able to conduct the conversion reaction for well-defined durations and obtain intermediate states of the precursor-to-perovskite transformation. A schematic of the CVD system is shown in Supplementary Figure S6 and more details on the process are given in the materials and methods section.
We fabricated a series of samples, ranging from the pristine state of the precursor up to the full conversion (i.e., pure perovskite phase), which is reached after 20 min of the CVD process. After the CVD process, the films are not annealed or treated in any another way. The conversion was verified with XRD (see Supplementary Figure S2C) and UV-Vis (see Supplementary Figure S7A). The growth of the perovskite leads to a steady increase of the sub-bandgap asorption accompanied by an increase of the perovskite diffraction peak intensity. At the same time, the diffraction peaks of the precursor phase decreases and vanishes after 20 min of conversion. We point out that the perovskite phase maintains its crystallographic orientation during the whole conversion process.
2.2.1 Top Morphology
The top view SEM images and AFM scans of the series of samples are displayed in Figures 3A–F. After only 2.5 min of conversion reaction (see Figure 3B), the morphology of the surface has already changed considerably. A continuous perovskite layer has formed, which covers the underlying precursor layer (cross-section images are shown in Figure 4). From the SEM images no changes in grain size or shape of the perovskite are discernible over the course of the conversion process. Comparing metal halide precursor and perovskite, we see that the grain sizes and shapes are very similar. Thus, we hypothesize, that the individual grains of the precursor are converted to perovskite and that the original grain boundaries are maintained. Considering this, we see how important the microstructure of the metal halide precursor is for the CVD, as it will determine the perovskite morphology.
[image: Figure 3]FIGURE 3 | Evolution of the top morphology during CVD. AFM scan and SEM top view image of the sample after (A) 0, (B) 2.5, (C) 5, (D) 10, (E) 15 and (F) 20 min of CVD. The scale bar corresponds to 1 μm and applies to all SEM images. (G) RMS roughness extracted from the AFM scans shown in (A–F).
[image: Figure 4]FIGURE 4 | Evolution of the reaction front and diffusion of cesium during CVD reaction. SIMS compositional profiles and SEM cross sections of the (A) as deposited metal halide precursor and intermediate states of the CVD process after (B) 0 min, (C) 2.5 min, (D) 5 min, (E) 10 min and (F) 20 min of reaction. The shadings in the SIMS profiles are meant as a guide to the eye and do not represent clear boundaries of the different layers. The scale bar for the SEM images corresponds to 1 μm and the legend in (F) applies to all SIMS profiles.
The RMS roughness calculated from AFM scans (see Figure 3G) support the observation from SEM. The surface roughness quickly evolves from a RMS roughness below 10 nm for the annealed precursor to over 20 nm after 2.5 min of conversion reaction. After this, the roughness only increases slightly for the whole rest of the conversion process. The increased roughness of the films is explained by the volumetric expansion during the phase transformation (Yang et al., 2015; Zhang et al., 2015).
To show that the final perovskite morphology is strongly dependent on the growth conditions and not on the precursor morphology alone, we also fabricated perovskite layers by spin-coating FAI on the metal halide precursor and reacting the two by annealing. These films exhibit much bigger grains of up to 2 μm (see Supplementary Figure S8). However, the conversion reaction is not well-controlled as can be seen by the much broader distribution of grain sizes. During CVD, continuous supply of low concentration of FAI vapour leads to a continuous, controlled conversion reaction. The grain-wise transformation of the inorganic precursor occurs with minor coalescence of smaller grains resulting in a perovskite layer with relatively small grains of 100–500 nm diameter.
2.2.2 Reaction Front and Diffusion
A barely discussed phenomena of two-step growth method of hybrid perovskites is the temporal and lateral evolution of the reaction front and the interdiffusion of inorganic and organic reactants. Here, we elucidate how the reaction front proceeds in a planar manner from top to bottom and how cesium is able to diffuse through the PbI2 phase and is incorporated into the newly formed perovskite.
For this purpose, we conducted time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiling of samples in the intermediate states of the TE-CVD deposition process. This includes also the as deposited CsI/PbI2 precursor and the CsI/PbI2 precursor after 10 min of annealing in the CVD, i.e. at the start of the CVD conversion process to which we refer as “0 min” of conversion here. The depth profiles of the elements and the corresponding SEM cross section images are displayed in Figures 4A–F. Looking at the pristine CsI/PbI2 precursor (see Figure 4A), the profiles show the stacking of PbI2 on top of CsI of the layers by the decrease of Pb+ and the step-like profile of Cs+. This stacking remains intact even after the strong sintering due to the 10 min of annealing in the CVD (see Figure 4B). During this annealing process, cesium is diffusing into the PbI2 layer as can be seen by the low but homogeneous distribution of Cs+ in the PbI2 layer. However, the individual CsI and PbI2 layers are still present, as can be seen by the step-like profile of Cs+. In the SIMS profile of Figure 4B, In+ is apparently also present in the region of the CsI/PbI2 precursor. We attribute this to a pinhole in the layer that allowed premature sputtering of the substrate and not an actual interdiffusion of indium into the precursor layer.
The following SIMS profiles and cross section SEM images of the intermediate states of the CVD conversion process reveal the movement of the conversion front from top to bottom and the opposing diffusion processes involved in the perovskite formation.
The SEM images of the intermediate states at 2.5, 5 and 10 min (i.e., Figures 4C–E) show a bilayer structure, where the unconverted inorganic precursor layer is sandwiched between the NiO coated substrate and the newly formed perovskite. From this planar movement of the reaction front towards the substrate, we can deduce the diffusion process of the FAI: During the CVD process, new FAI is supplied in vapour form to the sample surface. To continue the conversion reaction, the FAI needs to diffuse from the surface through the perovskite to reach the reaction front. This is only possible due to the high diffusivity of the FA+ and I− ions in the perovskite lattice. After 20 min of CVD full conversion is reached and no residual precursor phase is discernible in the SEM image.
The SIMS profiles on the other hand reveal how the diffusion of cesium contributes to the formation reaction. In the intermediate states after 2.5, 5 respectively 10 min, the cesium profile shows an intriguing feature: A dip in concentration between the top of the sample, where the perovskite has been formed and the position of the CsI layer. The Pb profile does not exhibit this behaviour and remains stable until the underlying CsI layer is reached. We attribute the dip to the lower concentration of cesium found in the PbI2 phase (as was already observed for the sintered precursor in Figure 4B). This shows that during the CVD conversion reaction, the PbI2 layer remains continuous but the Cesium is continuously diffusing through it to the reaction front. There it is participating in the formation reaction and incorporated into the freshly formed perovskite. Without this diffusion process—opposite to the one of FAI—the incorporation of Cs into the perovskite would only happen once the reaction front reaches the CsI layer and one would need to consider strong compositional gradients in the final absorber. Due to the efficient interdiffusion processes occuring, the final perovskite exhibits a homogeneous distribution of cesium as seen in Figure 4F.
2.2.3 Perovskite Composition
Using Tauc plots (displayed in Supplementary Figures S7B–F), an optical band gap of 1.55 eV is determined for all intermediate stages of the CVD process. This is also confirmed by steady-state photoluminescence (see Supplementary Figure S9), where we observe single peaks with maxima at 800 ± 2 nm (corresponding to a band gap of 1.549 eV). As the cesium content affects the band gap [1.527 and 1.565 eV for pure FAPbI3 and for Cs0.1FA0.9PbI3 respectively (Subedi et al., 2018)], this confirms that the cesium content is constant throughout the perovskite formation process. For a homogeneous distribution of cesium, we estimate a final perovskite composition of Cs0.07FA0.93PbI3, using the thickness and bulk density of the CsI (15 nm, 4.51 g/cm3) and PbI2 (300 nm, 6.16 g/cm3) layers. The composition was confirmed experimentally with X-ray photoelectron spectroscopy (see Supplementary Figure S10) of the perovskite after 20 min of CVD conversion, where an atomic Cs to Pb ratio of 7 to 100 was measured.
3 CONCLUSION
In this work, we have investigated the complete formation process of perovskite during two-step TE-CVD process. We demonstrate how the morphology and crystallinity of CsI/PbI2 is affected by the surface properties of the underlying HTL layer. Due to a recrystallization process during the heat-up phase of the CVD reactor, the metal halide precursor morphology is homogenized before it is converted to perovskite. As a result, the conversion during the CVD process results in the same perovskite morphology, independent of the morphology of the pristine precursor.
Furthermore, we show how under the controlled conditions of the CVD process, the reaction front moves in a planar fashion from top to bottom. During this conversion reaction, two opposing diffusion processes are occurring. FAI is diffusing from the surface side, through the perovskite layer, while Cesium is diffusing from the substrate side through the PbI2 layer to the reaction front. SIMS profiling reveals that by this diffusion process, cesium is incorporated into the perovskite from the very beginning and that the final perovskite possess a homogeneous elemental distribution. This shows that stacked metal halide layers are a viable precursor choice for perovskite formation by CVD.
4 MATERIALS AND METHODS
4.1 Materials
Patterned 2.5 cm × 2.5 cm ITO substrates (15 Ohm/sq) were bought from Advanced Election Technology Co. PEDOT:PSS solution was bought from Heraeus (Clevios P VP.Al 4083). CsI (>99%), PbI2 (>99%) and FAI (>99.99%) were purchased from TCI chemicals. C60 and BCP were purchased from Xi’an Polymer Light Technology Corp.
4.2 Substrate Cleaning
Before the deposition, the ITO substrates were cleaned by 10 min of ultra-sonication in IPA, rinsed with deionized water, followed by soaking in a 1v% aqueous Hellmanex (Hellmanex III, Hellma GmbH & Co.) solution for at least 10 h, rinsed again with deionized water and then ultra-sonicated for 20 min in deionized water. The cleaned substrates were stored in IPA and blown dry with a nitrogen gun before use.
4.3 HTL Deposition
Before deposition, the ITO substrates were subjected to 15 min of UV-Ozone cleaning (Jelight, Model 24).
NiOx was deposited by RF magnetron sputtering from a NiOx target (Disc AG, target diameter 100 mm) in an Evatec Clusterline cluster tool. The chuck temperature was set at 60°C. The sputtering power was set to 150 W and the deposition happened under an Ar gas flow of 150 sccm. The thickness is controlled by adjusting the deposition time. The base pressure in the deposition is about 7e-7 mbar and the working pressure is 6.7e-3 mbar.
The NiO layers were then either used directly (i.e. in its pristine form) or annealed at different temperatures (100, 200 or 300°C). For the annealing the substrates were placed on a hot plate at room temperature which was then heated to the target temperature at a rate of 20°C/min. Then the annealing was carried out for 15 min at the target temperature. After that, the hot plate was turned off and let cool down to below 100°C before taking the substrates off.
PEDOT:PSS layers were deposited by spin-coating. The purchased solution was used as is. For the spin-coating, 300 μL where dispensed through a 0.45 μm filter onto the substrate. Then the substrate was accelerated with 1,000 rpm/s for 1 s and then with 10,000 rpm/s up to 5,000 rpm and kept spinning for 45 s. The layers were dried on a hotplate at 150°C for 20 min.
4.4 Deposition of Inorganic Precursor
The stacked CsI/PbI2 precursor was deposited by thermal evaporation controlled by a quartz crystal balance. The pressure of p < 1e-5 mbar was maintained during the evaporation. First, 15 nm CsI was evaporated at a rate of ∼1.0 Å/s, followed by a 300 nm thick PbI2 layer evaporated at ∼2.0 Å/s. The nominal composition of Cs0.07FA0.93PbI3 was calculated based on the thickness of the CsI and PbI2 layer.
4.5 Chemical Vapour Deposition Conversion of Inorganic Precursor
The CVD set-up used for this work was described in detail in a previous publication (Moser et al., 2020). A schematic of the set-up is given in Supplementary Figures S6A,B. In short, the CVD conversion is carried out in a multi-zone tube furnace (Carbolite, HZS 12/900) at reduced pressure, using ambient air (relative humidity: 35–40%) as carrier gas. A graphite crucible (Umicore, ESQ 113) containing 0.2 g of FAI and the substrates coated with inorganic precursor are placed in separate heating zones. The tube furnace is equipped with a mass flow controller (Pfeiffer Vacuum, EVR 116) and valves that allow to create a precisely controlled flow of carrier gas in either direction through the tube. With this, the carrier gas can either flow from the graphite crucible towards (“forward flow”) or away (“reverse flow”) from the precursor substrates. Using the reverse flow of the carrier gas, the tube is pumped to the working pressure of 7 mbar and the heating zones are ramped to 170°C and 200°C for the precursor and the crucible zone respectively. The pressure is controlled by employing a constant gas flow of ambient air of 0.5 mbar*l/s and regulating the inlet of the vacuum pump (Edwards, RV 12) with a needle valve. Once the target temperatures are reached, the reverse flow is maintained for 10 min to allow for a stabilization of the temperature zones, while at the same time preventing the conversion reaction to occur prematurely. After that, the carrier gas flow is switched to forward flow. This starts the conversion reaction by the active transport of the FAI vapour to the precursor substrates. The conversion process is stopped after the desired time (2.5, 5, 10, 15, 20, 30, 40 min in this work) by switching back to the reverse flow of the carrier gas. The reverse flow is kept for 4 min to remove all FAI residues from the substrates before venting the tube and taking out the substrates. A generalized visual representation of the process is given in Supplementary Figure S6C.
4.6 Material Characterizations
X-Ray diffraction patterns were measured with an X'Pert Pro in Bragg-Brentano geometry using Cu‐Kα1 radiation (λ = 1.5406 Å), scanning from 5 to 60° (2θ) with a step interval of 0.0167°. Full-width at half-maximum and maximal intensity of the peaks were obtained by fitting a Gaussian peak with Origin 2020b.
Transmittance measurements in the range from 300 to 1,500 nm were performed using a Shimadzu UV-Vis 3600 spectrophotometer equipped with an integrating sphere.
A Hitachi S-4800 Scanning Electron Microscope was used for the imaging of top view and cross-sections. A 5 kV acceleration voltage was used for a 10 mA probing beam. A Pt coating (∼1 .5 nm) was used to decrease charging effects.
AFM images of an area of 10 μm × 10 μm were taken in ambient air on a Bruker ICON3 in tapping mode. A silicon nitride tip with 10 nm radius (ScanAsyst-air), 0.4 N/m cantilever spring constant and 70 kHz resonant frequency was used as probe. The open-source software Gwyddion was used for post-process flattening of the scans and the calculation of the surface roughness.
Compositional depth profiles were measured by ToF-SIMS (ION-TOF, TOF-SIMS 5). The primary beam was a 25 keV Bi+ with total current of 0.39 pA and a raster size of 50 × 50 μm2. The sputtering beam was a 50 nA, 2 keV O2+ with an on-sample area of 300 × 300 μm2
Contact angle measurements were carried out on a drop shape analyzer (Krüss, DSA30E). Contact angles of droplets of deionized water and di-iodomethane were measured by a Young-Laplace fit of the drop shape. The free surface energy was calculated with the OWRK model.
X-ray photoelectron spectroscopy was performed using a Quantum2000 system from Physical Electronics with a monochromatic Al Ka source (1,486.6 eV) and a base pressure below 8 × 10–9 mbar. A 2 min ion sputtering step was performed using a beam energy of 0.5 keV before measurement to measure at an approximate depth of 50 nm. The high-resolution scan of the Pb 4f and Cs 3d spectra was acquired with a step size of 0.25 eV and a pass energy of 29.30 eV. A charge neutralizer was used for charge compensation. The atomic percentage (at%) was evaluated using Multipak software.
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