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* Preliminary results on powder phase formation depending on solvents
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Fig. S1. XRD patterns and photographs of the powders synthesized with different solvents of
GBL and DMF for the MAPDI; solution synthesis. The powders were synthesized with the
input ratio of Pbl;:MAI = 1:1. From the preliminary experiments, we found that the powder
synthesized with GBL exhibited a single perovskite phase regardless of input ratio, as shown

in the blue pattern of the figure, whereas the powder synthesized with DMF showed phases



that were changed depending on the input ratio. The phase changes with input ratio are

clearly shown in Fig. 3.

* Formation process of precipitates during step Il

Fig. S2. Sequence of photographs showing typical formation of precipitates inside DCM.

* Phase identification from XRD patterns

Table S1. Classification of different phases from XRD patterns of two typical powders.

Powder with input ratio of 1:1.0

Powder with input ratio of 1:2.2

Observed peaks (°) | Identified phases (A?) Observed peaks (°) | Identified phases (A%)
13.001 Pbl,-MAI-DMF (0.005) 10.222 Pbl,-MAI-DMF (0.043)
13.883 Perovskite (0.084) 11.579 Pbl,-MAI-DMF (-0.049)
14.951 Pbl,-MAI-DMF (-0.098) | 12.956 Pbl,-MAI-DMF (0.050)
15.354 Pbl,-DMF (-0.060) 14.053 Perovskite (0.086)
19.564 Pbl,-DMF (0.004) 14.790 Pbl,-MAI-DMF (0.063)
20.889 Pbl,-DMF (-0.001) 15.282 Pbl,-MAI-DMF (0.056)
22.593 Pbl,-MAI-DMF (0.072) 15.862 Pbl,-MAI-DMF (0.125)
23.393 Perovskite (0.077) 16.177 Pbl,-MAI-DMF (-0.084)
24.877 Pbl,-DMF (-0.042) 18.251 Pbl,-MAI-DMF (0.053)
25.083 Pbl,-DMF (-0.053) 19.160 Pbl,-MAI-DMF (0.151)
25.518 Pbl,-MAI-DMF (-0.096) | 20.850 Pbl,-MAI-DMF (0.090)
26.244 Pbl,-MAI-DMF (-0.061) | 22.017 Pbl,-MAI-DMF (0.070)
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2 A: Difference between two peak positions of observed peaks and calculated peaks. The calculated

peak positions were obtained from reference 24. /® These peak positions were calculated using X’Pert

HighScore Plus 3.0 software based on the structural parameters of Pbl,-DMF described in ref. 24,

because there is no information between 41 to 50°.

» Low-magnification surface FESEM images of the MAPbI; thin films

Fig. S3. Low-magnification FESEM surface images of the MAPDbI; films deposited on mp-

Ti0,/Ti0,-BL/FTO.



* Presence of pure MAI from high-MAl-excess powder
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Fig. S4. (a) FT-IR spectra of the powder having 1:2.2 ratio and corresponding thin films
fabricated by solution processing with the powder and subsequent air-annealing. (b) Enlarged
spectra and pure MAI spectrum. The powder consists of two phases of MAPbI; and Pbl,-
MAI-DMF phase, but the thin films exhibit pure MAPDI; phases. As shown in the enlarged
spectrum of (b), a pure MAI phase, as denoted by blue dotted lines, is clearly observed in
addition to the phase of Pbl,-MAI-DMF complex from the powder. However, this MAI phase

with the Pbl,-MAI-DMF complex phase is completely absent from the thin film.



» Effects of purity of Pbl, and MAI on structure and device performance
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Fig. SS. Effects of purity of two chemicals (Pbl, and MAI) on structure and photovoltaic
device performance. (a) XRD patterns of as-prepared powders and (b) photovoltaic device
performance (inset photograph: as-prepared powders). Powder type 1: Pbl; (99.9985%) and
purified MAI; powder type 2: Pbl, (99.0%) and purified MAI; powder type 3: Pbl,
(99.9985%) and unpurified MAI. The input ratio is fixed at 1:1.6. As clearly shown, the
structures of the prepared powders and corresponding device performances are very similar

regardless of the purity of the initial chemicals.

= Fabrication of various hybrid perovskite powders
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Fig. S6. Schematic for the synthesis of various hybrid perovskite powders and photographs of
as-synthesized powders. We obtained various hybrid perovskite powders by simply choosing

the initial chemical sources, as shown in the figure.



» Preliminary results on the formation of different intermediate phases
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Fig. S7. Fourier-transform infrared (FT-IR) spectra of the MAPbIj; thin films using
intermediate-phase-controlled powders. The samples of Pbl,-MAI-DMSO and Pbl,-MAI-
DMF were fabricated by the powders obtained from different polar solvents of DMSO
(dimethyl sulfoxide) and DMF, respectively. The films were studied prior to the annealing
step to detect the intermediate phases within the samples because the material was completely
transformed to the crystalline MAPDI; phase after annealing. In the sample of Pbl,-MAI-
DMSO, the peak corresponding to the Pbl,-MAI-DMSO complex is clearly observed [S1], as
denoted by a green circle, whereas no intermediate phase is observed from the MAI-Pbl,-

DMF because of the weak interaction with DMF [S2].



= Comparison with the previous method: Device performances
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Fig. S8. Comparison of photovoltaic performances with the case fabricated by the previous
method (or normal method). The procedures for the deposition of MAPbI; solution with spin
coating and annealing are the same for both methods. To obtain the statistical data, we tested
over 80 devices fabricated by each method. Device stability tests were performed over 10
days with a device showing 15% efficiency under relative humidity conditions of ~30% in air.
As clearly shown in Fig. S8, the device fabricated with our method exhibited better device

efficiency and stability than that with the previous method.
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