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Abstract 

 

The two-step conversion process consisting of metal halide deposition followed by conversion to 

hybrid perovskite was developed as a mean of mitigating the challenges of perovskite film 

formation. This method has been successfully applied toward producing high-quality solar cells of 

the archetypal MAPbI3 hybrid perovskite, but the conversion of other halide perovskites, such as 

the lower bandgap FAPbI3, is more challenging and tends to be hampered by formation of the 

hexagonal non-perovskite polymorph of FAPbI3, requiring Cs addition and/or extensive thermal 

annealing. Here, we demonstrate an efficient room-temperature conversion route of PbI2 into the 

α-FAPbI3 perovskite phase in the presence of FAI and without the use of cesium. To do so, we 

have induced a metastable, solvated polymorph of PbI2 from which -FAPbI3 forms spontaneously. 

Using complementary in situ grazing incidence wide-angle x-ray scattering (GIWAXS) and quartz 

crystal microbalance with dissipation (QCM-D), we compared the conversion behaviors of the 

PbI2 precursor from its different states: including disordered colloidal film (P0) in the presence of 

dimethylformamide (DMF), ordered solvated polymorphs with DMF (P1 and P2), and crystalline 

PbI2. α-FAPbI3 forms spontaneously and efficiently from P2 at room temperature leading to a 

complete conversion after thermal annealing while all the other PbI2 solvate phases resulted in the 

partial conversion of the perovskite phase, together with a high intensity hexagonal-FAPbI3 

phase despite an extensive thermal annealing to convert to α-FAPbI3. The average power 

conversion efficiency (PCE) of the fabricated solar cells was greatly improved from 16.0(±0.32)% 

(from the annealed PbI2) to 17.23(±0.28)% (from P2) with the champion device approaching 18% 

due to improved semiconductor properties such as lower recombination rate of the perovskite solar 

cells fabricated from the ordered P2 (23.65 ns) than devices fabricated using the conventional 
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annealed PbI2 (5.43 ns) film in addition to better reproducibility. This work provides new design 

rules toward the room-temperature phase transformation and processing of hybrid perovskite films 

based on FA+ cation without the need for Cs+ or mixed halide formulation. 
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Introduction 

Hybrid organic-inorganic perovskites have been widely studied due to their high power conversion 

efficiency (PCE), facile processing, and their unique combination of physical properties.[1–9] Since 

the first report in 2009, when methylammonium-based MAPbI3 and MAPbBr3 were used as 

photoactive layers in solar cells,[10] several other cations, such as formamidinium (FA) and Cs+ 

have substituted MA+ as the A site cation in AMX3 or mixed to form a multi-cation perovskite 

phase[3,11–16] in an effort to achieve high quality perovskite films with low bandgap and good 

stability. These efforts have culminated in the achievement of PCE as high as 24.2% [17–22] and 

increasingly stable solar cells based on perovskite films that are easier to form with high 

reproducibility.[4,11,23–30] 

The hybrid perovskite PV community has recently begun favoring the use of larger cations than 

MA+. The size of the cation affects the M-I-M (M=Sn, Pb) angle[31,32] and can promote layering 

and the formation of insulating barriers between semiconducting PbI4 layers,[3,33] such as in 

reduced dimensional layered (2D and quasi-2D) structures,[20,34–37] which tend to be excitonic.[38] 

On the other hand, small cations such as MA+, FA+, and Cs+ are within the tolerance factors of the 

3D framework,[39–42] which forms 3D perovskite phases with low exciton binding energy and free-

carrier characteristics crucial for high-performance PVs. Using different cations within this 3D 

framework induces different bandgaps due to the change in ionic radii. Importantly, using FA+ 

instead of MA+ was observed to lead to lower bandgap[3,43] (∼1.4 eV), down from ∼1.5−1.6 eV 

for MAPbI3,
[44–46] which is required for harvesting more sunlight into electricity. However, even 

though FAPbI3 perovskite has a close-to-ideal bandgap, until now no high performance “pure” 

FAPbI3 solar cells have been fabricated since the reaction between PbI2 and FAI is complicated 

by the undesirable phase conversion into the yellow PV-inactive δ-phase (hexagonal symmetry, 
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P63mc) instead of the desired trigonal (P3m1) black α-phase.[32,43,47,48] Therefore several studies 

have used smaller-sized MA, cesium (Cs), or rubidium (Rb) cations in the one-step processing to 

stabilize the perovskite lattice of FAPbI3 through solid-state alloying,[19,41,49–54] leading to high-

performing FAPbI3-based mixed cation halide perovskite solar cells.[5,6,55–57] Other studies have 

been mixing FAPbI3 with MAPbBr3 to achieve high PCEs, but in this case, one of the advantages 

of using FAPbI3, that is, its narrower bandgap, is lost by the combination with a bromide compound 

which increases the bandgap.[6,18,47,58,59] Therefore, breakthroughs are needed toward the 

fabrication of pure α-FAPbI3 films, requiring understanding and control over the phase 

transformation and conversion behavior of PbI2 and FAI precursors. 

Solution-based preparation methods to fabricate high-performance perovskite solar cells are 

usually categorized into the one-step[26,60–62] and the two-step[63–66] methods. While the one-step 

process is considered to be the simpler method and is popular because of the facile mixing of 

cations and halides, it requires an anti-solvent drip step during spin-coating in order to induce rapid 

crystallization of the film, prevent pinholes and control morphology. The two-step method was 

developed to overcome the challenges associated to this procedure, including the ability to control 

the morphology of the perovskite active layer and achieves high quality, pinhole-free MAPbI3 

films and PCE > 20% without resorting to mixed ion formulations or anti-solvent dripping. It 

begins with deposition of a metal halide, such as crystalline PbI2, which is subsequently exposed 

to the cation salt and thermally converted into the perovskite phase. This process has been studied 

and optimized extensively for MAPbI3 and promises similar high quality FAPbI3 films, but has 

yielded much lower PCE,[3,14] given the higher energy of formation of FAPbI3 compared to 

MAPbI3, as well as the formation of non-perovskite intermediates.[12,13,18,67] Incorporating Cs+ in 

the two-step approach would be useful to promote conversion like in the one-step process, but it 



  
 

 

6 

 

is quite challenging because of the low solubility of CsI in isopropanol (IPA) solvent used for 

deposition of methylammonium halide salts.
[68] Addition of CsI into the PbI2 layer also leads to 

the formation of the non-perovskite δ-phase CsPbI3.
[69,70] Alternative approaches are therefore 

needed to facilitate the formation of α-FAPbI3 without the need for cation and halide mixing, and 

achieve uniform, high quality perovskite coatings toward efficient solar cells.  

Recently, we reported a facile and alternative two-step method of converting PbI2 into MAPbI3 

perovskite at room temperature, which leads to an efficient solar cell.[71] The method relied on 

engineering a metastable crystalline solvated polymorph of PbI2-DMF exhibiting an expanded 

lattice. This was shown to promote the rapid and nearly complete conversion of PbI2 to MAPbI3 

in the presence of MAI, even at room temperature. Given the thermal treatment requirements and 

documented polymorphism of FAPbI3, as well as the tendency of the community to resort to Cs+ 

addition and halide mixing, serious questions remain about a similar strategy successfully 

converting phase pure α-FAPbI3. 

Herein, we demonstrate the successful and reproducible fabrication of α-phase FAPbI3 films at 

room temperature without the need for Cs+ addition or halide mixing to achieve high-quality 

perovskite layers and solar cells yielding respectable PCE of nearly 18%. We investigate the phase 

conversion behavior in the two-step process consisting first of PbI2 deposition, followed by 

exposure to FAI. To do so, we used in situ grazing incidence wide-angle X-ray scattering 

(GIWAX) measurements and complementary in situ quartz crystal microbalance with dissipation 

(QCM-D) measurements. We demonstrate that the metastable solvated polymorph P2 of PbI2 can 

convert directly into uniform, pin-hole free α-FAPbI3 films at room temperature prior to thermal 

annealing. Characterization of these films revealed significantly reduced trap density and longer 

carrier lifetimes in contrast to other films fabricated from P0, P1 or crystalline PbI2 (c-PbI2). The 
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perovskite solar cells fabricated based on high-quality FAPbI3 films exhibit an average PCE of 

17.23±0.28%, with substantial improvement in contrast to conversion from c-PbI2 (16.0±0.32%). 

We obtained a champion device with PCE up to 17.9%, which is the highest reported efficiency 

for FAPbI3 perovskite solar cell fabricated using the two-step approach. These results show that 

solvate-engineering can produce unprecedented routes for phase pure perovskite film formation 

with remarkable facility and reproducibility and without the necessity to resort to Cs+ addition or 

halide mixing.  

 

Results and Discussion  

Conversion of pure PbI2 versus PbI2-DMF co-crystal polymorphs to FAPbI3 

We investigate the impact of the four states of PbI2 on their respective conversion behavior to 

FAPbI3 using the two-step protocol shown in Figure 1a. We expose the various precursor films to 

FAI solutions by casting the IPA-based solution and waiting for 30s, also known as loading, and 

then spinning off the residue, followed by a second IPA casting and spin-off washing step. The 

four states of PbI2 revealed in our previous investigation[71] are summarized in Figure 1b. The 

solution-casting of PbI2 from a DMF solution results in the sequential formation of different 

solvated states during solution drying in the PbI2 sol-gel process in DMF, as revealed by in situ 

GIWAXS measurements. A disordered colloidal state (P0) without a diffraction signature is 

observed for t < 20 s. A metastable solvated phase (P1) is observed for 20 < t < 60 s. This metastable 

phase transitions to a second metastable solvated phase (P2) for 50 < t < 300 s, which subsequently 

converts into crystalline PbI2 as of t > 300 s. Determining the exact structure of those intermediate 

crystalline complexes, however have been very challenging since the solvate phases feature only 

a very limited number of reflections in GIWAXS, which is not sufficient for a structure 
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determination.[72,73] Representative GIWAXS snapshots taken immediately after FAI loading and 

spin-off (Figure 1c) and after the IPA wash (Figure 1d) for the four scenarios reveal the formation 

of 3D powder rings corresponding to the (110) reflection of the perovskite α-FAPbI3 phase (q ≈ 

10 nm−1) in all cases. However, the (010) reflection of the yellow non-perovskite δ-FAPbI3 phase 

(q ≈ 8.6 nm−1) is prominent for P1 and c-PbI2 and weakly formed for P0 and P2, and almost 

disappears after the IPA wash step for the P2 case (the intensity is negligible in comparison with 

the perovskite intensity), while only weakening for P1 and PbI2 cases. A complete room 

temperature conversion to perovskite on the other hand is observed in Figure S1a which represents 

the X-ray diffraction patterns of the as-cast P2 and PbI2 based perovskites films. We note that 

conversion from P2 was complete when XRD experiments were performed as the samples were 

prepared in a N2 glove box, but not when fabricated in air, which was the case for the in situ 

GIWAXS measurements. This is due to the α-FAbPI3 film phase instability and tendency to 

crystallize into the undesirable δ-phase especially in air.  An additional scattering ring formed at q 

≈ 7.3nm−1 (2=9.9°) in the P0 case remains in the film after wash. It was previously observed by 

Qi et al.,[74] and they associated it with the film becoming oversaturated with FAI. Figure S1b and 

c represents the intensity distribution vs. scattering vector q for the P2 and c-PbI2 scenarios and 

show that FAI loading and subsequent IPA washing steps are crucial to converting the -FAPbI3 

to α-FAPbI3 in both cases, but much more effective in the P2 case than PbI2. Even though a room 

temperature conversion is possible from P2, without the appearance of hexagonal phase, the as-

cast film is not fully converted and degrades within tens of minutes unless it is annealed. Figure 

S2a, shows that the as-cast films absorbance rapid drop (in minutes) due to the appearance of more 

intense hexagonal and PbI2 phases over time (Figure S2b). The annealing step is then crucial to 
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complete and lock in the conversion leading to a more stable sample, otherwise the hexagonal 

phase forms and increases in intensity. Figure S3a,b show, that annealing at temperature of 80°C 

and 100°C is not enough to lock in the perovskite phase, therefore the minimum temperature 

requires to prepare a device-ready material is 130°C. 

The ease of P2 conversion can be explained by the metastable nature of the phase, which 

spontaneously degrades within minutes at room temperature. This degradation is promoted by the 

expansion of PbI2 lattice with the help of weakly coordinating DMF molecules which allows FAI 

molecules to easily intercalate and replace DMF as they have higher affinity toward PbI2 than to 

DMF.[5] A key advantage of the two-step process employed here over the traditional single-step 

process is the latter’s inability to fabricate α-FAbPI3 films directly at room temperature (and very 

challenging even after thermal annealing) because of its phase instability and tendency to crystallize 

into the undesirable δ-phase. 

The FAI uptake and the kinetics of conversion occur during the loading stage in bulk solution, 

making it impossible for GIWAXS measurements to capture the process quantitatively as both 

incident and scattered X-rays are absorbed by the solvent. We have, therefore used complementary 

in situ quartz crystal microbalance with dissipation (QCM-D) to compare the mass uptake of FAI 

by the P2 and c-PbI2films.[71,75–79] To do so, we pre-coated the SiO2-coated quartz sensor with c-PbI2, 

then mounted the sensors into the QCM-D instrument. To recreate the solvated P2 phase, we 

exposed the PbI2–coated sensor to DMF vapor resulting in DMF uptake and conversion to P2, 

following a procedure described previously.[71] Figure S4a shows the changes in frequency after 

coating with c-PbI2 and P2, while S4b shows the liquid baseline of IPA on the two types of coatings. 

The time-evolution of the frequency shift (Figure 2a) shows much more significant mass uptake 
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by P2 than by c-PbI2 upon drop-casting the FAI solution in IPA. The associated mass uptake 

(Figure 2b) is calculated using the Sauerbrey model[80] and shows a faster rate of uptake and a 

nearly three-times higher total mass uptake by P2 than by c-PbI2 after 30 s loading. The dry mass 

differential of FAI in the c-PbI2 and P2 cases is 9.86 and 29.41 g cm−2, respectively, or an uptake 

of 0.057 and 0.17 mol cm−2 of FAI (assuming FAI molar mass of 171 g mol−1). We find that the 

amount of FAI incorporated during the loading stage is three times higher in P2 than in dry PbI2. 

The quantitative similarity of FAI uptake by P2 and PbI2 to MAI uptake is surprising given the 

comparatively higher energy of formation of α-FAPbI3 as compared to MAPbI3,
[71] and the 

difference in cation radius of MA+ and FA+, which favors the former over the latter. 

The last processing step before thin film solar cell fabrication consists of thermal annealing at 

150°C for 10 minutes in an N2-filled glove-box. X-ray diffraction (XRD) measurements of 

annealed films prepared using the two-step process from P0, P1, P2, and c-PbI2 are summarized in 

Figure 2e. The full width at half maximum (FWHM) and associated crystallite size of α-FAPbI3 

are summarized in Table S1. The P0 case shows co-existence of unreacted c-PbI2 (2θ=12.7º), 𝛿-

FAPbI3 (2θ=11.8º), and 𝛼-FAPbI3 (2θ=14.0º), confirming an incomplete conversion despite of 

thermal annealing. The P1 film converts to α-FAPbI3, but contains a sizable fraction of c-PbI2, as 

does the film converted from c-PbI2. In contrast, the P2 film exhibits 𝛼-FAPbI3 exclusively and the 

strongest associated diffraction of all four cases. As-measured absorbance vs. FAI drip times 

before and after annealing (Figure S5a,b) along with the optical images of the films (Figure S5c) 

reveal significant differences in absorbance and morphology. The drip time in the early stages 

leads to higher absorbance both before and after annealing. On the other hand, dripping too soon 

yields poorer quality films which emphasize further the importance of the precise timings on the 
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conversion process. Figure 2f represents the optical absorption coefficients of the four perovskite 

films produced by converting the as-cast film by loading it with FAI at different stages and 

annealing confirm the differences in absorbance, very much in favor of conversion from P2, 

followed by P1 and P0, which have the second highest absorbance across the measured spectrum, 

and c-PbI2 coming in last.  

 

Optoelectronic Properties and Morphology 

Steady-state photoluminescence (PL) measurements (Figure 3a) reveal PL peaks at 803, 803, 804 

and 807 nm, respectively, for perovskite films converted from the P0, P1, P2 and c-PbI2 phases. The 

emission corresponds to the excitonic contribution of α-FAPbI3, which is approximately 1.54 eV 

for all the samples evaluated. Time-resolved PL (TRPL) measurements (Figure 3b) performed on 

the same samples help us evaluate charge carrier dynamics and specifically differences in charge 

carrier lifetime, which appear to be distinctly in favor of the perovskite converted from P2. We 

have used the following biexponential functional to determine the lifetime: 

𝑓(𝑡) = 𝐴1exp(−𝑡/𝜏1) + 𝐴2exp(−𝑡/𝜏2) + 𝐵   (1) 

𝜏1  and 𝜏2  are the slow and fast decay time constants, respectively, while 𝐴1  and 𝐴2  are the 

corresponding decay amplitudes and B is a constant. The carrier dynamics derived from the 

transient PL behavior provides information about the defect concentration which is related to non-

radiative charge recombination losses. The average carrier lifetimes evaluated are 3.07, 1.82, 23.65, 

and 5.43 ns for the FAPbI3 films converted from P0, P1, P2, and c-PbI2, respectively. The longer 

carrier lifetime of P2 indicates reduced trap density in the film, which is beneficial for charge 

collection in solar cell devices. 
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The trap densities of the films were further evaluated by measuring the dark J-V characteristics 

for electron-only devices based on the architecture consisting of glass/FTO/c-

TiO2/Perovskite/PCBM/Ag, as shown in Figure S6 The trap density was determined using the 

following equation:[81,82] 

𝑁𝑡 =
2𝜀𝑟𝜀0𝑉𝑇𝐹𝐿

q𝐿2
     (2) 

where 𝑉𝑇𝐹𝐿 refers to the trap-filled limit voltage (the voltage value corresponding to the point in 

pink (see Figure S6) between the Ohmic and TFL regions), 휀𝑟  refers to the relative dielectric 

constant and the value taken here is 62.23, 휀0 is the vacuum permittivity, q is the electron charge, 

L refers to the thickness of the perovskite film. The calculated values of trap densities are 

(2.9±0.3)×1016 cm-3, (2.3±0.2)×1016 cm-3, (0.5±0.1)×1016 cm-3 and (1.6±0.1)×1016 cm-3 for the 

perovskite films converted from P0, P1, P2, and c-PbI2, respectively. These results illustrate that 

defects and their associated traps are remediated in the perovskite films prepared from P2, in 

agreement with the trends in charge recombination rate by TRPL measurements. 

Plan-view scanning electronic microscopy (SEM) images are shown in Figure 3d for perovskite 

films fabricated from P2 and c-PbI2. Figure S7a and Figure S7b show SEM images for the 

perovskite films fabricated from P0 and P1 as well as the topographic AFM images and the 

corresponding root mean square (RMS) roughness for each sample. We observe a more compact 

surface and smooth surface morphology in films converted from P2 sample, with films converted 

from c-PbI2 showing slightly coarser surface. Cross-sectional SEM images of films converted from 

c-PbI2 and P2 samples are shown in Figure 3e. A comparison of the thickness of all perovskite 

layers reveals the film thickness to be dependent upon the state of the metal halide layer. 

Conversion from the highly solvated colloidal P0 state leads to the thickest films (580 nm), while 
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conversion from P1 yields thinner films (480 nm). Conversion from P2 leads to the thinnest films 

(380 nm), which are also more compact than the films prepared from P0 and P1. Importantly, the 

perovskite converted from P2 yielded a stronger diffraction signal and a higher absorbance than 

the thicker perovskites resulting from P0 and P1. The perovskite converted from c-PbI2 yielded a 

similar thickness as P2 (400 nm) and has a similar appearance under SEM, but was shown to have 

a significantly shorter carrier lifetime and far more traps than the perovskite converted from P2. 

Based on the above observations, we anticipate more efficient charge collection from the P2-based 

perovskite solar cell devices than any of the others. 

 

Photovoltaic Device Performance 

We fabricated planar heterojunction n-i-p solar cells using compact TiO2 and Spiro-OMeTAD as 

electron- and hole-transporting contacts, respectively. The device architecture is schematically shown 

in Figure 4a. We fabricated and tested 20 solar cells for each conversion approach. The measured 

current density-voltage characteristics (J-V curves) of the champion cells for each case are shown in 

Figure 4b, while the average PCEs and standard deviation are shown in Figure 4c. All other 

photovoltaic parameter statistics are summarized in Table 1 and Figure S7c,d. We achieved average 

PCEs of 16.0±0.32% for the perovskite converted from c-PbI2, while conversion from P2 leads to 

PCE of 17.2±0.28%. In contrast, conversion from P0 and P1 lead to average PCEs of 12.8±0.49% 

and 14.0±0.47%, respectively. We achieved a high short-circuit current of over 23 mA cm−2 in the 

case of P2 resulting in PCE of up to 17.87%, which is among the highest efficiencies achieved to date 

for the two-step solution processed planar heterojunction perovskite solar cells without the use of 

additives or high-temperature processing. The excellent performance of FAPbI3 perovskite films 
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converted from P2 is mainly due to the improvement in Jsc and FF, which can be ascribed to a lower 

recombination rate and a lower trap density in the final perovskite film. The enhancement in Voc of P2 

as compared to P0 and P1 is attributed in part to the decrease of unreacted PbI2 and non-perovskite 

-FAPbI3, as per XRD results, which otherwise promote carrier recombination in the presence of 

multiple bandgap materials within the photoactive layer. [17] 

The external quantum efficiency (EQE) data and the integrated Jsc of the champion devices are 

shown in Figure 4d. We can observe good photocurrent generation in the visible region with a 

band edge near 820 nm rather than only 790 nm achieved with MAPbI3.
[71] The integrated Jsc matches 

well with the obtained Jsc by J-V curves for all the devices. Notably, in the region of 500-750 nm, 

the devices based on P0 and P1 show a lower EQE. However, in P2, the high Jsc is attributed to a 

very broad EQE plateau more than 85%. It is notable that the FF value for the P2-based device is 

much higher than the other devices, which can be ascribed to much lower charge recombination 

rate and fewer energetic losses. 

Finally, we measured the current density and PCE versus the continuous illumination (AM 

1.5G) for 180s at a maximum power point (MPP) voltage of the devices under ambient conditions 

(25 ºC, 40% RH) as shown in Figure S8. We achieved a stabilized PCE of 17.82% for the P2 based 

devices higher than 16.31%, for PbI2, 13.1% for P0 and 14.72% for P1 and higher than the MAPbI3 

devices fabricated using the same process.[71] We then show the PCE degradation of 

unencapsulated champion cells before and after 100 h ambient exposure (humidity and 

temperature of ≈30–40% RH and 25 °C, respectively) in the dark (Figure S9). All the four devices 

exhibit good ambient stability with only 1-1.3% degradation of their PCE. 
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Conclusion 

We have reported a complete room-temperature conversion to α-FAPbI3 perovskite phase and a 

fabrication of high-quality FAPbI3 films after thermal annealing without the need for Cs+ addition 

or halide mixing. The method involves FAPbI3 formation via a facile intramolecular exchange of 

DMF molecules intercalated in PbI2 to form a metastable solvated phase P2 with FAI. With the aid 

of complementary in situ measurements, we showed that the solvated crystalline phase P2 of PbI2 

and DMF could readily, rapidly and efficiently convert to the perovskite phase at room temperature 

due to molecular exchange between solvent and FAI. Further thermal annealing removes the 

residual solvent and helps further conversion, leading to dense and uniform films with flat surfaces 

and negligible PbI2 or the yellow δ-FAPbI3 phases evident from GIWAXS or XRD measurements. 

This efficient phase conversion at room temperature further results in a lower carrier non-radiation 

recombination loss and a higher mobility. Solar cells made with FAPbI3 films fabricated from the 

solvated P2 state showed significant improvement in the average PCE with smaller deviations in 

the value and a maximum power conversion efficiency reaching up to 17.9% surpassing those 

fabricated from P0, P1 and traditional crystalline PbI2 phases. To our knowledge, this work is the 

first report of efficient room-temperature conversion of FAPbI3 perovskites and the highest PCE 

for FAPbI3 solar cells fabricated via two-step method. 

  



  
 

 

16 

 

Experimental Section 

 

Solution Preparation 

To prepare 1 M PbI2 solution, 460 mg of lead iodide ultra-dry beads (PbI2, 99.999%, Sigma-

Aldrich) were dissolved in 1 mL anhydrous N,N-dimethylformamide (DMF, 99.8%). The solution 

was stirred overnight at 80ºC. The FAI solution was prepared by dissolving 43 mg of 

formamidinium iodide (FAI, 99.5%, Ossila) in 1 mL anhydrous isopropanol solvent (IPA, Sigma-

Aldrich).The Spiro-OMeTAD solution was prepared by dissolving 90 mg 2,2′,7,7′-tetrakis-

(N,N-di-pmethoxyphenylamine) 9,9 ′ -spirobifluorene (spiro-OMeTAD),22 μL lithium 

bis(trifluoromethanesulfonyl) imide (99%, Acros Organics, 520 mg mL-1) in acetonitrile (99.7+%, 

Alfa Aesar) and 36 μL 4-tert-butylpyridine (96%, Aldrich) in 1 mL chlorobenzene(99.8%, 

Aldrich). The precursor solutions preparation was conducted under inert atmosphere inside a 

nitrogen glove box and all chemicals were used as received without further purification. 

Solar Cell Fabrication  

The FTO-coated glass (2.5 cm  2.5 cm) was cleaned by sequential sonication in acetone, 

isopropanol and ethanol for 30, 30, and 30 minutes, separately, then dried under N2 flow and 

treated with UV-Ozone for 10 min. The TiO2 layer was prepared by chemical bath deposition with 

the glass immersed in TiCl4 (CP, Sinopharm Chemical Reagent Co., Ltd) aqueous solution with 

the volume ratio of TiCl4: H2O equal to 0.0225: 1 at 70 ℃ for 1 hour. The substrates were dried 

under N2 flow and then exposed to UV-Ozone for 15 minutes before solution-casting.  

The PbI2 layer was prepared by dropping 50 μL PbI2 solution and spin-coating at 1000 r.p.m. for 

5s and 2000 r.p.m. for 5s, 25s and 75s separately without delay. 200 μL FAI solution was then 
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introduced on the PbI2 precursor layer and spin-cast at 3000 r.p.m. for 30s with a delay for 30s(FAI 

Loading time). Pure IPA solvent was dropped on the substrates and spin coated for 30s before 

thermal annealing at 150 ºC for 10 minutes for crystallization. The hole-transporting layer (HTL) 

was deposited by spin-coating Spiro-OMeTAD solution at 5000 r.p.m. for 30s, followed by 

evaporation of 80 nm gold electrode on Spiro-OMeTAD/FAPbI3/TiO2/FTO/glass.The spin-

coating was accomplished under inert atmosphere inside a nitrogen glove box. 

Thin Film Characterization 

Grazing incidence wide-angle X-ray scattering (GIWAXS) 

GIWAXS measurements were performed at the D1 beam line at the Cornell High Energy 

Synchrotron Source (CHESS). The results were collected during spin coating using a custom-built 

spin coater covered with a Kapton shield to avoid solution splashes. An exposure time of 0.2 s was 

used to balance between time resolution and signal quality along with an incidence angle of 0.25° 

(above the estimated critical angle of 0.22°) with respect to the substrate plane. The scattering 

signal was collected with a Pilatus 200k pixel array detector (Dectris, 100 frames per second), and 

the wavelength of the X-rays was 1.17 Å (10.5 keV). In situ experiments were conducted in an 

ambient environment with relative humidity of 20-25%. There is an estimated 15s delay between 

the manual solution dropping and the beginning of the spin coating along with the measurements 

collection since the spin coater is computer-controlled from outside the hutch. 

Quartz crystal microbalance with dissipation monitoring (QCM-D) 

QCM-D measurements were performed in the open module accessory of the E4 instrument (QCM-

D, Q-sense, Biolin Scientific) using the quartz sensors coated with silicon dioxide (100 nm) to 

characterize the conversion of PbI2 to FAPbI3 during FAI in IPA solution loading time. A drop of 

200 µL FAI in IPA solution was cast into the open module loaded with a previously coated quartz 
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sensor with a PbI2 film annealed (c-PbI2) or subsequently exposed to DMF solvent vapor to 

convert into the P2 phase. All measurements were performed at 25 °C. Changes in frequency of 

the third overtone (n = 3) are presented herein. 

X-ray diffraction (XRD) 

XRD measurements were carried out in a θ-2θ configuration using Bruker D8 ADVANCE 

diffractometer (X-ray Source: Cu Kα;  = 1.54 Å) or Rigaku Smartlab X-ray Diffractometer with 

a voltage and current of sealed tube generator of 40 kV and 44 mA respectively with angle 

resolution of 0.1°. 

In order to study the evolution of phases with temperature, in-situ XRD using PANalytical 

Empyrean was performed in non-ambient air with heating ramp rate of 5 °C per minute. The in-

situ measurement started about 1 hour after casting the film and it was not immediately on an as-

cast film. 

Optical metrology 

UV-Visible absorption spectra were acquired on aCary 5000 UV-Vis-NIR spectrophotometer 

instrument. Steady-state PL (excitation at 532 nm) as well as time-resolved photoluminescence 

(TRPL) (excitation at 405 nm and emission at 760 nm) were measured with an Edinburgh 

Instruments Ltd (FLS980). 

In situ UV–vis absorption measurements 

All measurements were performed using Filmetrics F40-UVX inside a nitrogen filled glovebox. 

Therefore, all the as-cast films were characterized immediately after spin-coating without being 

exposed to air. In order to study the stability of the samples, they were exposed to air between 

measurements and absorbance at 600 nm versus aging time to show the time-evolution of 

absorbance of this system. 
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Morphology 

The SEM images were acquired using Hitachi SU-8020 Cold Field Emission Scanning 

Microscopy.  

The AFM measurements were performed using an Aslyum MFP-3D instrument in tapping mode 

and Budget Sensors Tap300Al-G were used as tip. The RMS roughness was calculated on 10 ×

10𝜇𝑚2  areas from images acquired using a scan rate of 0.4 Hz in ambient air and at room 

temperature.  

Nikon Eclipse 100N was used to capture optical images. They were taken from annealed samples 

after 24 hours of being in ambient air using 20x, 50x, and 100x of magnification lenses.  

Solar Cell Characterization 

The J-V performance of the perovskite solar cells was analyzed using Keithley 2400 source under 

an ambient condition at room temperature, and the illumination intensity was 100 mW cm-2 (AM 

1.5 G Oriel solar simulator). The scan rate was 0.3 V s-1. The delay time was 10 ms, and the scan 

step was 0.02 V. The power output of the lamp was calibrated by an NREL-traceable KG5 filtered 

silicon reference cell. The device area of 0.09 cm2 was defined by a metal aperture to avoid light 

scattering from the metal electrode into the device during the measurement. The EQE was 

characterized on a QTest Station 2000ADI system (Crowntech. Inc., USA), and the light source 

was a 300 W xenon lamp. The monochromatic light intensity for the EQE measurement was 

calibrated with a reference silicon photodiode. 
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Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. (a) Schematic representation of the sample fabrication procedure used during the in situ 

GIWAXS measurements. (b) The four states of PbI2 revealed during the spin coating of PbI2-DMF 

solution. GIWAXS snapshots obtained during in situ measurements of PbI2 from its different 

precursor phases and its conversion to FAPbI3 following the two step method: (c) Loading and 

spinning of FAI and (d) IPA washing the samples.  Scattering features associated with the 

disordered and ordered precursor solvates are identified, as is the diffraction of PbI2, yellow non-

perovskite phase (δ) and the diffraction of FAPbI3 (α). The circular dashed lines in delineate the 

integration area for generating the time-evolution of 2D GIWAXS intensity map.The scattering 

feature at q≈ 5.0 nm−1 originates from the Kapton windows used to protect against ink splatter 

during in situ GIWAXS experiments during spin coating experiments. 
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Figure 2. (a) Schematic representation of the sample fabrication procedure used during FAI 

loading. Quartz-crystal microbalance (QCM-D) measurements of (b) frequency changes (Δf) and 

(c) mass changes, respectively, after the drop-casting of FAI solution over the annealed PbI2 film, 

and the film at its precursor phase P2 deposited over a SiO2-coated quartz sensor.  (d) Schematic 

representation of the sample annealing procedure used during the measurements. (e) X-ray 

diffraction patterns and (f) Optical absorption coefficient of the annealed perovskites films at 

150°C. 
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Figure 3.  (a) Steady-state PL spectra, (b) TRPL spectra, (c) Statistics of trap densities of the 

perovskite films (d), Plan-view SEM images and (e) Cross-sectional SEM images. 
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Figure 4. (a) Solar cell architecture of FTO/TiO2/perovskite/Spiro-OMeTAD/Au (b) Current 

density-voltage curves measured at reverse scan (from Voc to Jsc) of champion devices resulted 

from the conversion of perovskite film at different precursor phases (c) PCE statistics of 20 devices 

for the perovskite solar cells (d) External quantum efficiency (EQE) for the champion devices. 
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Table 1. Photovoltaic parameters of solar cells devices based on the perovskite films converted 

from different precursor phases (Shown here are average values of 20 devices and the highest 

device efficiency obtained). 

 

Precursor 

state 
Jsc/(mA cm-2) Voc(V) FF (%) PCEavg (%) PCEMAX (%) 

c-PbI
2
 22.68 ± 0.4 1.04 ± 0.01 67.65 ± 1.28 16.0 ± 0.32 16.33 

P
2
 23.48 ± 0.21 1.05 ± 0.01 69.96 ± 0.53 17.2 ± 0.28 17.87 

P
1
 21.65 ± 1.0 0.98 ± 0.01 64.45 ± 2.22 14.0 ± 0.47 15.05 

P
0
 21.76 ± 1.25 0.96 ± 0.02 61.62 ± 2.35 12.8 ± 0.49 13.53 

  



  
 

 

30 

 

The table of contents entry: 

 

A facile intramolecular exchange of DMF molecules intercalated in PbI2 to form a metastable 
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Figure S1. (a) X-ray diffraction patterns of the as-cast perovskites films. Scattering vector q 

versus intensity distribution of the PbI2 films and their conversion to perovskite inks at (b) 

precursor phase P2 and (c) annealed PbI2 at 100°C during different steps: after FAI loading 

and spinning and after IPA washing. 

 
Figure S2. (a) Time-evolution of absorbance (at 600nm) of the as-cast and annealed P2 film 

when left in air. (b) X-ray diffraction patterns of the as-cast P1 film in air after 45 and 65 

minutes in air. 
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Figure S3. (a) X-ray diffraction patterns of the annealed P1 film at different temperatures. 

(b) In-situ XRD vs temperature for the as-cast P2 film. (The time interval between making 

the samples and performing the measurement was about 1 hour, so the hexagonal phase was 

already quite prominent) 

 

 

 
Figure S4. (a) Frequency changes (Δf) after the PbI2 film at its different precursor phases is 

deposited on the bare SiO2-coated quartz sensor (b) Quartz-crystal microbalance (QCM-D) 

measurements of frequency changes (Δf) after the drop-casting of IPA solvent over the 

annealed PbI2 film, and the film at its precursor phase P2, both deposited over a SiO2-coated 

quartz sensor. 

 

Table S1. XRD parameters of the thermally annealed perovskite films, FWMH and 

crystallite size distribution of the perovskite peak α at 14.18°. 
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Δ Peak 

(°) 

PbI2 Peak  

(°) 

α Peak  

(°) 

FWMH 

(°) 

tc 

(nm) 

FAPbI3(PbI2) --- 12.68 13.99 0.19582 ± 0.00207 42.71 ± 0.455 

FAPbI3 (P2) --- --- 13.99 0.18949 ± 0.00318 44.13 ± 0.74 

FAPbI3 (P1) --- 12.68 13.99 0.19958 ± 0.00197 41.90 ± 0.41 

FAPbI3 (P0) 11.8 12.68 13.99 0.20912 ± 0.0033 39.99 ± 0.63 

 

 
 

 

Figure S5. (a ,b) As-measured absorbance vs. FAI drip time before and after annealing. (c) 

Optical images of the annealed films corresponding to different drip times. 
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Figure S6. Dark current-voltage measurements of the electron only devices for the perovskite 

displaying VTFL kink point behavior. 

 

 

 



  
 

 

36 

 

 
Figure S7 (a) Plan-view scanning electronic microscopy (SEM) images (b) Atomic force 

microscopy (AFM) topographic images (10 µm × 10 µm) showing root-mean-square 

roughness (RMS) (c) Statistics of 20 devices for the perovskite solar cells (d) Photovoltaic 

parameters of solar cells devices based on the champion perovskite films converted from 

different precursor phases. 
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Figure S8. A stable output photocurrent density and PCEs and of the four champion cells 

measured under ambient conditions (25 °C; relative humidity of 40%) and continuous AM 

1.5-G, 1-sun illumination at a fixed maximum power point (MPP) voltage for 180s.  
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Figure S9. The PCE degradation of non-encapsulated champion cells before and after 100 

hours ambient exposure (humidity and temperature of ~30-40% RH and 25 ºC, respectively) 

in the dark. 
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