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Formamidinium lead triiodide (HC(NH2)2PbI3 or FAPbI3) is a promising light absorber for high-efficiency
perovskite solar cells because of its superior light absorption range and thermal stability to CH3NH3PbI3
(MAPbI3). Unfortunately, it is difficult to fabricate high-quality FAPbI3 thin films to surpass the MAPbI3-
based cells due to easily forming unwanted but more stable yellow d-phase and thus requiring high
annealing-temperature for wanted photovoltaic-active black a-phase. Herein, we reported a novel
low-temperature fabrication of highly crystallized a-FAPbI3 film exhibiting uniaxial-oriented nature with
large grain sizes up to 2 lm. First-principles energetic calculations predicted that this novel deposition
should be ascribed to the formation of a high-energy metastable two-dimensional (2D) intermediate of
MAFAPbI3Cl followed by a spontaneous conversion to a-FAPbI3. The ions exchange reaction during this
MAFAPbI3Cl-FAPbI3 conversion account for the perovskite film uniaxial-oriented grown along the
(1 1 1) direction. This large-grain and uniaxial-oriented grown a-FAPbI3 based solar cells exhibited an
efficiency up to 20.4% accompanying with low density-voltage (J-V) hysteresis and high stability.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Organic-inorganic hybrid halide perovskites have rapidly
emerged as one of the most promising semiconductor absorbers
for solar cells owing to their unique optoelectronic properties, as
well as low-cost and facile fabrication procedure [1–4]. Despite
of significant advances, the large-scale fabrication of high-
efficiency and high-stability perovskite solar cells is still the main
challenge for practical application of hybrid halide perovskites
[1–5]. Since the most widely studied CH3NH3PbI3 (MAPbI3) per-
ovskite is bothered by both inferior thermal stability (caused by
intrinsic phase transformation or decomposition channels) and
unideal band gap of �1.58 eV [6–8], alternative hybrid perovskites
with different chemical compositions have been explored [9].
Among them, the HC(NH2)2PbI3 (FAPbI3) perovskite and
FA-involved mixed-cation perovskites with better thermal stability
and narrower band gap (�1.48 eV) emerge as more ideal per-
ovskite solar absorbers [6,10–14]. Although high-efficiency solar
cells with power conversion efficiency (PCE) over 23% have been
fabricated based on FA-involved mixed-cation/anion perovskites
[15], the pure FAPbI3 perovskite solar cells have shownmuch lower
efficiencies (<18%, as summarized in the Table S1 online)
[10,12,16–28] and are less reported than the pure MAPbI3 based
ones (over 21% efficiency) [29]. This is in contrast to the fact that
FAPbI3 with the narrower band gap allows the broader absorption
of solar spectrum compared with MAPbI3. This situation is pre-
dominantly caused by the difficulty in obtaining high-quality and
phase-pure FAPbI3 perovskite films. The main challenge for FAPbI3
perovskite fabrication lies in that the yellow d-phase (in hexagonal
structure) is thermodynamically more stable and apt to form at
low temperatures, whereas the photovoltaic active black a-phase
(in cubic structure) is usually attained at the annealing tempera-
tures higher than 160 �C due to its substantially larger tolerance
factor [17,20,30–32]. Currently, there are several solution chem-
istry methods to fabricate pure a-FAPbI3 perovskites including
additives assisted one step method or some modified two-step
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methods [12,16–21,25–28,33]. However, the high temperature
(over 160 �C) annealing is generally necessary in these methods.
Such high-temperature annealing not only impacts the growth of
high-quality a-FAPbI3 films with large grains but also limits the
deposition of perovskites on flexible polymer substrates. Moreover,
the high-temperature procedure makes it difficult to grow the
uniaxial-oriented films containing less grain boundaries and dislo-
cation defects and thus facilitating carriers transport, as readily
achieved in MAPbI3 and MA/FA-involved mixed-cation perovskites
[34–36]. The resultantlower efficiencies of phase-pure a-FAPbI3
based cells strongly impeded the further development of the
higher-efficiency and higher-stability perovskite solar cells.

Here, we reported a simple one-step low-temperature fabrica-
tion of phase-pure a-FAPbI3 perovskite film spontaneously con-
verted from a metastable perovskite intermediate of MAFAPbI3Cl
prepared by solvent engineering. In this approach, the MAFAPbI3Cl
perovskite intermediate with high free energy as revealed by the-
oretical calculations was obtained by using a designed precursor
solutions with stoichiometric ratio of MA:FA:Pb:I:Cl = 1:1:1:3:1
using either MAI + PbI2 + FACl or FAI + PbI2 + MACl precursors. We
surprisingly find that crystallization of a-FAPbI3 occurs even under
room temperature without annealing following the forced forma-
tion of metastable MAFAPbI3Cl perovskite intermediate by anti-
solvent extraction. Such one-step spontaneous crystallization leads
to formation of the phase-pure a-FAPbI3 films with grain sizes as
large as 1–2 lm. Further annealing at the lower temperatures of
120–140 �C to remove by-product MACl significantly enhances
the degree of crystallization and film quality. More interestingly,
the freshly obtained and the annealed a-FAPbI3 films all exhibit
the uniform uniaxial-oriented growth along the (1 1 1) direction.
First-principles energetic calculations reveal that the low-
temperature crystallization of a-FAPbI3 originates from the spon-
taneous conversion from the high-energy metastable MAFAPbI3Cl
perovskite intermediate with a two-dimensional (2D) perovskite
structure, and the MA/FA cations and Cl/I anions exchange during
this process is responsible for the uniaxial-oriented growth. Based
on the as-grown highly crystallized uniaxial-oriented a-FAPbI3
perovskite films, we successfully fabricated phase-pure planar
FAPbI3 solar cells with 20.39% efficiency and low density-voltage
(J-V) hysteresis.
2. Materials and methods

2.1. Materials

Formamidinium chloride (FACl), formamidinium iodide (FAI)
and methylammonium iodide (MAI) were purchased from Shang-
hai MaterWin New Materials Co. PbI2 (99.9985%) and SnO2 (15%
in H2O colloidal dispersion) were purchased from Alfa Aesar. All
the other materials were purchased from Sigma-Aldrich and used
as received without any purification.
2.2. Characterization

The crystal structures of the formed perovskite films were char-
acterized on X-ray diffraction (XRD, Shimadzu XRD-6100 diffrac-
tometer with Cu Ka radiation). The absorption spectra of the
films were measured on a Cary-60 UV–Vis spectrophotometer.
The morphologies of the prepared films were characterized by a
JSM-7800F Prime scanning electron microscope (SEM) integrated
with the NORANTM System 7 Energy-dispersive X-ray spec-
troscopy (EDS). The photocurrent density-voltage (J-V) curves of
perovskite solar cells was measured by a Keithley 2401 source
meter under simulated AM 1.5G illumination with a scan rate of
0.05 V/s (100 mW/cm2; Enlitech SS-F5-3A Class AAA Solar
Simulator, the light intensity was calibrated by a stand Si cell before
test) using a non-reflective metal mask with an aperture area of
0.12 cm2, the external quantum efficiency (EQE) was measured on
a QE-3011 system from Enlitech. All the J-V and EQE tests are pro-
cessed in atmosphere with relative humidity (R.H.) 30%–45%.

2.3. First-principles calculations

All the calculations were carried out using plane-wave pseu-
dopotential methods within density functional theory as imple-
mented in the Vienna Ab initio Simulation Package [37,38]. We
described the electron-ion interactions using the projected aug-
mented wave pseudopotentials [39] with 2s22p2 for C, 2s22p3 for
N, 1s for H, 6s26p2 for Pb, 5s25p5 for I and 3s23p5 for Cl as valence
electrons. The generalized gradient approximation formulated by
Perdew et al. [40] was used as the exchange correlation functional.
We used a kinetic energy cutoff of 520 eV for wave function expan-
sion and k-point meshes with spacing of 2p � 0.02 Å�1 or less for
electronic Brillouin zone integration. We optimized the equilib-
rium structural parameters (by fixing lattice shape but relaxing lat-
tice volume and internal ions) of the involved materials through
total energy minimization with the residual forces on the atoms
converged to below 0.01 eV/Å. To properly take into account the
long-range van der Waal interactions that play a nonignorable role
in the hybrid perovskites involving organic molecules, the vdW-
optB86b functional [41] was adopted.

2.4. Device fabrication

Clean patterned fluorine-doped tin oxide (FTO, TCE 7) glasses
were firstly deposited a 20 nm thick compact TiO2 layer by spray
pyrolysis of 0.2 mol/L Ti (IV) bis(ethyl acetoacetate)-
diisopropoxide in 1-butanol solution at 450 followed by 1 h
annealing at the same temperature. Subsequently, SnO2 layer
was spin coated using 0.75% SnO2 solution at 4000 r/s for 30 s
and then annealed at 150 �C in open air, the substrates were then
treated with UV-O3 for 20 min. For the perovskite precursor solu-
tion preparation: 190.8 mg MAI (1.2 mmol), 553 mg PbI2
(1.2 mmol) and 96.7 mg dimethyl sulfoxide (DMSO) (1.2 mmol)
were dissolved in 1 mL dimethylformamide (DMF) to form a
1.2 mol/L solution. The precursor solution was then aged in the
N2-filled glovebox for 0.5 h and then 96 mg FACl (1.2 mmol) pow-
der was added to the aged solution. Perovskite films were depos-
ited by spin coating the precursor solution at 4000 r/s for 20 and
10 s before the ending, 200 mL CB was dropped on the substrate.
The films were then taken out from the dry box and annealed at
140 �C for 5 min in atmosphere with �30% R.H. Then the annealed
films were spin coated with a layer of hole transport material
(HTM) of 0.1 mol/L spiro-MeOTAD, 0.035 mol/L bis(trifluo-
romethane) sulfonimide lithium salt (Li-TFSi), and 0.12 mol/L
4-tert-butylpyridine (TBP) in chlorobenzene (CB)/acetonitrile
(10:1, v:v) solution at 4000 r/min for 20 s. The �100 nm thick Ag
contacts were deposited by thermal evaporation. All the process
was operated in a dry box with less than 20% humidity.
3. Results and discussion

Solvent engineering or anti-solvent process has been one of the
most widely used method to prepare solar hybrid halide per-
ovskites including FA-based ones [42,43]. The mechanism of such
kinetic growth route is to forcedly crystalize or nucleate solute
components via a fast solvent extraction. When we attempted to
adopt this typical approach to deposit pure FAPbI3 film with PbI2 +
FAI precursor, a greenish FAPbI3 precursor film was firstly obtained
and a 170 �C, 10 min annealing procedure is required to convert the
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precursor film into a dark red perovskite film. Unfortunately, even
after such high-temperature procedure, the purity of obtained
FAPbI3 films was poor. As shown in Figs. S1 and S2 (online),
although the UV–Vis spectrum and XRD patterns of the synthesized
samples show characteristic absorption onset and satellite XRD
peak at 13.8� of a-FAPbI3, their intensities are rather weak, and
the XRD patterns are accompanied by a characteristic d-phase peak
locating at�11.8�. Therefore the high-quality, phase-pure a-FAPbI3
films are challenging to be obtained using typical PbI2 + FAI precur-
sor, consistent with the previous reports [13,17]. To overcome this
issue, we successfully designed a novel perovskite recipe precursor
of MAFAPbI3Cl with a stoichiometric ratio of MA:FA:Pb:I:
Cl = 1:1:1:3:1 using FACl, MAI, PbI2 as reaction precursors through
solvent engineering. Here we should state that there is no signifi-
cantly difference between the two precursors of FACl + MAI + PbI2
or MACl + FAI + PbI2. In our experiments, the FAI + PbI2 or MAI
+ PbI2 precursors were first dissolved and aged for 0.5 h followed
by adding FACl or MACl. The PbI2 and MAI or FAI would dissolve
as colloidal soft framework with [PbI3]– pattern surface terminated
by solvent molecules and MA+ or FA+ cations in solution. As shown
in Fig. S3 (online), the UV–Vis spectra of the MAI + PbI2 and FAI
+ PbI2 are almost identical to each other. With the addition of MACl
or FACl, these Cl– anions would coordinate with colloidal frame-
works of [PbI3] – and split them into colloidal [PbI3Cl]2– nanosheets.
The MAI + PbI2 + FACl and FAI + PbI2 + MACl precursors are also
identical to each other but show the same blue shift compare to
MAI + PbI2 and FAI + PbI2 because of the intercalation of Cl. From
this viewpoint, there is therefore no difference between the recipes
of FACl + PbI2 + MAI and MACl + PbI2 + FAI. The schematic illustra-
tion for the formation of colloidal [PbI3Cl]2– nanosheets is listed
in Fig. 1a. Surprisingly, the phase-pure a-FAPbI3 perovskite films
can be immediately obtained at room temperature without any
annealing process. With the CB anti-solvent dropped to extract
the precursor, a greenish film was at first forcedly formed. This
greenish MAFAPbI3Cl precursor film then exhibits a dramatic color
change from green to red on the time scale of second during spin
coating process as shown in Fig. 1b. In contrast, no color change
was observed after the anti-solvent dropping into the regular
PbI2 + FAI precursor in our experiments. After the finish of spin
coating, a red and uniform film was obtained (insert of Fig. 1c).
The UV–Vis spectrum and XRD patterns of the freshly spin-coated
films without annealing are listed in Fig. 1c, d. The absorption spec-
trum onset of the dark red film arises at around 840 nm, consistent
with the band gap of a-FAPbI3 (1.48 eV). The film shows two strong
characteristic XRD peaks at around 13.8� and �28�, which could be
indexed to the (1 1 1) and (2 2 2) peaks of a-FAPbI3 (in trigonal
P3m1 structure) [44]. Other than the characteristic absorption and
XRD features of a-FAPbI3, there appear some unknown peaks in
both UV–Vis spectrum and XRD patterns, which could be related
to PbI2-solvent complex similar to previous reports on solvent engi-
neering prepared FAPbI3 or MAPbI3 precursor films [13,42]. These
results clearly indicate that the forcedly formed MAFAPbI3Cl pre-
cursor film is at least partially converted into a-FAPbI3 without
appearance of any d-FAPbI3 under room temperature even without
thermal annealing. The more interesting finding is that our
designed MAFAPbI3Cl recipe precursor prepared FAPbI3 film shows
the even higher characteristic a-phase peak intensity than the
170 �C annealed sample synthesized using the regular PbI2 + FAI
precursor (Fig. S4 online).

Although the freshly spin-coated films exhibit strong character-
istics of phase-pure a-FAPbI3, we found that a thermal annealing
post-processing further crystalize a-FAPbI3 and remarkably
enhance film quality through expelling out solvent and the by-
product of MACl from the MAFAPbI3Cl-to-FAPbI3 conversion. To
optimize the thermal annealing condition, a thermal gravity anal-
ysis (TGA) performed on the evaporated MAFAPbI3Cl precursor
solution. The results (Fig. S5 online) indicate that the weight loss
related to MACl by-product becomes fast when annealing temper-
ature is higher than 100 �C. The temperature of 120–140 �C are
suitable for the annealing treatment, but the annealing at 140 �C
can remove the residual MACl more quickly. We then chose
140 �C as the annealing temperature, accompanying with optimal
annealing duration of 5 min (see the optimization process in
Fig. S6 online), to fabricate high-quality a-FAPbI3 film. Both UV–
Vis spectrum and XRD patterns (Fig. 2a, b) of these annealed films
exhibit characteristic features of phase-pure a-FAPbI3 without any
traceable d-phase. Although the absorbance onset is almost the
same after annealing, the annealed film clearly exhibits much
faster-rising absorption edge and generally enhanced absorbance.
More importantly, the annealed films demonstrate
high-crystallinity peaks of pure a-FAPbI3, with around 100 times
stronger peak intensity than the sample without annealing and
the regular PbI2 + FAI precursor prepared FAPbI3 with 170 �C
annealing (Figs. 2b and S4 (online)). By further examining the mor-
phology evolution of the film before and after annealing (with SEM
in Fig. 2c), we found that after annealing, the top surface becomes
smoother. The compact and the grain boundaries are more distin-
guished, consistent with its enhanced crystallinity. In order to
exclude the impact of possible vacuum induced crystal growth
on SEM measurements, we also characterize as deposited FAPbI3
without annealing using atomic force microscopy (Fig. S7 online),
which shows the similar grain size as the SEM measurement. It
should be pointed out that the grain sizes before and after anneal-
ing are almost the same, which indicates the immediate formation
of large-grain a-FAPbI3 through the room-temperature crystalliza-
tion process rather than the annealing induced crystal regrowth.
Besides the achieved phase purity and high crystallinity, all the
annealed samples show very strong XRD peaks at �13.8� and
�28.0� corresponding to (1 1 1) and (2 2 2) planes of a-FAPbI3 (in
accompany with the visible �42.6� and �58.0� peaks correspond-
ing to (3 3 3) and (4 4 4) planes). This indicates the uniform
uniaxial-oriented growth along the (1 1 1) direction of the
a-FAPbI3 films. Such highly oriented growth of hybrid halide per-
ovskite films has been reported in MAPbI3 [34,35] and mixed
cations/anions perovskites [36], but is achieved for the first time
here in FAPbI3. Note that even the freshly spin-coated films formed
at room temperature display the similar crystallographic proper-
ties, especially the (1 1 1) oriented growth as shown in Fig. 1d,
though with the lower XRD peaks intensity.

The higher-resolution SEM image in Fig. 2d shows that our
annealed a-FAPbI3 films present the large perovskite crystal grain
up to 2 lm. Moreover, these large-grain a-FAPbI3 crystals exhibit
homogeneous quasi-single-crystal facets and very smooth surface.
They are uniformly oriented along the same (1 1 1) direction, in
accord with the XRD pattern results (Fig. 2b). Such large-grain
and uniaxial-oriented grown a-FAPbI3 films are expected to be
greatly beneficial for carriers transport and exaction. In contrast,
the grain size of those FAPbI3 films grown from the regular PbI2 +
FAI precursor is only within several hundred nm and the crystals
exhibit diverse crystal facets as in typical polycrystalline films
(Fig. S8 online). To confirm the films we deposited are pure
a-FAPbI3 rather than FA/MA mixed perovskite, we further com-
pared the UV–Vis spectra of our films with that of standard FAPbI3
film prepared by the classical HI assisted method [16] (Fig. S9
online). We found both of two samples show the same absorption
onset, evidencing the phase-pure nature of our FAPbI3 films. We
note that there is negligible amount of Cl found in the annealed
perovskite films as measured by X-ray photoelectron spectroscopy
(XPS) analysis (Fig. S10 online), which is similar to previous
reported case using some Cl additive [27,45,46].

All the above results demonstrate that the MAFAPbI3Cl precur-
sor can be exploited to fabricate phase-pure large-grain a-FAPbI3



Fig. 1. (Color online) Growth and characterization of the low temperature crystalized FAPbI3 films. (a) Schematic illustration for the formation of colloidal [PbI3Cl]2–

nanosheets. (b) Photos of color changing on the scale of second after anti-solvent dropping during spin coating. UV–Vis spectrum (c) and XRD patterns (d) of freshly spin-
coated film without thermal annealing (a red and uniform film as in the inset image of (c)).
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perovskite films with desired uniaxial-growth nature at low tem-
peratures. First-principles calculations were performed to unravel
the underlying mechanism. We started from the energetic calcula-
tions of the normal synthetic routes for MAPbI3 and FAPbI3, i.e.,
using PbI2 + MAI and PbI2 + FAI as precursors, respectively. As
shown in Fig. 3a, the obtained energies of MAPbI3 and PbI2 + MAI
are rather close, with a small energy difference of �22 meV per
Pb [47]. The nearly degenerate energies of reaction precursors
and final products generally mean that the reaction is prone to
occur (though the products could not be thermodynamically
stable). This is consistent with the fact that MAPbI3 is found to
be easy-to-make from the PbI2 + MAI precursor and even simple
mechanic mixing of PbI2 and MAI powders can form a fraction of
MAPbI3 crystals at room temperature. Turning to the FAPbI3 case
(Fig. 3b), while a-FAPbI3 shows a quite large energy difference of
�105 meV from PbI2 + FAI, d-FAPbI3 has a slightly lower energy
(�6 meV) than PbI2 + FAI. This accords with the known experimen-
tal finding that the formation of a-FAPbI3 needs high-temperature
annealing to overcome the larger reaction barrier, whereas
d-FAPbI3 can be easily formed at low temperatures. These results
indicate that our first principle calculations are reliably capable
to depict the energetics of synthetic routes for MAPbI3 and FAPbI3
perovskites.

As we mentioned, our FACl + PbI2 + MAI precursor solution is
consisted of colloidal [PbI3Cl]2– nanosheet with FA+ and MA+

cations. For our designed growth, we propose that these [PbI3Cl]2–

nanosheets and FA+/MA+ cations in precursor solution would be
forcedly extracted so fast once the anti-solvent is dropped that
they would completely react and form an intermediate of
MAFAPbI3Cl, which exhibits a structure of 2D perovskite [48].



Fig. 2. (Color online) Characterization of the fabricated FAPbI3 perovskite films before and after annealing. (a) UV–Vis spectrum, (b) normalized XRD patterns (inset is the raw
XRD patterns), (c) SEM images of the FAPbI3 films before and after annealing at 140 �C for 5 min. (d) SEM image of the film annealed at 140 �C for 5 min with higher resolution.

Fig. 3. (Color online) First-principles energetic calculations for MAPbI3 and FAPbI3. Calculated free energies for various reaction precursors and formed products. (a) MAI
+ PbI2 and a-MAPbI3, (b) PbI2 + FAI and a-FAPbI3, d-FAPbI3, (c) FACl + MAI + PbI2 and a-FAPbI3. The energy is in meV/Pb. (d)–(f) Crystal structures of a-MAPbI3/a-FAPbI3,
d-FAPbI3 and 2D MAFAPbI3Cl perovskites.

1612 T. Zhang et al. / Science Bulletin 64 (2019) 1608–1616
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The immediate formation of 2D MAFAPbI3Cl perovskite is reason-
able by considering that the 2D perovskiter frame like colloidal
[PbI3Cl]2– nanosheet with Pb(I4Cl2) octahedra unit is coordinated
with FA+ and MA+ cations and solvent molecules in solution and
the anti-solvent process will extract most solvent molecules. The
theoretical calculation has suggested the 2D MAFAPbI3Cl per-
ovskite exhibit > 2.4 eV band gap in Fig. S11 (online). Therefore,
the observed fact that an instantaneous greenish film was firstly
observed just after the anti-solvent dropped in, and has been
highly related to the formed metastable 2D MAFAPbI3Cl per-
ovskite. Calculations in Fig. 3c indicate that the energy of interme-
diate product of 2D MAFAPbI3Cl is more than 350 meV per Pb and
higher than both raw materials FACl + PbI2 + MAI and the final
products a-FAPbI3 + MACl. That is to say, the intermediate 2D
MAFAPbI3Cl is highly energetically unstable. Following its forced
formation assisted by the anti-solvent dropping during spin coat-
ing, it would transform dramatically to the final FAPbI3 + MACl
products. This explains the second scale of color change from green
to red as observed in Fig. 1a. Moreover, such synthetic route
through the intermediate 2D MAFAPbI3Cl perovskite would inhibit
formation of d-FAPbI3, but prefer to a-FAPbI3 due to the steric
effect as demonstrated in Fig. 3d–f. The phase change from 2D
MAFAPbI3Cl to a-FAPbI3 may not be governed by the energetics,
but the kinetics since forming the d-FAPbI3 requires additional
rearrangement of the PbI6 octahedra. Therefore, the fast formation
of phase-pure a-FAPbI3 at room temperature is originated from the
spontaneous conversion from the high-energy metastable 2D
MAFAPbI3Cl perovskite intermediate forcedly formed by solvent
engineering.

Further calculations of intermediate 2D MAFAPbI3Cl by consid-
ering different arrangements of I/Cl ions indicate that the structure
with cross-distribution of Cl at the bilateral anion sites (Fig. 3f) are
energetically favored (Fig. S12 online). The diffusion energy I/Cl
anions exchange is lower than the I/I anion exchange as shown
in Fig. S13 (online). The MACl is also more volatile than the FACl,
MAI or FAI. Therefore, we can explain the uniform uniaxial-
oriented growth along the (1 1 1) direction during the 2D
MAFAPbI3Cl to a-FAPbI3 conversion as demonstrated in Fig. 4.
When 2D MAFAPbI3Cl interlayers react, both the I/Cl anions and
MA/FA cations exchange leads to the 45� tilt of lattice. During this
process, the MACl by-products are expelled out. Consequently, a
high-quality (1 1 1) oriented a-FAPbI3 film is formed after anneal-
ing treatment to remove all MACl. All these theoretical results
Fig. 4. (Color online) Schematic of spontaneous structural conversion from the 2D M
perovskite. As demonstrated the I/Cl anions and MA/FA cations exchange plays importa
reveal the key role of emergence of the high-energy metastable
2D MAFAPbI3Cl perovskite intermediate in fabricating phase-pure
uniaxial-oriented a-FAPbI3 films. The driving force for forming
the metastable 2D MAFAPbI3Cl intermediate is solvent engineer-
ing, i.e., anti-solvent extraction. This is further supported by our
experimental finding that the same 2D perovskite recipe precursor
of MAFAPbI3Cl without anti-solvent extraction can never form
phase-pure a-FAPbI3 at room temperature (Fig. S14 online). This
is understandable since without formation of the metastable 2D
MAFAPbI3Cl intermediate, the synthesis procedure is then similar
to the previously reported additive (MACl) assisting one-step
method [19,49,50], in which the unwanted d-FAPbI3 cannot be
avoided and has to slowly convert into a-FAPbI3 through phase
transformation driven by the thermal annealing induced anions
and cations exchange reaction [19,49,50]. Based on such the above
theoretical calculation, we also theoretically and experimentally
investigate another two precursors of MACl + MAI + PbI2 and
FACl + FAI + PbI2 to support our proposed hypothesis. The theoret-
ical calculation suggested that the 2D MA2PbI3Cl perovskite inter-
mediate of MACl + MAI + PbI2 even show a little higher energy than
the final product of MAPbI3 and MACl (Fig. S15 online). Experimen-
tally, we also observed the MACl + MAI + PbI2 precursor would turn
into large grain size and orient the grown MAPbI3 perovskite films
with efficiency > 18% as shown in Figs. S16 and S17 (online). In
contrast, we found that it is impossible to form a 2D FA2PbI3Cl per-
ovskite because its energy is really too high compared to that of
FAPbI3 + FACl (Fig. S15 online). Experimentally, we have observed
the formation of phase pure black FAPbI3 films and the correspond-
ing device exhibits low efficiency (Figs. S16 and S17 online).

Using the abovementioned high quality uniaxial-oriented
a-FAPbI3 perovskite films, we then fabricated a modified planar
configuration perovskite solar cell devices. In this modified planar
configuration, the regular compact TiO2 layer was replaced by a
combination of SnO2 nanoparticles film and compact TiO2 because
this combined electron transfer layer has better electron extraction
and transfer properties with enhanced reproducibility to avoid
short circuit [51]. The a-FAPbI3 perovskite solar cell devices exhib-
ited a highly competitive PCE and a small J-V hysteresis. The cham-
pion device exhibits PCE up to 20.39% under reverse scan and
19.56% under forward scan. Fig. 5a shows the J-V of the champion
a-FAPbI3 perovskite solar cell device, which shows a Voc of 1.06 V, a
Jsc of 23.95 mA/cm2 and a FF of 0.81 under reverse scan measure-
ment. In contrast, the champion device based on the FAPbI3 film
AFAPbI3Cl perovskite intermediate to the (1 1 1) uniaxial oriented 3D a-FAPbI3
nt role in the uniaxial-oriented growth.



Fig. 5. (Color online) Performance of the fabricated FAPbI3 based solar cell devices. (a) The J-V curves. (b) The EQE of the champion solar cell. (c) Statistics of PCEs from 32 cells
based our recipe. (d) The PCE of the champion device as a function of storage time (in dark desiccator).
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fabricated by typical PbI2 + FAI precursor is only around �15%
(Fig. S18 online). The EQE curve of the champion device in
Fig. 5b exhibited a high EQE value and agrees well with UV–Vis
spectra, and the integrated Jsc by EQE measurement matched with
the Jsc obtained from J-V measurement. The champion devices
show a high stable output at maximum point (19.8%) (Fig. S19
online). Other than the high efficiency for champion device, our
a-FAPbI3 perovskite solar cells also exhibited high reproducibility
as shown in Fig. 5c. Furthermore, our a-FAPbI3 based device exhib-
ited good stability, and the champion device could maintain the
�19% PCE after storage in a desiccator for 30 d as shown in
Fig. 5d. We also tested the photo-stability of our device and the
un-encapsulated device could retain over 95% of its initial PCE even
after 700 h illumination (Fig. S20 online).
4. Conclusions

In summary, we developed a one-step low-temperature fabrica-
tion method to grow highly crystallized phase-pure a-FAPbI3 per-
ovskites with micron-size large gain. The key procedure is to
exploit the solvent engineering strategy through a designed recipe
precursor with stoichiometric ratio of MA:FA:Pb:I:Cl = 1:1:1:3:1
using MAI + PbI2 + FACl precursors. This leads to the formation of
a metastable 2D MAFAPbI3Cl perovskite intermediate with high
free energy as revealed by first-principles calculations that sponta-
neously transforms to a-FAPbI3 on the second time scale. The fast
formation of d-phase free FAPbI3 perovskite even occured under
room temperature. Further annealing at the lower temperatures
of 120–140 �C significantly enhances film quality by eliminating
MACl by-product. Equally importantly, the fabricated a-FAPbI3
film exhibits highly uniaxial (1 1 1) oriented nature favorable for
carriers transport. Theoretical calculations suggest the ions
exchange process during the conversion from metastable 2D
MAFAPbI3Cl to a-FAPbI3 is responsible for the (1 1 1) oriented
growth. Finally, the high-quality phase-pure a-FAPbI3 perovskite
based solar cells exhibit high reproducibility and high perfor-
mance, and the champion device has an efficiency > 20% in com-
pany with a small J-V hysteresis. The proposed approach to
achieve the highly uniaxial oriented growth and low-temperature
formation of crystallized phase-pure a-FAPbI3 would be a promis-
ing strategy for synthesize FAPbI3-based mixed halides and other
hybrid halide perovskites for high-performance solar cell
fabrication.
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