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Abstract

Formamidinium lead triiodide (FAPbI3) is attractive for photovoltaic devices due to its
optimal bandgap at around 1.45 eV and improved thermal stability compared with
methylammonium based perovskites. Crystallization of phase-pure a-FAPbI; conventionally
requires high-temperature thermal annealing at 150 °C whilst the obtained a-FAPbI; is
metastable at room temperature Here we report aerosol assisted crystallization (AAC) to
convert yellow 6-FAPbI; into black a-FAPbI; at only 100 °C using precursor solutions
containing only lead iodide (Pbl,) and formamidinium iodide (FAI) with no chemical
additives. The obtained a-FAPbI; exhibits remarkably enhanced stability compared to the 150
°C annealed counterparts, in combination with improvement in film crystallinity and
photoluminescence yield. Using X-ray diffraction, X-ray scattering and density functional
theory simulation, we identify that relaxation of residual tensile strains, achieved through the
lower annealing temperature and post-crystallization crystal growth during AAC, is the key
factor that facilitates the formation of phase-stable a-FAPbI;. This overcomes strain-induced
lattice expansion that is known to cause the metastability of a-FAPbI;. Accordingly, we
report pure FAPbI; p-i-n solar cells for the first time, facilitated by the low-temperature (<
100 °C) AAC processing, which demonstrate increases of both power conversion efficiency

and operational stability compared to devices fabricated using 150 °C annealed films.

This article is protected by copyright. All rights reserved.

3



Accepted Article

Introduction

Formamidinium lead triiodide (FAPDbI;) has emerged as a promising candidate for efficient
and stable perovskite solar cells (PSC) among the family of metal halide perovskites (MHPs),
particularly compared to the early prototype of methylammonium lead triiodide (MAPDI;).
This is because FAPbI; has narrower band gap energy of approximately 1.45 eV — closer to
the Shockley-Queisser optimum!"! — and is thermally more stability than MAPbI;./”
However, formation of a-phase FAPbI; normally requires high temperature annealing (> 150
°C) for tens of minutes,m whilst the obtained a-FAPbI; is metastable at room temperature as
it rapidly degrades into a photoinactive, non-perovskite polymorph (8-FAPbL;).""! The
metastability of the perovskite phase is attributed to the relatively large size of FA, leading to
a Goldschmidt tolerance factor > 1 that drives the formation of a hexagonal crystal structure

instead of cubic crystal structure.!

To overcome this problem, a widely used strategy is compositional engineering of FAPbI; by
alloying a small fraction of non-native cations such as MA, Cs,[é] Rb,m or non-native anions

81 1! and pseudo-halides'”). This forms the so called “mixed perovskites™ that

such as Br,
are used in most of the state-of-the-art PSCs.!"") However, compositional tuning is usually at
the expense of an unwanted increase of band gap, and the mixed perovskites may suffer from
local phase segregation of both the non-native cations''> and the halides!'). It is thus
important to further explore approaches that do not alter the composition of FAPbI; for future
PSC development. Thus an alternative strategy is to incorporate dopant species into the

[15]

perovskite precursor solution, including small molecules,"'* quantum dots!"*! or

16171 improving the phase stability of a-FAPbI; whilst avoiding

two-dimensional perovskites
band gap change or phase segregation. These works point out the potential effectiveness of
modulating the FAPbI; crystal surface energy in driving 6-to-o phase transition at lower
temperature. The improved a-FAPbI; stability may be assigned to the dopant species
offsetting the residual strains in the FAPbI; lattice, which is reported to be a key factor in

stabilizing a-FAPbI;.!"™'" However, the additive species potentially induce additional

chemical changes in the FAPbI; film in the long term, and their quantities are usually small
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and thus difficult to control in large-scale fabrication. To this end, strategies not reliant on

processing additives in the precursor solution are preferred, but are rarely reported.”*”

Here, we report an additive-free, aerosol assisted crystallization (AAC) method, reliant on the
interaction of vaporized Lewis base solvents with the FAPbI; films. We simultaneously
achieve crystallization of high-quality a-FAPDI; films within 2.5 minutes at 100 °C and
remarkably improved phase stability of the a-FAPI;. Further, we demonstrate their suitability

for efficient, stable solar cells.

Results and discussion

FAPbI; films were deposited by spin-coating a precursor solution containing only lead iodide
(Pbly) and formamidinium iodide (FAI) of equal molar ratio, followed by washing of
antisolvent. To obtain a-FAPDI;, the two routes investigated in our study are illustrated in
Figure 1a. As the reference route, a-FAPbI; films were crystallized through thermal
annealing (TA) at 150 °C for 20 minutes. For the aerosol assisted crystallization (AAC), the
as-cast films were heated at 100°C followed by exposure to solvent aerosol, that is, a laminar
nitrogen flow containing micrometer-size droplets of the mixture of N,N-dimethylformamide
(DMF) and N,N-dimethyl sulfoxide (DMSO) (9:1 in volume ratio). As the aerosol passes
horizontally over the films, some of the droplets vaporize near the film surface and the vapor
ingresses into the FAPbI; films. As Figures 1a and S1 show, the films remain yellowish
when dried at 100°C, comprising mostly 8-FAPbI;,*" and were found to turn black within a
few seconds of exposure to the aerosol flow, indicating transformation from 6-FAPbI; to

a-FAPbI;.

The aim of using a solvent aerosol is to create a steady laminar flow above the film. This
leads to controlled vaporization of the solvent droplets in the aerosol near the film surface,
generating a continuous “source” of solvent vapor that homogeneously ingresses into the
film. As we have demonstrated previously for aerosol post-crystallization treatment of
MAPbI; films,*" the use of acrosol greatly improves the uniformity and reproducibility of

the process compared to a conventional solvent annealing setup. As such, we can achieve
This article is protected by copyright. All rights reserved.
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uniform crystallization of a-FAPbI; on a large 25 x 38 mm? substrate, Figure S2, and can

casily be scaled up further as shown in our previous work."

The X-ray diffraction (XRD) patterns, Figure 1b, confirm that the FAPbI; film remains in
the d-phase when annealed at 100 °C and forms a-phase upon annealed at 150 °C. In the
AAC route, phase-pure a-FAPbI; can be obtained within 1 minute of the aerosol treatment at
100 °C, with the 6-phase completely removed from the film. Closer inspection of the (001)
diffraction peak in Figure 1¢ shows a consistent reduction of peak full width at half
maximum (FWHM) with increased treatment time, from 0.189° (TA) to 0.172° (1 min),
0.131° (2.5 min) and 0.121° (5 min), indicating improved crystallinity of the FAPbI; films.
As a comparison, we also plot in Figure 1b and 1¢ the XRD pattern of a Csg g2FAg9sPbls film,
a typical “Cs-FA mix-cation perovskite”, prepared through the standard 150 °C TA route.!*”
A noticeable shift of 20 = 0.1° towards higher angles is seen showing that Cs has been
incorporated into the lattice, accompanied by a narrowing of the (001) peak (FWHM =
0.101°) suggesting superior film crystallinity. The results suggest that, with the same TA
processing, FAPbI; demonstrate much poorer crystallinity if no Cs is incorporated. However,
with the AAC route, we are able to improve crystallinity of phase-pure a-FAPDI; closer to

that of Csg.02FA¢.9sPbls, but without any additives or addition of non-native cations or anions.

Surface scanning electron microscopy (SEM) images, Figure 1d, show that the TA a-FAPbI;
film comprises irregularly shaped grains whilst the AAC films show much larger grains in the
lateral dimension; the average lateral grain size increases from 310 nm (TA) to 890 (AAC 1
min), 1060 nm (2.5 min) and 1170 nm (5 min), Figure S3. This suggests that AAC
processing also facilitates growth of the FAPbI; grains, as can also be seen from the
cross-sectional SEM images. It is worth noting that the “grain” size is not the crystallite size
of FAPDbI;, as multiple crystallites can be seen within a single “grain”, particularly in the TA

film, as such the “grain” is more likely a multi-crystalline cluster,*’!

as is analyzed further
below. There is also a time window for effective AAC of FAPbI;, as aerosol treatment for 5

minutes has caused noticeable pinhole formation, undesirable for thin-film optoelectronic
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devices. This is ascribed to the tendency of perovskite grain growth towards a minimization
of surface energy, which eventually causes dewetting of grains from the substrate. Due to the
clear pinholes rendering them unsuitable for optoelectronic devices, the 5 min AAC films are

not considered further.
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Figure 1. Crystallization FAPbI; films. a. Schematic drawing of formation of a-FAPbI;
through thermal annealing (TA) and aerosol assisted crystallization (AAC). b. X-ray
diffraction patterns (XRD) of FAPbI; and Csg g2FA¢ 9sPbl; films. ¢. Zoom-in figure of the
(001) peak. d. Top: Surface scanning electron microscopy (SEM) images of FAPbI; films via
TA and AAC processing of 1 min, 2.5 min and 5 min. Pinholes can be seen on AAC 5 min
film. Scale bar is 1 um for all images. Bottom: cross-sectional SEM images of FAPbI; films
via TA and AAC of 2.5 min. Scale bar is 500 nm for both images.

The above results suggest solvent vapor reduces the energy barrier of d-to-a phase transition,

thereby enabling lower phase transition temperature. We speculate that this is because DMF /

(24]

DMSO molecules — owing to their Lewis base nature!** — have strong coordination with Pb*

that facilitates the rotation of the [Pbls]* octahedra. Such coordination drives a
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configurational transition of the octahedra from face-sharing into corner-sharing and thereby
promoting the formation of 0-FAPbI;.*! This hypothesis is supported by our initial
screening of suitable solvents, which indicated that only Lewis base solvents were capable of
converting yellow 6-FAPbI3 to black a-FAPbI3 (see Table S1). Owing to the higher boiling
point of DMSO (189 °C), it has to be mixed with DMF that has lower boiling point (153 °C)
at maximum 10 %, to avoid condensation of the aerosol at 100°C (Figure S4). XRD
measurements show that DMF aerosol alone or a DMF/N-Methyl-2-pyrrolidone (NMP)
mixture cannot drive a complete d-to-a transition at 100 °C (Figure S5). The exact origin of
these differences is likely related to the strength of Lewis basicity of these solvents and is the
subject of ongoing studies. Nevertheless, the synergistic effects of lower processing
temperature and crystal growth are key factors for strain relaxation and thereby improved

stability of a-FAPbI;, which will be discussed below.

The phase stability of FAPbI; was examined by aging the films under 1 Sun illumination in

ambient air of 75£5% relative humidity (RH), in which the high humidity is used to

accelerate phase degradation.”’ As the photographs in Figure 2a show, the TA film rapidly
turned yellow within 8 hours, consistent with literature report of its metastable nature.” In
strong contrast, a remarkable improvement of stability is observed for the AAC films, where
nearly no degradation is seen up to 150 h. It is also seen that increased aerosol treatment time
from 1 minute to 2.5 minutes further improves the film stability. The XRD patterns, Figure
2b — 2d, confirm that the main degradation product is 6-FAPbI; in all cases, as such the
instability is driven by phase degradation instead of chemical degradation such as formation

of Pbl,.?%

This article is protected by copyright. All rights reserved.

8



Accepted Article

(a) 150h 250h

- .. . ... .

AAC 1 min

TA

(b)

D
-—
—_—

o
—

5t AAC 1 min AAC 2.5 min

5 5 o
‘ A J\ 250 h
‘ o , :
| ; 250 h :
. i J 150 h
‘ A 150 h ;
|« 8h " A 8h
| H ; 8h :
i\ 0h 3 4)\ 0h “ 0h

10 12 14 18 18 10 12 14 16 18 10 12 14 16 18
2Theta (Degree) 2Theta (Degree) 2Theta (Degree)

TA

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

Figure 2. Stability of FAPbI; films. a. Photographs of FAPbI; films aging under 1 Sun
illumination in humid air (75 £ 5% RH) for different times. b-d. XRD patterns obtained at
different time of aging of (b) TA FAPDbI; (0 and 8 h), (c) AAC FAPDI; treated for 1 min (0, 8,
150 and 250 h) and (d) 2.5 min (0, 8, 150 and 250 h). The peaks assigned to 6-phase and

a-phase are labeled on the plots.

To elucidate the crystallographic origins of improved phase stability, we first estimate the
change of crystallite size (D) and residual lattice strain (¢) in the FAPbI; films from the XRD
peak broadening as defined by the Williamson-Hall (WH) method (see detailed description in
ST) *7) for the TA film, 1 min AAC film, 2.5 min AAC film and ground FAPbI; powders,
with the WH plots shown in Figure 3a. The crystallite size can be estimated from the y-axis
intercept of the fitting lines, and is plotted in Figure 3b, showing an increase from 51 nm, to
88 nm and 154 nm for TA, 1 min AAC and 2.5 min AAC films, respectively, and is 82 nm

for the ground powder.

In parallel, lattice strain can be determined from the slope of the fitting line, plotted in Figure

3¢, showing a change from -0.04 % to 0.02 %, 0.05 % and 0.04 % for TA, 1 min, 2.5 min

This article is protected by copyright. All rights reserved.
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AAC films and ground powder respectively (negative strain suggests contraction), which
indicates a transition from contraction to expansion of the lattice in the out-of-plane direction,
i.e. perpendicular to the substrate. As substrate adhesion is a main cause of residual strains in
thin films, the observed out-of-plane compressive strain in TA films is more likely induced
by a more substantial in-plane lattice expansion, with their relative magnitude is defined by
the Poisson ratio of the materials.'® Similarly, the small out-of-plane tensile strain for the
AAC films indicates a relaxation of in-plane tensile strain compared to the TA film.
Interestingly, the ground powder, which is free from substrate adhesion, exhibits a similar
strain to the AAC films. Importantly, this indicates that the AAC processing minimizes the

impact of substrate adhesion on the crystal structure of FAPbI; films.

We then probe the origin of these lattice distortions by calculating the lattice parameters from
the (001), (011) and (111) diffraction peaks, and find a strong deformation from the cubic
structure of the lattice in the TA film with remarkable elongation of the a-axis but shortening
of both b- and c-axes, whilst both 1 min and 2.5 min AAC films show less deformation from
a cubic structure (Figure S6). In accordance, TA FAPbI; also shows greater unit cell volume
(254.50 A?) than 1 min AAC (254.11 A*) and 2.5 min AAC (253.85 A%) films, suggesting

lattice expansion that supports the existence of tensile strains in the TA film.

To characterize directly the in-plane tensile strain in more detail we turn to grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurements. Figure 3d and 3e shows the
two-dimensional (2D) patterns of TA and 2.5 min AAC films. The one-dimensional (1D)
patterns, Figure 3f and Figure 3g, plot the (001) peaks along out-of-plane (¢.) and in-plane
(qxy) directions, respectively. The out-of-plane (001) peak shows a minimal shift between TA
and 2.5 min AAC films, whilst there is a noticeable in-plane peak shift towards lower g., by
0.05 nm™" for the TA film. It indicates increased spacing of {100} planes parallel to the
substrate and thereby in-plane lattice expansion in the TA film. The observation herein is
consistent with the XRD analysis, which together suggests substantial in-plane tensile strain

in the TA film compared to AAC films. The in-plane tensile train transversely contracts the

This article is protected by copyright. All rights reserved.
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lattice in out-of-plane direction as observed in XRD but leads to overall lattice volume

increase.

It is also observed in the 2D patterns that the majority of diffraction intensities of the TA film
are located within a small angle range along the out-of-plane direction (Figure 3b). This

inferior in-plane crystallinity of the TA FAPbI;, as also observed in other studies,***" i

s
thought to be caused by a highly strained lattice, resulting in poor crystallization in the
in-plane directions. This is in contrast to a MAPDI; thin film prepared through a similar TA
route,”*”! Figure S7, where the diffraction intensities are uniformly distributed along the (110)
ring. The 2D patterns of the 2.5-min AAC film shows that the diffraction intensities are not
only higher but also extended in all directions with respect to the substrate (Figure 3e),

ascribing to relaxation of in-plane tensile strains thereby increasing crystallinity along the

in-plane direction.

To further support the crystallographic analysis of lattice strain, we investigate strain-induced
band gap energy (E,) change in the FAPbI; films with first-principles calculations, Figure
3h, which are compared against experimental UV-Vis absorption spectra plotted in Figure 3i.
The calculation data suggests a decrease of £, by approximately 50 meV for a reduction of
tensile strain by 1 %. Our experimental data show a decrease of £, by 7 meV in the 2.5 min
AAC film compared to the TA film, at the same time as the tensile strain reduces by
approximately 0.2 % estimated from volume change. Therefore, both the magnitude and
direction of strain change (i.e. reduction in tensile strain) are in excellent agreement between
the experimental data and simulation data, supporting our conclusion that in-plane tensile

strain is indeed reducing in the AAC films.

Accordingly, we explain the origin of residual tensile strains in the FAPbI; films with the
four schematic drawings (I, II, IIT and IV) in Figure 3j. As Figure 3j(I) shows, converting
0-FAPDI; to a-FAPDI; is accompanied by substantial lattice contraction, mainly due to an
inherent volume reduction during the phase transition (discussed further below)

supplemented by thermal contraction upon cooling to room temperature. In-plane tensile
This article is protected by copyright. All rights reserved.
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strain emerges due to substrate adhesion in the in-plane direction, as perovskites have much
larger expansion coefficient than the indium tin oxide (ITO) substrate. Hence, contraction is

]

mainly allowed only in the out-of-plane direction,”"  described in Figure 3j(II), leaving a

[32] In

sustained in-plane tensile strain and a corresponding out-of-plane compressive strain.
the AAC route, Figure 3g(III), the lower processing temperature (100 °C) leads to a smaller
lattice expansion at the outset, and the residual tensile strains can be further relaxed by the
solvent-induced crystal growth. As Figure 3j(IV) shows, the crystal growth is governed by an

Ostwald ripening process,

in which the larger grains grow at the expense of smaller grains.
This vapor ingression is maximized at grain boundaries, allowing for a thorough
microstructural reconstruction on the edge of existing FAPbI; grains towards a more

thermodynamically equilibrated configuration, which we postulate drives the relaxation of

the residual in-plane tensile strains.
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Figure 3. Analysis of crystallite size and strain. a. Williamson-Hall plots of the FAPbI;
films of ground powders. b. Crystallite size of FAPbI; in the out-of-plane direction
determined from WH plots. ¢. Lattice strains in the out-of-plane direction of FAPbI; derived
from WH plots. Negative (positive) value corresponds to out-of-plane compressive (tensile)
strain. d, e. 2D GIWAX plots of FAPbI; films via (b) TA route and (c) 2.5 min AAC route.
The scale bar is the intensity of diffraction (arb. units). f, g. 1D GIWAX patterns of the TA
and 2.5-min AAC FAPDI; films in the out-of-plane (f) and in-plane (g) directions. h. UV-Vis
absorption spectra of the FAPbI; films. The arrow indicates redshift of absorbance onset. i.
First-principle calculation of FAPbI; band gap energy as a function of in-plane strain.
Direction of tensile or compressive strain is indicated on the plot. Negative (positive) change
of AE, means reduction (increase) of band gap energy. j. Schematic drawing of (I) volume
contraction during thermal processing of a-FAPbI; owing to phase transition and cooling to

room temperature (RT), (I) formation of in-plane tensile strains due to substrate adhension,

This article is protected by copyright. All rights reserved.

13



Accepted Article

and (III) relaxation residual tensile strains in the AAC route through lower processing
temperature and (IV) the secondary crystal growth during AAC process: the comsumption of
smaller grains, expansion of larger grains, reconstruction of grain boundaries that relaxes

residual in-plane tensile strains.

To investigate why lattice compression improves the phase stability of a-FAPbI;, we
performed density functional theory (DFT) calculations of the total energy vs. unit cell
volume for both a-FAPbI; and 6-FAPbI; (Figure 4). In the simulation, in-plane strain is
applied ranging from - 8 % to + 8 % (negative sign for compressive strain and positive sign
for tensile strain) within the (100) facet of cubic a-FAPbI; (Figure 4a) and within the (001)
facet of hexagonal 3-FAPDI; (Figure 4b), respectively. The total energy and the volumes are
shown at each strain configuration, Figure 4c¢, indicating that the optimized volume per
formula is 256.0 A* for the o phase and 284.6 A* for the & phase, respectively, rendering a
decrease of unit cell volume by 10% during the 3-to-a phase transition. The & phase has a
lower total energy than the a phase at optimized volume, but the total energy of the 6 phase
starts to increase upon lattice contraction. The fitted equation-of-states lines show the
crossing point of total energy at around 254.7 A*, below which the o phase is energetically
more favorable than the d phase. It can be concluded that the contraction of volume can be
considered as an order parameter that drives the d-to-a phase transition, indicating
compressive strain to be a stabilizing force for a-FAPbIs. The calculated critical unit cell
volume (254.7 A%) is in excellent agreement with the experimental unit cell volume

(254.50 A*) of our TA FAPbI;. This supports the hypothesis that AAC promotes the stability
of a-phase FAPbI; via lattice compression, as the experimental unit cell volumes for 1-min
AAC (254.11 A?) and 2.5-min AAC (253.85 A®) shift further away from the critical unit cell

volume towards the stable region for a-FAPbI;.

To demonstrate the validity of our DFT calculation and the relevance of the conclusion drawn
to broader context, we carried out the same calculation on CsPbl; perovskite that is also

[27

reported to suffer from degradation from black to yellow phase.'”” The results are shown in

Figure S8. Contrary to the observations in FAPbI;, 6-CsPbl; has smaller volume than
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a-CsPbl; at their respective lowest total energies, hence increasing the volume of a-CsPbl;
improves its stability. The result is in good agreement with literature that a-CsPbl; can be

1331 as opposed to a-FAPbI; in which tensile strains

stabilized by introducing tensile strains,
should be removed. This opposite behavior is explained by the difference in the tolerance
factor (¢) for FAPbI; (t > 1) and CsPbl; (7 < 0.8).”) FA" is too large for the cavity of the
octahedra hence driving the structure to collapse to a face-sharing non-perovskite phase that
bears a larger volume. Thus for FAPDI; lattice contraction favors the formation of the
higher-density perovskite phase. On the other hand, with Cs" being too small, the octahedral
network transitioned into a lower-volume edge-sharing phase, and in such case the
lower-density perovskite phase is preferentially formed under lattice expansion. Both

compositions suffer from the structural instabilities but in opposite ways, which supports the

benefit of Cs-FA mix cation perovskites for phase stability.
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Figure 4. Origin of phase stability improvement. a-b. Schematic drawing of the crystal
structure of cubic a-FAPbI; (a) and hexagonal 6-FAPDI; (b), the arrows indicate the direction

of applied strain in the simulation. Atoms are shown as balls: Pb is dark grey, I is purple, C is
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brown, N is light blue, H is light brown. ¢. DFT calculation of the total energy per unit
formula as a function of unit cell volume for a-FAPbI; and 6-FAPDI;.

Finally, we investigate the optoelectronic properties and the performance of these FAPbI;
films (TA, AAC 1 min and AAC 2.5 min) in solar cells. We measured the photoluminescence
(PL) spectra of these films and plot in Figure 5a the peak intensity at different excitation
densities, where all films show linear increase of PL with excitation density. The critical
observation is an approximate 10-fold increase of PL intensity between TA and 1-min AAC
films, and an approximate 5-fold increase between the 1 min AAC and the 2.5 min AAC film
under approximate solar irradiance (100 mW c¢m™). The enhancement of PL intensity under

solar irradiance, owing to suppression of non-radiative recombination pathways,*" is linked

to the change of quasi-Fermi level splitting (AEF) in the FAPDI; films according to the

generalized Planck’s law by approximately £7°X /n(10) = 60 mV and by kT x [n(5) = 40 mV,
respectively, and indicates the overall improvement in crystalline quality of the perovskite

films.1>)

Facilitated by the reduced processing temperature of FAPbI; via AAC, we fabricated solar
cells with a p-i-n architecture, Figure Sb, in which poly(triaryl amine) (PTAA) was used as
hole transport layer (HTL) and [6,6]-phenyl-C61butyric acid methyl ester (PCBM) as the
electron transport layer (ETL). A bathocuproine (BCP) layer was deposited prior to

deposition of Au as the cathode. In this architecture, no annealing process is needed for the

contact layers and the full device can be processed = 100 °C giving advantages for flexible

devices and two-terminal tandem solar cells.”® The current density-voltage (J-V) curves of
representative devices, Figure 5¢, highlights that AAC route improves both Jsc and Voc of
the FAPbI; solar cells compared to the TA route, whilst longer AAC time further increases
Voc. These devices show no noticeable J-V hysteresis when the scanning direction is altered
(Figure S9). The EQE spectra of the three devices plotted in Figure S10 shows integrated Jsc
are 23.1, 23.8 and 24.2 mA cm™ for TA, 1 min AAC and 2.5 min AAC devices, within a
reasonable range of deviation compared to the Jsc measured from J-V scans. The statistical
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data of photovoltaic parameters measured from multiple devices, Figure 5d and Table 1,
highlights an increase of average (champion) PCE from 15.6% (17.2%) to 18.5% (19.5%)
and 20.2% (21.6%) and synergistic improvement of all photovoltaic parameters (Jsc, Voc,
and FF) that in parallel show narrowed statistical distribution. In particular, the increase of

Voc, which is 64 mV (TA vs 1 min AAC) and 51 mV (1 min vs 2.5 min AAC), are in
qualified agreement with the respective changes of AErestimated from PL spectroscopy that

are 60 mV and 40 mV, suggesting that the improvement of solar cell performance is directly
correlated to the improved quality of FAPDI; active layer. Here the relatively low PCEs (<
17%) of control devices are due to the poor crystallinity of TA a-FAPbI; since we incorporate
no additives during film processing,!'® in contrast to the majority of the literature, where

[9.10,15,22,28,37] Furthermore, our
>

additives are essential in fabricating FAPbI; based solar cells.
work is the first report of a pure FAPbI3, p-i-n PSC, and our champion PCE of 21.6% is close
to highest-reported PCE for a MA-free, p-i-n PSC (22.7%),1™ which incorporates 18% Cs
and uses a long chain alkylammonium salt as a passivating agent. Hence the ability of our

method to bring up PCEs to >21% without additives highlights the important impact of

improved crystallinity and strain relaxation that we have achieved on device performance.

Table 1. Photovoltaic parameters of FAPbI; solar cells.

Jso/mAcem?  Voe/mV FF PCE (champion) /

TA ©228+1.5 94130  0.728+0.049  15.6+1.3(17.2)
AAC 1 min 245+ 0.4 10059  0.750+0.030  18.5+0.8(19.5)
AAC25min  249+0.6 10564  0.770+0.016 202+ 0.8 (21.6)
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Finally, we correlate solar cell stability with the film stability by showing in Figure Se the
evolution of PCE under continuous 1 Sun illumination in a nitrogen atmosphere. During the
initial 100 h, the TA device exhibits rapid PCE drop with aging time, while the aging speed is

reduced in the 1 min AAC device and significantly more so in the 2.5 min AAC device. The
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inset figures show photographs of the ITO side of FAPbI; solar cells after aging for 550 h.
We can see the TA device turns yellowish and transparent, while the 1 min AAC device
becomes grey and the 2.5 min AAC device remains black. XRD patterns of the degraded
devices, Figure S11, shows that a-to-d transition is the key factor driving device performance
degradation in inert atmosphere. This shows that the metastability of a-phase poses a critical
challenge for FAPDI; solar cells even if they are encapsulated, but can be effectively

overcome by employing AAC of FAPbI; films.
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Figure 5. Photoluminescence of FAPbI; films and solar cell performance. a.
Photoluminescence (PL) yield of the FAPbI; films measured with 635-nm monochromatic
laser excitation with varied intensity. b. Schematic drawing of the p-i-n structured FAPbI;
solar cells. ¢. Representative JV curves of FAPbI; solar cells, measured with reverse scan
(from open circuit to short circuit) under scan rate of 50 mV s d. Statistical data of

photovoltaic parameters. e. Evolution of PCE with time under continuous 1 Sun illumination
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in nitrogen atmosphere.

Conclusions
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In summary, we have demonstrated an additive-free method to crystallize phase-pure
a-FAPbI; at 100 °C in only 1 minute and stabilize the a-FAPbI; film by modulating the
residual strains. An aerosol of Lewis base solvents reduces the energy barrier for 6-to-a phase
transition thereby lowering the phase transition temperature. Relaxation of the residual
tensiles strains, left by substrate restriction of lattice contraction, is identified as a key factor
stablizing a-FAPbI; both experimentally and computationally. The lower processing
temperature and post-crystallization crystal growth, both enabled by ingression of solvent
aerosol, play critical roles in achieving relaxation of residual tensile strains. The as-prepared
a-FAPDI; films show remarkable improvement of PL yield, which tracks the change of Voc.
The solar cells show simultaneous improvement of PCE and operational stability. Our study
demonstrates the feasibility of preparing high-quality, phase-pure and stable a-FAPbI;
without additives or doping for solar cell applications. In particular, the ability to fabricate
high-quality a-FAPbI; films in a short time at low-temperature with large-area uniformity, as
well as demonstrating high-efficiency, pure FAPbI; p-i-n PSCs, opens up wider possibilities

for scalable fabrication of FAPbIs-based solar cells on flexible substrates.

Experimental section
FAPbI; film deposition

The precursor solutions for all FAPbI; films were prepared by dissolving equimolar
concentrations (1.25 mol dm™) of lead iodide (Pbl,, 99.985%, TCI) and formamidinium
iodide (FAI, GreatCell Solar) in a mixed solvent of N,N-Dimethylmethanamide (DMF) and
N-Methyl-2-pyrrolidone (NMP) (7:3 in volume ratio). The solution was stirred at 50 °C until
the precursors were dissolved. Deposition of FAPbI; was carried out in a nitrogen filled
glovebox. 40 ul precursor solution was dropped onto each substrate and spun at 3600 rpm for
20 s. At the 9™ second, 0.5 ml diethyl ether was dripped onto the spinning substrate. The
films were then dried on a hot plate at 100 °C for 2 min.

The reference FAPDbI; films were then thermally annealed (TA) at 150 °C for 20 minutes in a
nitrogen filled glovebox. For aerosol assisted crystallization (AAC) processing, the yellow
films were placed in a cylindrical reactor that was pre-heated at 100 °C. The solvents for
AAC are mixture of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) in volume
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ratio of 9:1. The aerosol was generated using a piezoelectric ultrasonic generator and was
carried into the reactor by nitrogen flow at 0.5 dm® min '. After the aerosol generation was
turned off, the reactor was kept purging with N, flow while the samples were left on the
heated graphite block for a further 2 min, after that the samples were cooled to room

temperature before being removed.
FAPbI; film characterization

The aging of FAPDI; films was carried out in an environmental chamber (75 + 5% RH) with
an automatic humidity controller. The films were illuminated by a white-light LED set at 1
Sun intensity (100 mW cm™). Photographs were taken and XRD measurements were carried
out on the aged FAPDI; films at different times during the ageing process.

The scanning electron microscopy (SEM) images were obtained using a LEO Gemini 1525
field emission gun scanning electron microscope. The working voltage of SEM was set at 3
kV. All films were coated with a thin Cr layer of approximately 10 nm prior to imaging.
X-ray diffraction (XRD) patterns for phase identification were obtained with a Bruker D2
PHASER diffractometer. XRD patterns for Williamson-Hall analysis and lattice parameter
calculation were obtained with X ’Pert Powder diffractometer (PANalytical), Cu Ko (A
=1.5406 A) source. The position (20) and the full width at half-maximum (FWHM, 20) of
diffraction peaks were determined using a Gaussian fit of the patterns.

Photoluminescence spectroscopy was measured with a Horiba FL 1039 spectrometer,
illuminated with monochromatic laser with excitation wavelength of 550 nm. The intensity of
the laser was calibrated by a power meter and was tuned with neutral density filters.
Ultraviolet-visible (UV-Vis) absorption spectra were measured with an Agilent Cary 60
UV-Vis Spectrophotometer. In all cases the perovskite films are deposited on glass substrates
and were coated with a PMMA layer.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was carried out by at the BL14B1
beamline of the Shanghai Synchrotron Radiation Facility (SSRF), with X-rays with
wavelength of 1.2398 A and energy of 10 keV. Two-dimensional (2D) GIWAXS patterns
were observed from a MarCCD 225 detector. The distance from sample to detector was 320
mm. After that, the 2D GIWAXS patterns were parsed through the FIT2D software. Resultant
patterns were demonstrated in scattering vector q coordinates according to the formula of q =

4nsinB/A, where 0 corresponds to half of the diffraction angle, and A is the X-ray wavelength.
Synthesis of FAPbI; powder

FAPbI; powder was obtained by grinding as-synthesized single crystals. Firstly, a 0.8 M
FAPbI; solution was prepared in y-butyrolactone (GBL) and filtered using a PTFE filter (0.2
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um pore size). ~0.4 mL of the filtrate was placed in a 7 mL tall narrow vial and placed into a
custom-made metal heating block which was pre-heated to 80 °C. The temperature was
gradually increased to 115 °C (~ 5 °C/h) and kept for 3 h. The final crystal size was further
increased by heating to a maximum temperature of 119 °C by increasing the temperature by
2 °C/h. We note slow temperature increments are absolutely necessary to ensure uniform
crystal growth. The single crystals were taken out of the vials and ground into fine powders

using a pestle.
DFT calculation

The simulation was carried out using the quantum chemistry code Quantum Espresso. We
used PBEsol functional and the corresponding PAW pseudopotentials with 90 Ry kinetic
cut-off energy and 8x8x8 k-points mesh. We applied in-plane strain ranging from -8% to
+8% (negative sign for compressive strain and positive sign for tensile strain) for the (100)
facet of cubic phase and (001) facet of yellow phase, respectively. The in-plane lattice
parameters were varied according to the strain and kept fixed, while the third axis was

allowed to relax, resulting in an optimized geometry.
Solar cell fabrication & test

All devices were fabricated on indium-doped tin oxide (ITO) coated glass substrates
sequentially cleaned in acetone, isopropanol, and deionized water (using ultrasonics) for 10
minutes. The substrates were dried using N, flow. Prior to deposition the substrates were
treated by oxygen plasma for 10 minutes. Poly(triaryl amine) (PTAA, 0.2 mg/ ml in
chlorobenzene) was spin-coated onto the ITO at 5000 rpm for 15 s as hole transport layers
(HTL). After drying for 1 minute, Poly[(9,9-bis(3'-((N,N -dimethyl)-N -ethylammonium)-
propyl)-2,7-fluorene)-alt -2,7-(9,9-dioctylfluorene)| (PFN-Br, 0.05wt. % in methanol) was
spin-coated onto the HTLs at 5000 rpm for 15s as interfacial modifier to reduce surface
hydrophobicity. Solutions of the electron transport material were prepared by dissolving 23
mg/ml phenyl-Cg;-butyricacid methylester (PCBM, 99% purity, Ossila) in chlorobenzene.
The solution was stirred at 40 °C for 1h and filtered through a 0.45 um PTFE filter before
use. The PCBM solution was spin-coated on to FAPbI; films at 1500 rpm for 45 s. An
ultra-thin interfacial dipole layer was prepared by spin coating Bathocuproine (BCP) solution
(0.5 mg/ml in methanol) on top of PCBM layer at 5000 rpm for 15 seconds. Finally, the
devices were completed by thermally evaporating 100 nm of Au (0.2 A/s) at a base pressure
of 5x10°° mbar.

Current density-voltage (J-V) characteristics were measured using a Keithley 2400 source
meter. The cells were illuminated by an AM 1.5 filtered xenon lamp (Oriel Instruments) at 1
sun intensity (100 mW cm™), calibrated using a silicon reference photodiode. The scan rate
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was fixed at 50 mVs™ in both forward and reverse directions. External quantum efficiency
(EQE) spectra were measured with a PV Measurements QEX10 system. The spectral
response was calibrated with a silicon reference photodiode. Stability of FAPbI; solar cells
was characterized by aging the solar cells in inert atmosphere under open circuit condition
and measuring the evolution PCE at different times by J-V scan. The solar cells were
continuously illuminated by white-light LEDs with 1 Sun equivalent intensity.
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Summary

We report an aerosol assisted crystallization method to prepare high-quality, pure a-FAPbI;
films at only 100°C without chemical additives. Remarkably improved phase stability of the
a-FAPDI; films and their applications in solar cells have been demonstrated. The overriding

mechanism of stabilizing a-FAPbI; is shown to be relaxation of residual tensile strains in the
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