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Construction and mechanistic understanding of
high-performance all-air-processed perovskite
solar cells via mixed-cation engineering†
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Limin Chang *c

All-air-processed perovskite solar cells (PSCs) have attracted increasing attention due to their low cost

and simplified manufacturing processes. At present, there is a need to fabricate efficient and stable PSCs

in the air. In this work, dense perovskite films with a large grain size and low trap-state density can be

obtained, when 30% of formamidinium (FA+) is incorporated into methylammonium lead iodide

(MAPbI3). The champion device with a planar architecture of FTO/SnO2/FA0.3MA0.7PbI3/Spiro-OMeTAD/

Au achieves a maximum power conversion efficiency (PCE) of 19.50%, which is one of the highest

efficiencies yet reported for all-air-processed PSCs. In addition, the unencapsulated device exhibits

excellent long-term stability and remarkable thermal stability, retaining over 85% of its original PCE after

storage in ambient atmosphere for 90 days (42100 h) and over 84% efficiency after storage at 100 1C

for 27 h without inert conditions. Furthermore, the mechanisms underlying the improved performance

are revealed through powerful characterization techniques and density functional theory calculations.

Our work provides a facile strategy for the development of a new generation of fully air-processed PSCs

for commercialization.

Introduction

Organic–inorganic hybrid perovskite solar cells (PSCs) have
been considered as one of the most promising next-
generation photovoltaic devices due to their superior photo-
voltaic performance.1–3 Currently, over 25% power conversion
efficiency (PCE) of PSCs has been successfully achieved.4 How-
ever, not only high efficiency, but also large-scale manufactur-
ing and lower manufacturing cost are required for promoting
the commercialization of PSCs.5 Perovskite materials are
known to decompose in ambient environment because of their
ionic nature.6–8 Thus, high-quality perovskite films and the
corresponding high-performance devices are still prepared
inside an inert glove box in most cases. Recently, all-air-
processed PSCs have attracted strong interest due to their low

cost and simple processing conditions, with PCE greatly rising
from 5% in 2014 to 20% currently.9–12 High-performing all-air-
processed PSCs are summarized in Table S1 (ESI†). Although
the PCE of air-processed PSCs is still lower than that of devices
made under controlled conditions, these PSCs would lead to a
feasible pathway for large-scale production.13–15 Therefore, in
order to promote the development of fully air-processed PSCs,
further improvement of device performance is required.

It is believed that the device performance of PSCs depends
on perovskite film quality, which is dominated by the materials
and composition used.16 Up to now, most of the highest PCEs
reported in the literature were obtained by employing mixed-
ion perovskite.17–20 In the ABX3 perovskite structure, the
organic A cation plays a key role in determining the structural
stability and optoelectronic performance.21,22 Varying the
cation composition gives plenty of room to tune the structure
and photovoltaic properties of metal halide perovskites.23

Specifically, the use of mixed organic cations (MA and FA)
and inorganic cesium (Cs) has been proved to be a promising
solution for the fabrication of efficient and stable PSCs.24,25 In
comparison to triple cation (Cs/MA/FA) complex configuration,
the mixed MA/FA composition has been attractive due to a
much simpler structure and high performance. Despite the
many advantages of FAPbI3, MAPbI3 may be the promising
starting material since FA perovskite is thermodynamically
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unstable at room temperature.26–28 The introduction of bigger
FA+ ions into MAPbI3 can improve structural stability and
perovskite crystallization.29,30 In fact, mixed MA/FA system
has been successfully employed in PSCs since 2014,31 which
has brought a great increase in PCEs.32–38 However, the mixed
MA/FA-based PSCs made in ambient air is rarely investigated
and a deeper understanding of their intrinsic characteristics is
still lacking.

In this work, we demonstrate that by simply incorporating
FA into MAPbI3, high quality perovskite films can be obtained.
Due to its high quality perovskite films and suppressing carrier
recombination and ion motion, the champion device with a
planar architecture of FTO/SnO2/FAxMA1�xPbI3 (x = 0.3)/Spiro-
OMeTAD/Au achieves a maximum power conversion efficiency
(PCE) of 19.50%. To the best of our knowledge, this is one of the
highest efficiencies reported for fully air-processed PSCs with-
out an additive. Besides the high PCE, the unencapsulated
device exhibits excellent long-term stability, retaining 85.18%
of its original PCE after storage in ambient air for over 2100 h
(90 days). Furthermore, the corresponding PSCs also show
remarkable thermal stability at 100 1C. To unveil the role of
mixed FA/MA cation and underlying mechanism, scanning
electron microscopy (SEM), X-ray diffraction (XRD), time-
resolved photoluminescence (TRPL) spectroscopy, space-
charge-limited current (SCLC) measurement, electrochemical
impedance spectroscopy (EIS), open-circuit photovoltage decay
(OCVD), and density functional theory (DFT) calculations were
performed.

Results and discussion

It is well known that the performance of PSCs is closely related
to the quality of the perovskite films; hence, we first investi-
gated the effect of composition engineering on the morphology
of perovskite film using SEM, optical microscope (OM) and
atomic force scanning probe microscope (AFM). Fig. 1a–f show
the SEM images of the corresponding MAPbI3 film and all the
FAxMA1�xPbI3 perovskite films with different FA+ amounts.
Obviously, the perovskite grain size increases as the amount
of FA+ increases, and the surfaces are more homogeneous flat
when the amount of FA+ increases to 30%. This indicates that

the introduction of FA+ into the MAPbI3 in an appropriate
proportion results in a higher quality perovskite film. However,
wrinkles appear on the surface of the grain for the FAx-

MA1�xPbI3 (x 4 0.3) perovskite films. To further monitor the
morphology and the surfaces roughness of the films, AFM
observation of different perovskite films are performed. Accord-
ing to the AFM images shown in Fig. S1 (ESI†), the root-mean-
square roughness (Rq) value of FAxMA1�xPbI3 (x = 0.3) is
12.4 nm, which is smaller than that of other films. It is also
noteworthy that the Rq values are significantly increased to 18.6
and 19.4 nm corresponding to x = 0.4 and 0.5, respectively.
Obviously, during the amount of FA optimization, adding 30%
FA yielded the best uniform and continuous film. It is possible
that the FA/MA ratio and performance of the corresponding
devices are very sensitive to the annealing temperature.38 In
order to remove the excess solvents and precursors, and form
perovskite crystal structure, choosing an appropriate annealing
temperature is the key.39 Compared with MA, the formation of
FA-based perovskite requires a higher temperature owing to the
larger size of FA.38,40 While the thermal annealing temperature
was confirmed at 120 1C in our case, the mixed FA/MA-based
perovskite exhibited different film morphologies due to their
different FA/MA ratios. As the amount of FA increased from
30% to 50%, macroscopically visible cracks were observed in
the OM diagrams (Fig. S2, ESI†), which might have been
generated from the incomplete reaction of the precursors and
crystallization of the perovskite films.

In order to investigate the influence of introducing different
amounts of FA+ on the crystallization of perovskite film, XRD
measurements were performed, as shown in Fig. 2a. The main
diffraction peaks of the MAPbI3 film emerged at 14.081, 28.421
and 31.861, which can be attributed to the (110), (220) and (310)
planes, indicating that the MAPbI3 film has a tetragonal
structure. Nevertheless, the position of the diffraction peaks
at 14.081 gradual shifted to a lower 2y value (14.041, 14.031,
14.011, 14.001, and 13.991) with increase in the amount of FA+

(corresponding to x = 0.1, 0.2, 0.3, 0.4 and 0.5), as displayed in
Fig. 2b. This is due to the introduction of larger FA+ cation
partially replacing the smaller MA+, which increases the toler-
ance factor and extends the lattice.35 In addition, the diffrac-
tion peak of the cubic phase of FAPbI3 is at 13.911 (Fig. S3,
ESI†), and the diffraction peaks of composite FAxMA1�xPbI3

perovskite films are located between those of MAPbI3 and
FAPbI3, which indicates that mixed FAxMA1�xPbI3 perovskites
are formed. Furthermore, it is worth noting that the diffraction
peaks at 23.41 corresponding to the (211) planes of the MAPbI3

film disappear when FA+ is introduced into MAPbI3, which
implies that the introduction of FA+ into MAPbI3 may inhibit
the crystal growth of plurality planes, promoting the preferen-
tial growth of crystal along the main crystal plane. Fig. 2c shows
the intensity ratios of (110)/(220) and (110)/(310) for different
FAxMA1�xPbI3 perovskite films, obviously, when the amount of
FA+ is 30%, the intensity ratios of (110)/(220) and (110)/(310) are
the highest; however, when the proportion of FA+ continues to
increase, the intensity ratio decreases. Thus, we speculate that a
preferable growth along (110) crystal planes and more ordered

Fig. 1 Top view SEM images of (a) the MAPbI3 film and the FAxMA1�xPbI3
perovskite films with different FA amounts: (b) x = 0.1; (c) x = 0.2; (d) x =
0.3; (e) x = 0.4; and (f) x = 0.5.
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grain orientation for FAxMA1�xPbI3 perovskite are achieved
when 30% FA is incorporated into MAPbI3. As mentioned
above, high quality perovskite films are obtained when the
amount of FA is 30%. A high quality perovskite film is critical
for achieving high performance PSCs. Meanwhile, UV-vis
absorption spectra were analyzed to study the effect of introdu-
cing FA+ on the optical properties of perovskite films. Fig. 2d
shows the UV-vis spectra of MAPbI3 and FAxMA1�xPbI3 perovs-
kite films; compared with the MAPbI3 film, a redshift of the UV-
vis spectra is observed as the amount of FA+ increases for the
FAxMA1�xPbI3 film. The redshift of the UV-vis spectra implies
the reduction in bandgap, which can not only broad the
absorption range but also improve the efficiency of light
capture in photovoltaics. Additionally, the optical absorption
of FA0.3MA0.7PbI3 is stronger than that of other films in the
range of 500–780 nm (the extinction coefficient (k) spectra of all
films are displayed in Fig. S4, ESI†), absorbing more sunlight
favors high-efficient PSCs.

Furthermore, in order to investigate charge recombination
dynamics, the steady-state PL and TRPL spectra of perovskite
films based on glass substrates are surveyed. The steady-state
PL spectra are displayed in Fig. 2e; the PL peaks gradually
redshift with increasing amount of FA+, further indicating that
mixed FAxMA1�xPbI3 perovskites are formed when both FA+

and MA+ are inserted in the same lattice. And FA0.3MA0.7PbI3

shows a more intense PL intensity than MAPbI3 and FAx-

MA1�xPbI3 (x = 0.1, 0.2, 0.4, 0.5) perovskite films, signifying
the less defects. The TRPL spectra in Fig. 2f and Fig. S5 (ESI†)
are fitted by a three-component exponential, given as eqn (1):

y ¼ y0 þ
X

Ai exp
� x� x0ð Þ

ti

� �
(1)

where Ai is the decay amplitude, and ti is the PL decay time.
Furthermore, the average PL decay lifetime (tave) is estimated
using the Ai and ti values (Table S2, ESI†) using eqn (2).

tave ¼
P

Aiti2P
Aiti

(2)

Compared to the tave of the MAPbI3 perovskite film (94.48 ns),
the tave of the FAxMA1�xPbI3 perovskite films is significantly
increased, the FA0.3MA0.7PbI3 perovskite films shows the long-
est PL lifetime (189.10 ns). Due to the absence of a charge
transfer layer, the non-radiative recombination should be
dominant for PL decay. Therefore, the stronger PL intensity
and longer PL lifetime indicate that less non-radiative recom-
bination occurs in the FA0.3MA0.7PbI3 perovskite films,41 which
may be attributed to the more ordered grain orientation
producing high quality perovskite film.

To explore the effect of introducing different amounts of FA
cations on the photoelectric performance of PSCs, the PSCs
with the FTO/SnO2/perovskite/Spiro-OMeTAD/Au architecture
have been constructed in air. Fig. S6 (ESI†) shows the schematic
diagram and cross-sectional SEM image of the PSC device. The
J–V curves and the related parameters of the champion devices
based on MAPbI3 and FAxMA1�xPbI3 with different FA+

amounts are illustrated in Fig. S7 (ESI†) and Fig. 3a, respec-
tively. Compared with the MAPbI3-based PSC (the PCE is
17.92% with a Jsc of 22.49 mA cm�2, a Voc of 1.046 V, and an
FF of 76.18% under reverse scan), the PCE and Jsc of FAx-

MA1�xPbI3-based PSCs improved significantly, which may be
due to the more suitable bandgap and better photoelectric
characteristics of the FAxMA1�xPbI3 perovskite materials.
Furthermore, it is worth noting that the PCEs of FAx-

MA1�xPbI3-based PSCs increase as the amount of FA+ increases;

Fig. 2 (a) XRD characterization and (b) a zoomed-in view of the peak at 141 of the MAPbI3 and FAxMA1�xPbI3 films with different FA amounts. (c) Peak intensity
ratios of (110)/(220) and (110)/(310) of FAxMA1�xPbI3 films with different FA amounts. (d) UV-Vis spectra of MAPbI3 and FAxMA1�xPbI3 films with different FA
amounts coated on SnO2 ETLs. (e) PL and (f) TRPL spectra of MAPbI3 film and FAxMA1�xPbI3 films with different FA amounts on glass substrates.
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however, when the amount of FA+ exceeds 30%, the PCEs
gradually decrease. This may be attributed to the high-quality
perovskite film resulting from preferential crystallographic
orientation (Fig. 2c). Remarkably, the champion FA0.3MA0.7PbI3

device yields an excellent PCE of 19.50% with a Voc of 1.085 V,
Jsc of 22.86 mA cm�2, and an FF of 78.62%, and hysteresis
is negligible. This PCE is one of the highest reported value
for fully air-processed planar PSCs. Simultaneously, we noticed
that the hysteresis decreased significantly as the amount of FA+

increases. In addition, the incident photon-to-electron conver-
sion efficiency (IPCE) of the champion FA0.3MA0.7PbI3–PSC is
plotted in Fig. 3b, and the integrated Jsc value (21.60 mA cm�2)
from the IPCE spectrum is close to the Jsc values from the
J–V curve.

The working stability of PSCs at the maximum power
point is critical for practical applications. Therefore, time-
dependent stabilized photocurrents under a constant voltage
bias of 0.927 V at the maximum power point were monitored
with time. After 300 s illumination, the FA0.3MA0.7PbI3-
device show a stabilized output photocurrent density, stabi-
lizing at 20.58 mA cm�2 (Fig. 3c), yielding a PCE of 19.08%
correspondingly, which is in good agreement with the J–V
curves. Simultaneously, to guarantee the reproducibility of
the experiment, the PCE statistics histogram of 50 devices
based on FA0.3MA0.7PbI3 is displayed in Fig. 3d. A majority of
PCEs for the devices based on FA0.3MA0.7PbI3 distribute in a
range of 17.5–19.5%, which signifies the objectivity of the
results.

As mentioned above, component engineering significantly
improves the efficiency of PSCs, and the PSCs based on
FA0.3MA0.7PbI3 achieve more outstanding performance. There-
fore, we conducted some measurements on devices based on
MAPbI3 and FA0.3MA0.7PbI3 perovskite films. Firstly, to estimate
the trap-state density (Nt) of the perovskite films using the
space-charge-limited current (SCLC) technique, we fabricated
the electron-only devices with the structure of FTO/SnO2/per-
ovskite/PCBM/Au, and measured the dark current–voltage
curves, as shown in Fig. 4a and b. According to eqn (3),42

Nt can be calculated by the trap-filled limit voltage (VTFL).

VTFL ¼
eNtL

2

2ee0
(3)

where e is the elementary charge of the electron, Nt is the trap-
state density, L is the thickness of the perovskite film, e is the
relative dielectric constant (MAPbI3 is 32, FAxMA1�xPbI3 is 35),
and e0 is the vacuum permittivity. The VTFL values of the
MAPbI3 and FA0.3MA0.7PbI3 films are 0.620 V and 0.119 V, with
the corresponding Nt values of 1.37 � 1016 cm�3 and 2.63 �
1015 cm�3, respectively. The significantly lower trap-state den-
sity indicates that the defects have indeed been repressed by
the introduced FA+, which may ascribe to the better quality of
the FA0.3MA0.7PbI3 film than the MAPbI3 film, resulting from
smoother surfaces and the preferential crystal orientation in
the FA0.3MA0.7PbI3 perovskite films. It is well-known that the
defects in the perovskite film would hinder the mobility of
charge carriers. Hence, the reduced trap density may promote

Fig. 3 (a) J–V curves of the champion FA0.3MA0.7PbI3-device under forward and reverse scan. (b) IPCE spectrum and the corresponding integrated Jsc.
(c) The photo-current density and PCE with a given bias of 0.927 V. (d) Histograms of photovoltaic PCEs from 50 devices.

Research Article Materials Chemistry Frontiers

Pu
bl

is
he

d 
on

 2
6 

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
8-

07
-2

02
4 

04
:1

8:
59

. 
View Article Online

https://doi.org/10.1039/d1qm00149c


4248 |  Mater. Chem. Front., 2021, 5, 4244–4253 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

the carrier mobility in the perovskite film. Thus, the conduc-
tivity measurements were carried out to investigate carrier
mobility. Fig. 4c displays the current–voltage curves of the
devices with the structure of FTO/SnO2/perovskite/Au, and the
conductivity can be calculated via eqn (4).43

Conductivity; d ¼ IL

US
(4)

where I is the current flowing through the perovskite film, U is the
current flowing through the perovskite film, and L and S represent
the thickness and active area of the perovskite film, respectively.
The conductivity values of the MAPbI3 and FA0.3MA0.7PbI3 films
are 4.26 � 10�3 S m�1 and 5.28 � 10�3 S m�1, respectively;
the increased conductivity indicates that the carrier mobility is

promoted by incorporating FA+ into MAPbI3, further implying that
the trap state density is decreased.

Additionally, it has been reported that defects in perovskites
usually act as recombination centers, which will accelerate the
recombination process of charge carriers. Herein, the carrier
recombination rate in the PSCs was evaluated by OCVD mea-
surements. According to the Voc decay curves displayed in
Fig. 4d, it is apparent that the FA0.3MA0.7PbI3 based PSC shows
a slower decay compared to the MAPbI3 reference PSC, which
implies that less carrier recombination occurred in the
FA0.3MA0.7PbI3 based PSC and further means that the defect
states in FA0.3MA0.7PbI3 PSC are reduced significantly.44,45

To gain more insight into the carrier recombination mecha-
nism, the dependence of Voc on light intensity was monitored,

Fig. 4 Dark current–voltage curves of the electron-only devices for (a) MAPbI3 and (b) FA0.3MA0.7PbI3, displaying a VTFL kink point behavior. (c) I–V
curves of the devices with the structure of FTO/perovskite/Au for conductivity measurements. (d) OCVD curves of the MAPbI3-device and
FA0.3MA0.7PbI3-device. (e) Voc values under different light intensities of the MAPbI3-device and FA0.3MA0.7PbI3-device. (f) The EIS of the champion
devices based on the MAPbI3 film and FAxMA1�xPbI3 films with different FA amounts.
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which could afford more detailed information about the trap-
induced recombination process under open-circuit conditions.17

According to the eqn (5):

Voc ¼
nkT

q
ln
Jsc

J0
(5)

where n, k, T and q are the light ideality factor, Boltzmann constant,
Kelvin temperature and elementary charge, respectively; the rela-
tionship between open voltage and light intensity is presented in
Fig. 4e. The light ideality factor decreased from 1.77 to 1.32 with the
incorporation of FA+, which suggests a reduction in trap-assisted
recombination under open-circuit conditions.46,47 This result is
consistent with the TRPL, SCLC and OCVD results.

In order to deeper understanding of the dynamic process of
carriers, here EIS measurement is conducted under dark con-
ditions in the 0.1 Hz–100 kHz frequency range. Fig. 4f displays
the Nyquist plot of different PSCs, where there is merely one
semicircle. The relative parameters (Table S3, ESI†) can be
obtained by fitting the Nyquist plots using the equivalent
circuit shown in the inset of Fig. 4f. The transfer resistance
(Rct) of the FA0.3MA0.7PbI3-device is 55.50 O, which is distinctly
lower than that of the MAPbI3 reference device (101.60 O), while
the Rct of the FA0.5MA0.5PbI3 device is as high as 143.50 O.
Theoretically, the lower Rct implies a more efficient charge
extraction/transfer and weaker charge recombination, which

may be attributed to the smoother surface, resulting in good
interfacial contact between the perovskite layer and the HTL as
well as the lower defect state in the FA0.3MA0.7PbI3 film. This
result could well explain the promoted performance of
FA0.3MA0.7PbI3 based PSC and the deteriorative performance
of FA0.5MA0.5PbI3 PSC. Considering the above results, we can
anticipate that combining 30% FA with MAPbI3 could produce
higher quality perovskite films, reduce defects, promote carrier
transport and inhibit carrier recombination, thereby improving
PSC performance.

In addition to high efficiency, the stability of PSC devices is
critical for the commercial applications. PSCs must be able to
operate under all atmospheric conditions. Therefore, we mon-
itored the long-term stability of the unencapsulated PSC
devices; the normalized PCE versus time is displayed in
Fig. 5a, and the corresponding photovoltaic parameters are
summarized in Table S4 (ESI†). Not surprisingly, the
FA0.3MA0.7PbI3-based device showed an improved long-term
air stability compared to the MAPbI3-based one. The PCE of
the FA0.3MA0.7PbI3-based device maintains 85.18% of the ori-
ginal PCE after 90 days (42000 h); however, the MAPbI3-based
device only maintains 77.23%. Perovskite materials are quite
sensitive to environmental factors due to their ionic material
properties and hygroscopic nature, which often lead to the
degradation of perovskite. Unfortunately, this process would be

Fig. 5 Normalized PCE decay curves of the MAPbI3 device and the FA0.3MA0.7PbI3 device as a function of (a) storage time (days) and (b) heat time (h) at
100 1C in air without any encapsulation. Raman spectra of (c) the FA0.3MA0.7PbI3 and (d) MAPbI3 films heated at 100 1C and 37.5% average RH for different
time periods. The excitation light source is a 15 mW 532 nm CW laser.
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accelerated by heating, and thermal-induced degradation can-
not be avoided by encapsulation. Thus, the stability of PSCs
against heat remains a major concern, which needs to be
urgently addressed. Herein, the thermal stability of different
PSCs without encapsulation was evaluated by placing the
devices on a hot plate (100 1C) under ambient air. As shown
in Fig. 5b, the MAPbI3 reference PSC only retains 41.56% of its
initial PCE value after exposing to 100 1C for 27 h; however, the
FA0.3MA0.7PbI3-based device still maintains 84.04% of its initial
value. Since the structure and composition of the devices are
the same except for the perovskite active layer, we further
monitored the thermal resistance of the MAPbI3 and
FA0.3MA0.7PbI3 films. Here, the perovskite films were continu-
ously heated at 100 1C and 37.5% average relative humidity
(RH), and their dynamic changes were monitored via in situ
Raman spectroscopy, as shown in Fig. 5c and d. Obviously, the
Raman signals from the degradation product PbI2 (peak at
B96 cm�1)48 emerged and became stronger after 27 h of
heating of the MAPbI3 film; however, there were no distinct
peaks at 96 cm�1 for the FA0.3MA0.7PbI3 films even after 33 h of
heating. This means that the FA0.3MA0.7PbI3 film is more

thermally stable than the MAPbI3 film, which is a good illus-
tration of the better thermal stability of the FA0.3MA0.7PbI3

based device described above. In addition, this result can be
more intuitively observed through the Raman mapping of A1g

phonon vibrations of PbI2 at 95.52 cm�1 49 (Fig. S8, ESI†). As for
the FA0.3MA0.7PbI3 film, a very slight change in color can be
observed after continuously heating for 33 h. In comparison,
the Raman intensity mapping of the MAPbI3 film has thor-
oughly changed; this agrees well with the result of Raman
spectroscopy.

In the ABX3 structure, organic cation is believed to be
associated with structural stability.21 Replacement of MA with
FA can lead to increase in tolerance factor, which can improve
the structural and thermal stabilities.50 On the other hand, ion
migration in device has been regarded as one major cause for
the hysteresis and stability problems.50 Recent studies have
observed mobile iodine ions in the hole-transporting layer and
the electron-transporting layer.51 In order to investigate the
impact of FA/MA on the stability, DFT simulation was used to
explore the intermolecular interactions between iodine atom
and FA and MA. Typically, the reduced density gradient (RDG)

Fig. 6 RDG scatter plots of the interaction between iodine atom and (a) MA, (b) FA; and isosurface of the interaction between H2O molecules as well as
(c) MA; (d) FA. The contour value is 0.5 and the RDG isosurface ranges from �0.035 to 0.02.
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was widely used to analyze the type and intensity of weak
interaction and can be calculated by using Gaussian and
Multiwfn program,52,53 which can be expressed as:

RDGðrÞ ¼ 1

2 3p2ð Þ1=3
rrðrÞj j
rðrÞ4=3 (6)

where r(r) denotes the total electron density. Based on the
Bader’s atom in molecule (AIM) theory, the second largest
eigenvalue l2 of the Hessian matrix of electron density and
r(r) can be expressed as:

O(r) = sign(l2(r))r(r) (7)

The negative values of sign(l2)(r))r denote attractive inter-
action, such as hydrogen bond, covalent bond and halogen
bond, while positive values of sign(l2)(r))r indicate non-bond
repulsive interaction. Values near zero show the van der Waals
interactions.54 It can be derived from the colour RDG isosur-
faces that the spikes of the interaction between iodine atom
and MA or FA are in range of �0.03 to �0.04 a.u., confirming
the hydrogen bonding interactions (Fig. 6a and b). It is worth
noting that FA can participate in additional van der Waals
interactions with the iodine atom. Thus, the mixed FA/MA
cations can not only stabilize 3D perovskite skeleton but also
suppress iodine migration, resulting in enhancing structural
and thermal stabilities.

Furthermore, perovskite films are susceptible to moisture
under ambient conditions; water molecules are inclined to
adsorb on the surface at first by the orientation of organic
cations.55 Then, according to the orientation of the organic
cations, water molecules can penetrate into the hollow parts of
the surface to further cause the decomposition of the films.56

The improved long-term air stability of the FA0.3MA0.7PbI3-
based device has been experimentally confirmed. In order to
deeply understand the effects of FA on the improved stability at
the molecular level, we probed the interaction between H2O
and MA/FA using DFT. As shown in Fig. 6c and d, there is a
stronger interaction between H2O and MA compared with FA,
indicating that the adsorption of H2O molecules with FA is
lower than that of MA. This avoids further penetration of H2O
molecules to some extent, thereby improving the air stability of
devices.57

Conclusions

In summary, with a device structure of FTO/SnO2/
FA0.3MA0.7PbI3/Spiro-OMeTAD/Au, high-efficiency and stable
PSCs have been fabricated under ambient conditions. The high
quality films with preferential crystal orientation, a low trap-
state density and carrier recombination were obtained by
simple composition engineering, where the amount of FA is
30%. With mixed FA0.3MA0.7PbI3-based perovskite films as the
active layer, the planar device achieves a champion PCE of
19.50%. This is one of the highest efficiencies yet reported for
all-air-processed PSCs. Besides the high PCE, the unencapsu-
lated device exhibits excellent long-term stability, retaining

85.18% of its original PCE after storage in ambient air for over
2100 h (90 days). Furthermore, the FA0.3MA0.7PbI3-based device
aged at 100 1C for 27 h sustains 84.04% of its initial PCE,
showing remarkable thermal stability. The deep insights of this
work would boost the development of stable and efficient PSC
devices in open air.
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