
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:2

4:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Efficient air-stab
aDepartment of Chemistry, Jiangsu Key L

Monitoring and Pollution Control, Collabo

Environment and Equipment Technology

Nanjing University of Information Science

PR China. E-mail: yccaoh@hotmail.com; ma
bInstitute of Functional Nano & So Materia

PR China

† Electronic supplementary informa
10.1039/c9ra01625b

Cite this: RSC Adv., 2019, 9, 10148

Received 4th March 2019
Accepted 25th March 2019

DOI: 10.1039/c9ra01625b

rsc.li/rsc-advances

10148 | RSC Adv., 2019, 9, 10148–1015
le perovskite solar cells with
a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14
active layer fabricated via a vacuum flash-assisted
method under RH > 50%†

Li Chen,ab Hui Cao, *a Shurong Wang,a Yuxing Luo,b Tao Tao, a Jinwei Sun a

and Mingdao Zhang *a

In this work, we present a new kind of perovskite, (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14, the

vacuum flash-assisted solution processing (VASP) of which can be carried out under relative humidity

(RH) higher than 50% in ambient air. The smooth and highly crystalline perovskite showed a maximum

PCE of 18.8% in perovskite solar cells. This kind of perovskite was demonstrated to be of good stability in

ambient air. Holes and electrons have larger and more balanced diffusion lengths (643.7/621.9 nm) than

those in the MAPbI3 perovskite (105.0/129.0 nm) according to the PL quenching experiment. The role of

incorporating a large amount of MA+ cations to stabilize the intermediate phase via VASP under high RH

is attributed to their better ability to intercalate into the sharing face of the one-dimensional face-sharing

[PbI6] octahedra, forming the three-dimensional corner-sharing form. Moreover, hole/electron transfer

times at the perovskite/Spiro-OMeTAD (PCBM) interfaces (8.90/9.20 ns) were found to be much larger

than those in the MAPbI3 perovskite (0.75/0.40 ns), indicating that there still is enormous potential in

further improving the performance of this kind of perovskite solar cell by interfacial engineering.
Introduction

Hybrid inorganic–organic halide perovskite exhibits unique
optoelectronic properties, such as long carrier diffusion length,1

tunable bandgap,2 ambipolar carrier diffusion properties,3 and
with good polycrystalline mineralization under low temperature
and via a simple preparation method.4–6 All these advantages
boosted the development of the state-of-the-art perovskite solar
cells (PSCs), the power conversion efficiency (PCE) of which has
increased from 3.8% to 22.1% during the past decade.7–10

However, PSCs are still facing the challenges of poor stability to
moisture during fabrication and storing processes in spite of
their high solar-to-electric conversion efficiency.7,11

Multi-compound (MC) perovskites, especially, (FAI)0.81(-
MABr)0.15(PbI2)0.85(PbBr2)0.15, have achieved much better
performance than the simple MAPbI3 or FAPbI3 (FA: for-
mamidinium, MA: methylammonium). Compared to the
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conventional MAPbI3, the MC-perovskite can enhance the
moisture tolerance and thermal stability greatly.12–16 Apart from
the stability, the bandgap of this kind of perovskite is also
narrower than MAPbI3, making it as one of the ideal candidates
that could utilize more solar energy according to Shockley–
Queisser (S–Q) theory.17 The improvements in optoelectronic
properties are caused by FAPbI3 component, which has a better
bandgap, 1.48 eV, relative to that of MAPbI3 (1.57 eV), allowing
more solar absorption in near infrared (NIR) spectrum.5,17

The stability was attributed to the simultaneous incorporation
of MA+ cations and Br� anions into the FAPbI3. Moreover, lms
of this mixed perovskite on substrate are dense and uniform,
overcoming the shortage of the pure FAPbI3 lm with pinholes
and a rough surface.18–20 Another shortage of the pure FAPbI3 is
the inexpectant existence of a yellow non-perovskite phase (d-
FAPbI3), which shows poor optoelectronic properties. Trans-
formation of this d-FAPbI3 to black a-FAPbI3 phase that we need
should be thermally treated over 170 �C.21 And this process does
not proceed thoroughly, unless the FAI and PbI2 take a fractional
steps reaction. The incorporation of MA+ into FAPbI3-based
perovskite precursor, essentially changes the mechanism of
crystal nucleation, and efficiently gets rid of the d-FAPbI3.

According to general cognition, the mono-A-cation perov-
skite (ABX3) has poor stability in ambient air. The perovskite
crystal suffers from the degradation because of the reaction
between H2O and the organic iodides.22–27 The dramatic
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The architecture of perovskite solar cell and morphology of
perovskite film which was deposited on the substrate of FTO/C-TiO2/
M-TiO2. (a) Scheme of the investigated perovskite solar cell. (b) A
cross-sectional SEM image of the complete perovskite solar cell. (c)
The top-view SEM of (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14
perovskite film, and (d) MAPbI3 perovskite film.
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degradation of MAPbI3 in air with high relative humidity about
50% was reported by Divitini and co-workers.28 In addition, Yun
and co-workers also investigated the FAPbI3 degradation
through the grain boundaries with humidity. The results
demonstrated that the a-FAPbI3 perovskite ultimately turned
into hexagonal yellow non-perovskite d-FAPbI3 in different
humidity conditions, because the humidity easily seeps into the
grain boundaries.29,30 In contrast, the mixed (FAPbI3)1�x(-
MAPbBr3)x can form a stable perovskite as well as a high power
conversion efficiency.

Many fabricationmethodologies of the MC-perovskite such as
anti-solvent, recrystallization, and vacuum ash-assisted solvent
processing produced highly efficient PSCs. Either anti-solvent or
other vacuum free preparation methods were substantially
affected by skills of operators. In contrast, the VASP method was
impressive because of its better reproducibility with a much
narrower distribution of PCEs, which is the necessary require-
ment that should be met in the future industrial production.
With this technique, Li et al. fabricated the high-quality perov-
skite with 15% FAPbI3 substituted by MAPbBr3 at low tempera-
ture and obtained the high PCE up to 20.5% with perfect
distribution in device area exceeding 1 cm2.31

However, it was also noticed that the VASP needs to be
prepared in an environment with a low RH.31 The strict condi-
tions hinder the reappearance of this mixed perovskite under
high RH. In the process of vacuum-ash assisted fabrication with
RH larger than 50%, the (FAI)0.81(MAI)0.15(PbI2)0.85(PbBr2)0.15-
DMSO (N,N-dimethyl sulfoxide) lm on meso-TiO2 substrate
quickly changes into a yellow and vague phase, not the expected
transparent brown intermediate phase. And the corresponding
perovskite lms show little optoelectronic activity.

Since the immanent properties of perovskite can affect the
performance of ultimate PSCs,32–40 the way of mineralization of
perovskite is thus essential to the device. In this work, the MC-
perovskite with the new formula of (FAI)0.46(MAI)0.40(-
MABr)0.14(PbI2)0.86(PbBr2)0.14 was investigated in the framework
of VASP under RH as high as 55% (if not specially mention in
the following, MC-perovskite refers to this formula). A lm of
expected transparent and orange intermediate phase was ob-
tained during the vacuum-ash process. Accordingly, PCE of the
solar cell with this MC-perovskite lm has reached 18.8% with
a narrow distribution. PSCs also demonstrated a long-term
stability in the test over 500 hours.

Results and discussion
Architecture and performances of PSCs

As shown in Fig. 1a, the architecture of PSCs applied in our
experiments comprises the FTO contact, compact-TiO2 (C-TiO2)
and mesoporous TiO2 (M-TiO2) electron extracting layer, perov-
skite light-absorption layer, and Spiro-OMeTAD hole extracting
layer. The meso-architecture is generally believed as an efficient
way to improve the PCE of PSCs because the contact area between
perovskite and mesoporous TiO2 layer is greatly enhanced,
facilitating the interfacial electron extraction.41,42 Fig. 1b shows
the cross-sectional eld effect scanning electron microscopy
(SEM) image of the holonomic perovskite device. The FTO front
This journal is © The Royal Society of Chemistry 2019
face is covered with a 30 nm C-TiO2 layer, a 200 nmM-TiO2 layer,
a 370 nm perovskite capping layer, a 160 nm hole extracting layer
and an 80 nm Au electrode in sequence.

g-Butyrolactone (GBL) was taken as a cosolvent with N,N-
dimethyformamide (DMF) and dimethyl sulfoxide (DMSO) in
preparing the MC-perovskite precursor. Incorporation of GBL
can effectively reduce the speed of crystal nucleation, facili-
tating the formation of a dense and uniform perovskite lm
without pinholes.43 Spin-coating of MC-perovskite precursor
was performed in the ambient air and then transferred into the
vacuum chamber. The intermediate (FAI)0.46(MAI)0.40(-
MABr)0.14(PbI2)0.86(PbBr2)0.14-DMSO lm via VASP under the
pressure of 20 Pa aer 15 seconds is light brown and trans-
parent. While the (FAI)0.81(MABr)0.15(PbI2)0.85(PbBr2)0.15-DMSO
lm quickly turns into a yellow and vague intermediate phase,
which is possibly due to the crystallization of PbI2 or the
formation of d-FAPbI3. It should be noted that when the
proportion of FAI is higher than 0.46 then the intermediate
phase becomes to be instable under larger RH, leading to
a yellow and vague phase. Aer annealing, the MC-perovskite
lm shows a dark brown, mirror-like surface. The SEM
images of perovskite lms of (FAI)0.46(MAI)0.40(MABr)0.14(-
PbI2)0.86(PbBr2)0.14 and MAPbI3 are shown in Fig. 1c and d,
respectively. The MC-perovskite contains bigger, neat and close-
knit grains compared with the MAPbI3 perovskite. Many
pinholes and small crystallites exist in MAPbI3 perovskite,
leading to a strong non-radiative recombination of charge
carriers because of the increase of the grain boundary.44,45

To further investigate the (FAI)0.46(MAI)0.40(MABr)0.14-
(PbI2)0.86(PbBr2)0.14 crystal, some comparison tests between
MAPbI3 and this kind of MC-perovskite mineralized via VASP
method were carried out. In Fig. 2a, we show the ultraviolet-
visible absorption spectra (UV-VIS) of MAPbI3 and this MC-
perovskite on the substrate of FTO glass. It demonstrates that
the onset of absorption of the MC-perovskite is at the wave-
length a little longer than that of MAPbI3 perovskite, in
RSC Adv., 2019, 9, 10148–10154 | 10149
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Fig. 2 (a) The UV-VIS curves of two kinds of perovskite films which
were fabricated by the same VASP method. (b) The steady-state PL
measurement of MC-perovskite and MAPbI3 perovskite.
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consistent to the fact that the energy gap of MC-perovskite is
smaller than that of MAPbI3 perovskite. The plateaus and the
rapid rising parts in the range of 780 nm to 450 nm of the MC-
perovskite are generally higher than those of the MAPbI3
perovskite, indicating the better light absorption of the MC-
perovskite. This better light absorption is attributed to the
existence of 46% FAPbI3 in the MC-perovskite. Fig. 2b shows the
steady-state photoluminescence (PL) spectra of the MC-
perovskite and the MAPbI3 perovskite. The PL peak of the MC-
perovskite is at 774.3 nm and that of the MAPbI3 perovskite is
at 768.3 nm. The red-shi of steady-state PL peak of the MC-
perovskite compared to the MAPbI3 perovskite is in consistent
to their red-shi of the onset at the absorbance spectra. The
luminescence strength of MC-perovskite is also stronger than
that of the MAPbI3 perovskite, and accordingly, the integration
of the PL curve of the MC-perovskite is larger than that of the
MAPbI3 perovskite, implying that more charge carriers are
photogenerated in the MC-perovskite.

Fig. 3a shows the average cell performance with the MC-
perovskite and the MAPbI3 perovskite active layers (corresponding
IPCE see Fig. S1†). The PCE of 17.60% of the MC-perovskite solar
Fig. 3 Performances of MC-perovskite and MAPbI3 perovskite solar
cells fabricated via VASP method. (a) Average J–V curves of MC-
perovskite and MAPbI3 perovskite solar cells. (b) J–V curves of the best
one of MC-perovskite solar cells. (c) The power conversion efficiency
decay. (d) Distributions of PCE for two kinds of perovskite solar cells.

10150 | RSC Adv., 2019, 9, 10148–10154
cell is much higher than that of the MAPbI3 perovskite solar cell,
which is 15.00%. The MC-perovskite solar cell has a short-circuit
current (Jsc) of 23.03 mA cm�2, open-circuit voltage (Voc) of 1.10 V,
and ll factor of 69.47%, in contrast to the MAPbI3 perovskite solar
cell with the short-circuit current 21.69 mA cm�2, open-circuit
voltage of 1.03 V, and with ll factor of 67.14%. Each parameter
of the MC-perovskite solar cell is better than that of MAPbI3
perovskite solar cell. As shown in Fig. 3b, the best MC-perovskite
solar cell exhibits the PCE of 18.80% with the open-circuit voltage
of 1.12 V, the short-circuit current of 22.45 mA cm�2, and the ll
factor of 74.78%.However, in both Fig. 3a and b, we nd that shunt-
resistance of PSCs does not tend to innity, which is probably due to
the thickness mismatch in terms of the electron (or hole) extracting
layers.

Hysteresis in PSCs has attracted intensive discussions and
many mechanisms were proposed.31,46 Hysteresis effect in the
MC-perovskite solar cells, as seen in Fig. 3b, is not remarkable.
The difference of PCE between the reverse scanning and the
forward scanning is only 0.68%. It is probably because of the
balanced diffusion lengths between the electron and the hole,
as will be discussed in the next subsection. And the MC-
perovskite solar cells also demonstrate good stability, as
shown in Fig. 3c. The 680 hours test on the MC-perovskite solar
cell stored in a dry Petri dish shows the decay of about 11% in
PCE. We nd that decay of Voc is negligible, while that of short-
circuit current (Isc) and ll factor (FF) is dominant, which is in
consistent with the previous report.47 In contrast, the MAPbI3-
perovskite solar cell shows the obvious decay in PCE aer 100
hours, due to the degradation of the MAPbI3 perovskite.

To investigate the parallelism of the perovskite solar cells
prepared with this method, we made stochastic statistics on 30
devices to check its distribution. Fig. 3d shows a much better
distribution in the PCE of the MC-perovskite solar cells than
that of the MAPbI3 perovskite solar cells. The center of the
distribution of the MC-perovskite solar cells is located at 17.6%
while that of the MAPbI3 is only located at about 15.0%.

The effect of chlorine passivation of the interfacial defect
states, acting as the non-radiative recombination sites, has been
reported by Tan et al.48 recently. In their work, the compact TiO2

layer is modied by the chloroform to realize the interfacial
passivation in the planar PSCs. In our approach, small amount
of MACl is directly doped into the precursor. Thus, on the one
hand, MACl could passivate the interface between the MC-
perovskite and the mesoporous TiO2; on the other hand,
MACl might modify the crystal nucleation process. We believe
that the passivation effect plays the most important role, since
there is no apparent difference in the appearance of the MC-
perovskite lms with and without the incorporation of MACl.
Interfacial separation and transport of charge carriers

We combined photoluminescence-quenching (PL-quenching)
experiments with the one-dimensional diffusion dynamics simu-
lations to investigate the interfacial separation and transport of
photogenerated charge carries in the MC-perovskite solar cells.

The PL-quenching experiment is sketched in Fig. 4a. The
samples were photo-excited from the side of glass substrate.
This journal is © The Royal Society of Chemistry 2019
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Table 1 Values for diffusion constants (D), diffusion length (LD) and
charge-carrier transfer time (sCT) of MC-perovskite and MAPbI3
perovskite from the calculation via relative model mentioned in the
text

Perovskite Species D (nm2 ns�1) LD (nm) sCT (ns)

MC-perovskite Electron 1400 621.9 9.20
Hole 1500 643.7 8.90

MAPbI3 (ref. 50) Electron 1700 129.0 0.40
Hole 1100 105.0 0.75
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PC61BM and Spiro-OMeTAD are oen utilized as the electron-
quenching and the hole-quenching layer. It is assumed that all
photogenerated charge carriers are quenched when they reach
the interface between perovskite and electron- or hole-extracting
layer. A sample SEM image of perovskite with quenching layer is
shown in Fig. 4b. A perovskite layer is at rst deposited on the
glass substrate, and then the quencher of PC61BM or Spiro-
OMeTAD is applied to fabricate a heterojunction.

In order to estimate the interfacial charge separation and
charge transport, we should get the charge transfer (CT) time at
interfaces and the charge diffusion length in the perovskite
layer. For this purpose, we rst investigate the charge recom-
bination lifetime of photo-generated charge carriers in the
perovskite layer. As shown in Fig. 4c, the time-resolved PL
spectra of the MC-perovskite and MAPbI3 perovskite that are
deposited on the glass substrate in absence of a quencher are
obtained. Recombination lifetimes of the MC-perovskite and
the conventional MAPbI3 perovskite are 276.3 ns and 9.6 ns
respectively, indicating that the recombination rate of the MC-
perovskite is much smaller than that of the MAPbI3 perovskite.

Then, we investigate the recombination lifetime of photo-
generated excitons in the perovskite/quencher heterojunctions.
From Fig. 4d, we nd that the recombination lifetimes of charge
carriers in the MC-perovskite/PC61BM and MC-perovskite/Spiro-
OMeTAD are 8.9 ns and 8.6 ns, respectively. With the lifetimes
of charge carries in the perovskite layer and the heterojunctions,
we can calculate the interfacial charge transfer time and the
charge diffusion length in perovskite layer as following49

1

sCT
¼ 1

sHeterojunction

� 1

sPerovskite
: (1)

As shown in Table 1, the charge transfer times at the MC-
perovskite/PC61BM and the MC-perovskite/Spiro-OMeTAD inter-
faces are 9.20 ns and 8.90 ns, respectively. These values are about
Fig. 4 (a) The schematic sketch of diffusion lengthmeasurement. (b) The
cross-sectional SEM image of perovskite and quenching layer. (c) The
time-resolved PL measurement of MC-perovskite and MAPbI3 perovskite
on the substrate of glass. (d) The time-resolved PL measurement of MC-
perovskite and MC-perovskite with different quenching layers.

This journal is © The Royal Society of Chemistry 2019
dozens of times larger than those at MAPbI3-perovskite/PC61BM
(0.40 ns) and MAPbI3-perovskite/Spiro-OMeTAD (0.75 ns) inter-
faces. This apparently indicates that the resistances for charge
carriers passing through the MC-perovskite/PC61BM and the MC-
perovskite/Spiro-OMeTAD interfaces are much larger than those
through the MAPbI3/PC61BM and MAPbI3/Spiro-OMeTAD inter-
faces. This result implies that more efforts need to be put into the
following two aspects to improve the PCE of MC-perovskite solar
cells in the future. One is to synthesize more efficient electron- or
hole-extracting materials, and the other is to reduce the contact
resistance further via the interfacial modication.We believe that
this is more important for the MC-perovskite solar cells than for
the MAPbI3-perovskite solar cells.

The diffusion lengths for photogenerated charge carriers in
the perovskite can be calculated by one-dimensional diffusion
equation50

vwðx; tÞ
vt

¼ D
v2wðx; tÞ

vx2
� kðtÞwðx; tÞ; (2)

where w(x,t) is the time-dependent distribution of photo-
generated charge carriers across the perovskite layer, D is the
diffusion coefficient, and k(t) is the PL decay rate of the perovskite
lm without any quencher material. The k(t) needs to be calcu-
lated with parameters that are tted from a stretched exponential
decay of the PL data. The average diffusion length LD of holes and
electrons can be obtained from the equation, LD ¼ ffiffiffiffiffiffiffiffi

Dse
p

, where
se is the lifetime of charge carries in perovskite.

From Table 1, it can be seen that MC-perovskite has larger
and similar LD for electron and hole. The diffusion lengths for
both electron and hole in this perovskite are more than 620 nm,
which is beyond the width of perovskite lms applied in device
(about 570 nm). In contrast, it was shown that the diffusion
lengths of electron and hole in MAPbI3 perovskite are only
about 129 nm and 105 nm, respectively. Thus, in the MC-
perovskite, the diffusion length of charge carriers can ensure
electrons (holes) travelling to the electron (holes)-extracting
interface before recombination. Moreover, the balanced diffu-
sion length of the electron and the hole might effectively reduce
the local polarization due to the accumulation of one kind of
charge carrier, ensuring the dynamical contribution to the
hysteresis during operation as less as possible.

The role of MAI in stabilizing the intermediate phase under
high humidity during VASP

Collapse of the intermediate phase of (FAI)0.81(MABr)0.15(-
PbI2)0.85(PbBr2)0.15-DMSO under large RH in the ambient air
RSC Adv., 2019, 9, 10148–10154 | 10151
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Fig. 5 X-ray diffraction spectra of powders of the (a) MC-perovskite
and (b) MAPbI3 perovskite.
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hampers the fabrication of high quality perovskite lm.
However, partial FAI in this perovskite is substituted by MAI to
get the (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 MC-
perovskite, which shows better endurance of RH in VASP.

In order to understand the mechanism of the stabilization of
the intermediate phase via the remarkable substitution of FAI
with MAI, we rstly tried to gure out what process happens in
producing the yellow and vague lm during VASP of the former
perovskite with higher humidity in the environment. Because of
the amorphous form of this vague lm, XRD tests cannot be
carried out. Hence, we propose the reasonable hypothesis in the
following. The rst probable process may be the crystallization
of the PbI2 during the VASP. However, we believe that another
more complicated process may happen. Because PbI2, FAI, and
DMSO preferentially form the Lewis acid–base adduct, PbI2-
$FAI$DMSO, in which the base, FAI, coordinates with the Lewis
acid, PbI2. Due to the stoichiometric addition of DMSO, this
adduct can act as the stable intermediate phase in both anti-
solvent and VASP fabrication methodologies. However, mois-
ture has been found as one of the origination that induces the
severe damage of the black perovskite phase a-FAPbI3, leading
to the formation of the yellow non-perovskite d-FAPbI3. In fact,
the yellow d-FAPbI3 with hexagonal symmetry (space group
P63mc) should be more stable than the black a-FAPbI3 with
trigonal symmetry (P3m1), because the d-FAPbI3 has an energy
gap (2.43 eV) wider than the a-FAPbI3 (1.48 eV).51 Moreover, the
yellow d-FAPbI3 is favorable in the low temperature which is the
result of drastic solvent volatilization during the vacuum ash
process. And it entails a temperature as high as 170 �C to
change the yellow d-FAPbI3 to the black a-FAPbI3, indicating the
existence of a higher potential barrier for this phase transition.
Hence, to a large extent, the yellow and vague intermediate
phase lm observed during VASP can be attributed to the
formation of the yellow non-perovskite d-FAPbI3.

Although the collapse of the intermediate lm is observed to
be triggered in the step of vacuum ash, the reason behind
should be the absorption of water molecules in the previous
spin-coating step. DMSO has strong water absorption capa-
bility, and thus large amount of water molecules can enter into
the precursor lm during spin-coating process in an ambient
humid atmosphere, especially in the case of large centimeter-
scale surface area with respect to the thin nanoscale lm. The
PbI2$FAI$DMSO adduct could be partially destroyed because of
the formation the hydrogen bond between the water molecules
and DMSO. In fact, the iodine coordinates to Pb2+, leading to
the formation of [PbI6]

4� octahedron microstructure. The loss
of DMSO due to the competitive combination by water mole-
cules makes it aggregate into one-dimensional linear chains
with face-sharing, facilitating the formation of d-FAPbI3.51

The substitution of FA+ with MA+ essentially changes the
connection behavior among the [PbI6]

4� octahedrons. The
small size of MA+, in contrast to FA+, facilitates its intercalating
into the sharing face, with the resultant spatial conguration as
a three-dimensional corner-sharing [PbI6]

4� octahedrons
network.52 This process doesn't change a lot even if the
absorption of water molecules in the step of spin-coating of the
precursor. This three-dimensional network acts as the
10152 | RSC Adv., 2019, 9, 10148–10154
framework for suitable size A site cations, forming the nal
perovskite lm without great volume change. In our experi-
ments, we found that the mole FA+/MA+ ratio of about 46 : 54
can generate the perfect transparent intermediate phase in
VASP in the ambient air with RH < 55%.

X-ray diffraction (XRD) spectrum of the MC-perovskite (fabri-
cated in ambient air) showed in Fig. 5a gives further insight into
the perovskite crystal. We nd three main diffraction peaks that
are centered at 14.08�, 28.60�, and 32.00�, respectively. The
intense peak located at 32.00� is the characteristic of the a-FAPbI3
(�231/�123). Moreover, peaks centered at 28.60� and 32.00� are very
intense (while for MAPbI3, as shown in Fig. 5b, they are weak),
which can be assigned to cooperative effect of the complex
(FA)x(MA)1�xPbI3. The absence of typical peak of PbI2 (12.23�)
illustrates that there are not too much remnant PbI2 in our
perovskite because of the equal stoichiometric ratios guaranteed
by the one-step deposition methodology. The image also reveals
that large perovskite grains in the lm according to the intensity
and spike of peaks, in agreement with the SEM tests. Most
importantly, no peak of the non-perovskite d-FAPbI3 (11.60�)
exists, indicating that the channel of one-dimensional face-
sharing [PbI6]

4� octahedrons is blocked with the addition of
MAI, even in the highly humid ambient air.
Conclusions

In summary, new perovskite, (FAI)0.46(MAI)0.40(MABr)0.14(-
PbI2)0.86(PbBr2)0.14, with larger amount of MAI incorporated,
can efficiently reduce the humidity sensitivity of perovskite
fabrication via VASP in ambient air environment with RH > 50%
and improve the parallelism of perovskite solar cells. PSCs
based on the modied perovskite not only have improved
stability, but also have good power conversion efficiency (with
best one as 18.8%) and less hysteresis effect. Diffusion lengths
of both holes and electrons were found to be long enough for
their transport across the perovskite layer to arrive at the
perovskite/HTL (ETL) interfaces. Charge transfer at perovskite/
HTL (ETL) interfaces was also investigated using PL spectra.
Finally, the role of MA+ cations in stabilizing the intermediate
phase under high humidity during VASP was discussed. It is
believed that large amount of MA+ cations can efficiently change
the one-dimensional face-sharing [PbI6], which is the origin of
the formation of d-phase perovskite, into its three-dimensional
corner-sharing form even under the high RH and facilitate the
formation of a-phase perovskite.
This journal is © The Royal Society of Chemistry 2019
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Experimental
Materials

Methylammonium-iodide (MAI) (98%), formamidine-iodide
(FAI) (98%), g-butyrolactone (GBL) (98%), PbBr2 (98%) and
methylamine bromine (98%) were all purchased from Macklin.
PbI2 (99%) was purchased from Polymer light technology Co.,
China. Dyesol-30NRT and Spiro-OMeTAD was purchased from
Youxuan Co., Ying Kou, China. Other commonly used solvents
and materials were used as received in laboratory.

Device fabrication

FTO glasses (Pilkington TEC A7 7U) were cleaned in ultrasonic
bath containing glass detergent solution, isopropanol and
ethanol in sequence. The substrates were then treated in UV–O3

aer being dried. A compact TiO2 layer was prepared
by spin-coating the diluted 0.14 M titanium diisopropoxide
dis(acetylacetonate) (in n-butyl alcohol) on the substrate at
2000 rpm for 30 s, which was followed by drying at 120 �C for
10 min. Then the substrate was sintered on a hot plate at 500 �C
for 40 min. Aer cooling to room temperature, a diluted mes-
oporous TiO2 lms prepared using a TiO2 paste (Dyesol 30-NRD)
in ethanol solution was spin-coated on the cooled substrate at
3500 rpm for 30 s. The spin-coated substrate was then thermally
treated at 500 �C for 40 min. The perovskite precursor solution
was prepared with 1.4 M (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86-
(PbBr2)0.14, and additional MACl (0.1 M) in a mixed solution
with the molar ratios of DMF : GBL ¼ 1 : 2, DMSO : PbX2 ¼
1 : 1. The precursor solution was then spin-coated on the
substrates with 1000 rpm for 18 s, 4000 rpm for 18 s. The
substrates were quickly transferred into a small vacuum
chamber, in which the pressure was then immediately dropped
below 20 Pa for 15 s. Subsequently the substrate was taken out
of the chamber aer recovering to normal atmosphere pressure
and quickly put on the hot plate at 110 �C for 10 min in air
environment. Aer cooling down to room temperature, the
hole-transport layer was spin-coated on the substrate at
3000 rpm for 30 s. The hole-transport solution was prepared by
dissolving 64mg Spiro-OMeTAD, 8mg spiro-TFSI, and 28 ml tert-
butylpyridine in 1 ml chlorobenzene. Finally, 80 nm of gold was
deposited by thermal evaporation using a shadow mask to
match the electrode.

Characterization

All processes were carried out in an ambient air without any
control of relative humidity. Themorphology of perovskite lms
and cross-sectional view were observed by a SEM (HITACHI S-
4800). XRD spectra of perovskite crystal were measured by X-
ray diffraction spectrometry (Shimadzu XRD 6100). Absorption
spectra of perovskite on glass were measured by an ultraviolet-
visible spectrophotometer (Cary 3100) in a wavelength range at
200–800 nm at room temperature. Steady-state and time-
resolved PL spectra were obtained using a time-correlated
single photon counting setup (FluoTime 300, PicoQuant
GmbH) with a 530 nm laser as the excitation source, pulsed at
a frequency of 0.58 MHz. Photocurrent-voltage (J–V)
This journal is © The Royal Society of Chemistry 2019
characteristics of solar cells were measured under 100 mW
cm�2 (AM 1.5G one Sun) illumination with 450 W Xenon lamp
(Newport SLF049). Standard silicon cell was used to calibrate
the light intensity. The scan rate was 0.1 V s�1. The active area of
perovskite solar cell was 0.1 cm2. IPCE was measured by a QE/
IPCE system (Newport) in the wavelength of 300–800 nm at
room temperature.
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Arquer, J. Z. Fan, R. Quintero-Bermudez, M. J. Yuan,
B. Zhang, Y. C. Zhao, F. J. Fan, P. C. Li, L. N. Quan,
Y. B. Zhao, Z. H. Lu, Z. Y. Yang, S. Hoogland and
E. H. Sargent, Science, 2017, 355, 722.

49 G. H. Xing, N. Mathews, S. Y. Sun, S. S. Lim, Y. M. Lam,
M. Grätzel, S. Mhaisalkar and T. C. Sum, Science, 2013,
342, 344.

50 S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou,
M. J. P. Alcocer, T. Leijtens, L. M. Herz, A. Petrozza and
H. J. Snaith, Science, 2013, 342, 341.

51 N. J. Jeon, J. H. Noh, W. S. Yang, Y. C. Kim, S. Ryu, J. Seo and
S. I. Seok, Nature, 2015, 517, 476–480.

52 N. Pellet, P. G. Giuliano, T. Y. Yang, M. K. Nazeeruddin,
J. Maier and M. Grätzel, Angew. Chem., Int. Ed., 2014, 53,
3151–3157.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01625b

	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...
	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...
	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...
	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...
	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...
	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...

	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...
	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...
	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...
	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...
	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...

	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...
	Efficient air-stable perovskite solar cells with a (FAI)0.46(MAI)0.40(MABr)0.14(PbI2)0.86(PbBr2)0.14 active layer fabricated via a vacuum...


