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of methylammonium (MA+), formamidinium (FA+), cesium (Cs+), and rubidium
(Rb+) cations, along with a combination
of Cl, Br, and I anions, has enabled the
fabrication of high PCE PSCs.[12–16] However, as a drawback, such compositional
engineering can also induce significant
changes in the crystal structure and thin
film morphology associated with light/
field-induced ionic movement[17–20] and
elemental segregation,[15,21,22] potentially
compromising the long-term device-operation stability. Moreover, the increasing
complexity of the structure and the difficulties in replicating the performance/
stability results cast a shadow on the
reproducibility and scale-up of the alloying
approach. Simplifying the composition of perovskites has the
potential to fundamentally address these issues.
In this context, pure α-FAPbI3 perovskite has been considered a better candidate, due to longer charge diffusion length,
higher thermal stability and a bandgap closer to the ideal
PCE limit.[12,15,17,19,20,23–25] However, the larger radius of the
FA+ cation makes it more difficult to form stable and phasepure 3D perovskite as well as high quality thin films. Thus,
the ability to synthesize high quality MA1−xFAxPbI3 thin films
is crucial for the fabrication of high PCE, simple-composition
PSCs. But this is difficult to achieve when x is large because
α-FAPbI3 undergoes phase transition to “yellow” non-perovskite δ-FAPbI3,[15,18,20] and the crystallization of the resulting film
is not as desirable.[11,26,27] This, in turns, has limited the performance of PSCs based on MA1−xFAxPbI3 thin films.
In this study, we showed that using a large amount of
FA+ (x = 0.5) into MAPbI3 perovskite processed using a
one-step deposition method followed by the synergism
of DMSO and diethyl ether, a dense, polycrystalline grain
film can be obtained. We fabricated PSCs where the perovskite is sandwiched between the 2,2′,7,7′-tetrakis(N,N-dipmethoxyphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD)
hole-transport layer (HTL) and the mesoscopic TiO2 scaffold
(m-TiO2) and SnO2 dual electron-transport layer (ETL) in a
standard n–i–p architecture. The results show a significant step
forward in the PCE of PSCs, where the champion device shows
a PCE of over 22.6% and a certified PCE of 21.8% (22.49% for
the reverse scan), accompanied by good device performance

Composition and film quality of perovskite are crucial for the further improvement of perovskite solar cells (PSCs), including efficiency, reproducibility, and
stability. Here, it is demonstrated that by simply mixing 50% of formamidinium
(FA+) into methylammonium lead iodide (MAPbI3), a highly crystalline, stable
phase, and compact, polycrystalline grain morphology perovskite is formed
by using a solvent-mediated phase transformation process via the synergism
of dimethyl sulfoxide and diethyl ether, which shows long carrier lifetime, low
trap state density, and a record certified 21.8% power conversion efficiency
(PCE) in pure-iodide, alkaline-metal-free MA0.5FA0.5PbI3 perovskite-based PSCs.
These PSCs show very high operational stability, with 85% PCE retention upon
1000 h 1 Sun intensity illumination. A 17.33% PCE module (6.5 × 7 cm2) is also
demonstrated, attesting to the scalability of such devices.
In recent years, halide perovskite materials have emerged
as a family of semiconductors that are catalyzing a revolution in the field of solar cells, as they offer the promise of low
cost and exceptional optoelectronic properties.[1–4] The record
power conversion efficiency (PCE) of perovskite-based solar
cells (PSCs) has climbed rapidly within a very short period of
time since their invention in 2009.[5] Such rapid rise of PSCs
has been mainly attributed to the significant advances in the
deposition of high-quality thin film,[6–8] and compositional
engineering of perovskite materials.[9–11] The incorporation
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Figure 1. a) Fourier transform infrared (FTIR) spectroscopy and b) coupled 2θ XRD patterns of unheated FA0.5MA0.5PbI3 perovskite films via chlorobenzene/diethyl ether as antisolvent (named as fresh CB5/DE5 film respectively), c) XRD pattern of the perovskite films from FA0.1MA0.9PbI3 to
FA0.9MA0.1PbI3 perovskite films formed on different antisolvent (chlorobenzene/diethyl ether named as from CB/DE1 to 9 films), d) highlighted diffraction profiles of the δ-phase and α-phase perovskite (110) reflections in the enlargement of the 2θ angle range from 11.4° to 14.7°, and e) photographs
of fresh CB5/DE5 and annealed CB5/DE5.

statistics and nearly hysteresis-free behavior. To the best of our
knowledge, this is the highest PCE in iodide-based PSCs that
do not contain Br− and or Cl−. Moreover, we have fabricated
modules (6.5 × 7 cm2) based on these compositions with a high
PCE of 17.33%, where an encapsulated module withstood the
washing test. Such PCE performance, obtained with a much
simpler and highly reproducible protocol, demonstrates the
potential for the scaling-up and future commercialization of
PSCs technology.
Unlike chlorobenzene, diethyl ether and dimethyl sulfoxide (DMSO) are immiscible, so there should be DMSO in
the unheated perovskite films after the dripping of the diethyl
ether as antisolvent.[28] The difference between the unheated
FA0.5MA0.5PbI3 perovskite films via different antisolvent (chlorobenzene/diethyl ether named as fresh CB5/DE5 film, respectively) unfolds from FTIR spectroscopy (Figure 1a). The (SO)
vibration at 1017 cm−1, which was revealed in the fresh DE5 film
obviously, is consistent with previous reports about the combination of stretching vibration between PbI2–DMSO complex
(1020 cm−1) and MAI–PbI2–DMSO complex (1015 cm−1).[29,30]
This SO bond strength is due to interaction with Lewis acids
of Pb2+ and/or MA+ ions. In the case of fresh CB5 film, the
FTIR spectrum has almost no peak at this position. Due to solvent miscibility, almost all the DMSO was carried away from
the film during the dripping of chlorobenzene.
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The XRD patterns of fresh CB5 and DE5 films (Figure 1b)
were conducted to provide collateral evidence to these. The fresh
DE5 film showed three diffraction peaks at 6.5°, 7.2°, and 9.2°,
which correspond to lattice spacings of 1.36, 1.23, and 0.96 nm,
respectively. To understand these peaks, the unheated pure
MAPbI3 and FAPbI3 films via different antisolvent (named as
fresh CB0/DE0 and CB10/DE10, respectively) were analyzed
by XRD and shown in Figure S1 (Supporting Information).
As shown in Figure S1a (Supporting Information), both pure
MAPbI3 films exhibited these three peaks, which indicated that
the DMSO molecules were intercalated in the PbI2–MAI structure forming complex with at least three types of crystalline
unit cells instead of the pure PbI2–DMSO crystal which showed
only a dramatically weakened peak at 12.7°.[31] Significantly, due
to the large amount of DMSO that was dissolved and carried
away from the film by chlorobenzene, the XRD patterns of
fresh CB0 showed the strong 3D perovskite peaks at 14.1°. On
the other hand, the DE0 film just showed only the peaks of the
MAI–PbI2–DMSO complex, which means that diethyl ether does
not have the ability to carry away the chemically coordinated
DMSO. For both of the pure fresh FAPbI3 films (Figure S1b,
Supporting Information), the XRD patterns showed that they
all precipitated in the distinct hexagonal non-PVSK phase
(δ) FAPbI3 crystal at 11.81°. Obviously, the complexing agent
DMSO does not prevent the precipitation of δ-phase FAPbI3,
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even if the XRD peak intensity of fresh DE10 is half of fresh
CB10. According to the previous reports of Lee et Al.,[29,32] it is
probably due to the weak interactions between DMSO and FAI
and the unstable FAI·PbI2·DMSO adduct phase. Therefore,
we can reasonably think that CB5 simultaneously precipitates
δ-phase FAPbI3 and 3D MAPbI3 during the chlorobenzene dripping. However, fresh DE5 film only precipitates δ-FAPbI3 phase
and MAPbI3 still exists as a complex, which means the crystallization of them was carried out step by step in the diethyl ether
dripping process and the heating process, respectively.
X-ray diffraction patterns of the different stoichiometric
perovskite films after heating are presented in Figure 1c,d.
With respect to the main peaks (100) of 3D perovskite phase
from FA0.1MA0.9PbI3 to FA0.9MA0.1PbI3 perovskite films via
different antisolvent (chlorobenzene/diethyl ether named
as from CB/DE1 to DE9 films), the introduction of the large
FA+ cation with the smaller MA+ decreases the tolerance
factor and gradually induces the formation of a close cubic
perovskite phase.[33] In our case, we observe that the peak
position of the diffraction peak at 14.17° of FA0.1MA0.9PbI3
(see also the zoom(100)), decrease to 14.04° with increasing
FA% at FA0.9MA0.1PbI3 via 14.13°, 14.09°, and 14.07°, respectively, which means the crystal lattice enlarged and going to
a dual cubic or “quasicubic” crystal phase. The gradual shift
in the diffraction angle further confirms that, for the mixed
MAxFA1−xPbI3, the two cations are copresent in the perovskite
lattice, stabilizing the perovskite in the cubic or “quasicubic”
phase. In addition, in the same ratio, the DE films show a
higher intensity of the overall signal and smaller full width
at half-maximum (fwhm) than the CB films (Table S1, Supporting Information). Simultaneously, the CB7 showed slight
FAPbI3 phase peak at 11.88°, whereas DE7, on the contrary,
did not show any changes in that peak position. These observations indicate that compared to CB films, both the formation of FAxMA1−xI3 is faster and the FA+ and MA+ cations are
more evenly distributed in the DE films, which is deduced by
smaller lattice constant of DE films as shown in Figure 1c.
Moreover, compared to CB/DE1 and 9, the CB/DE3, 5, and
7 showed much stronger XRD diffraction peaks even if they
exhibit a broader peak at fwhm. As shown in the photograph
(Figure 1e), due to the presence of complexes, the fresh DE5

exhibits a transparent wet film state, and it becomes shinier
than CB5 after annealing.
To gain insight into the differences between perovskite
films prepared via different antisolvents, some in-situ characterization was performed and shown in Figure 2. As shown in
Figure 2a, the SEM images of fresh CB5 showed, due to the
miscibility of chlorobenzene and DMSO, that the film was
filled with granular-shaped and needle-shaped crystals, which
were attributed to crystals of MAPbI3 and δ-FAPbI3, respectively.[34] Moreover, a large number of needle granular-shaped
crystals are interspersed among the granular granular-shaped
crystals and precipitated in a direction perpendicular to the
film. Conversely, for the fresh DE5, it showed that the needleshaped crystals of δ-FAPbI3 were evenly “embedded” in the
MAPbI3-DMSO amorphous complex as shown in Figure 2a,
bottom image. To understand the precipitation process, the
SEM images were observed continuously for 6 hours via SEM
as shown in Video S1 (Supporting Information). It showed that
the grain orientation will not be changed during the precipitation process of the crystals. For the CB5, it still showed a lot of
grains perpendicular to the film after complete crystallization.
Therefore, this film exhibited a rough surface and a lot of distinct voids. However, for DE5, the film exhibited stepwise crystallization from DMSO-MAPbI3 to FAPbI3. And the pinholes
were gradually filled to form a compact film of polycrystalline
grain morphology.
As shown in Figure 2b, the crystallization behavior of fresh
CB5 and DE5 films were studied using in situ XRD at 110 °C.
Consistent with the result of Figure 1b, the in situ XRD images
of CB5 showed that it initially presented two different crystal
phases-MAPbI3 (about 14°) and δ-FAPbI3 (about 11.7°), simultaneously. With heating, the peak of δ-FAPbI3 phase gradually
decreased and the peak of MAPbI3 gradually increased and
continuously shifts to smaller angles, which may mean that
it occurred between the phase transitions from δ-FAPbI3 to
α-FAPbI3 and ion migration of FA+ and MA+, simultaneously.
For DE5, the in situ XRD images showed that it only displayed
a δ-FAPbI3 phase peak. With heating, the peak of δ-FAPbI3
phase gradually disappeared, and the peak of MAPbI3 begins
to appear after heating for four minutes. Moreover, this peak
is kept for about 10 min, and then suddenly moves to a smaller

Figure 2. a) SEM images of fresh CB5 and fresh DE5, b) 2D XRD intensity contour plots of CB5 and DE5 films from fresh to annealed, and c) SEM
images of annealed CB5 and DE5.
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Figure 3. Photophysical properties of CB5 and DE5 thin films. a) Absorbance, PL spectrum, and PL lifetime b) for CB5 and DE5 thin films. AFM,
PC-AFM, and PL mapping for CB5 c–e) and DE5 f–g) thin films. The AFM scan region is 3 × 3 µm2.

angle to reach another balance during heating for 16–21 min.
This phenomenon is attributed to the conversion of perovskites
from MAPbI3 to MA0.5FA0.5PbI3. Phase equilibrium is very
rapidly achieved probably because the distribution of δ-FAPbI3
crystal phase, compared to CB5, is more uniform and surrounded by the DMSO-MAPbI3 complex.
In Figure 2c, SEM images of the surface of the CB5(top
image) and DE5 (bottom image) after annealing are shown.
The DE5 perovskite film shows typical compact, polycrystalline grain morphology with a mean grain size of 400 nm. In
the CB5 cases, the mean grain size is similar, but the overall
morphology has undergone tremendous changes, numerous
pinholes appear on the film and, correspondingly, the surface
roughness (the root mean square average of height deviation
taken from the mean image data plane, 8.2 nm for the DE5)
of the perovskite thin film was also drastically increased to
14.4 nm for the CB5, as measured using atomic force microscopy (AFM) (Figure 3c,f). To fully understand the effects of antisolvents on the morphology of the films, the larger-area SEM
images and grain size statistics via image analysis of DE1-9
and CB1-9 were obtained and shown in Figure S2 (Supporting
Information). As shown, all DE films exhibited compact and
polycrystalline grain morphology. On the other hand, CB3, CB5
and CB7 all showed uneven surfaces and obvious pinholes.
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The pinholes were mainly generated from the phase segregation and inhomogeneous grain growth.[35] These morphological
differences originated in the precipitation process of MAPbI3
and FAPbI3 as discussed previously. Interestingly, CB1 and
CB9 showed the compact morphology of film without obvious
pinholes. Therefore, they do not destroy the quality of film if
the two crystals have a large difference of the ratio in the films.
This also may be the reason why a high PCE can usually be
achieved with MA0.9FA0.1PbI3 and MA0.15FA0.85Pb(I0.85Br0.15)3.
Due to the high-quality thin films of mixed MAxFA1−xPbI3
prepared by the diethyl ether dripping method, improved
optical properties were obtained from the DE5 thin films.
Higher photoluminescence (PL) intensities and higher absorbance (Figure 3a) were found in the DE5 thin films compared to
the CB5 thin films. Also, the PL lifetime shown in Figure 3b
obtained from DE5 thin films was 1.5 µs, which is three
times longer than the results from the CB5. Photogenerated
charge-carrier diffusion length in a light-absorber material is
another key optoelectronic property for its use in a PSC. In
order to estimate the electron/hole diffusion lengths in mixed
MAxFA1−xPbI3, the PL decay dynamics (Figure 3b) in the DE5
and CB5 thin film with and without quencher layers were
studied. The distributions of photogenerated electrons or holes
n(x, t) in the MAxFA1−xPbI3 thin film are described according

2001300 (4 of 8)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advenergymat.de

to the improved diffusion-based equation including the column
potential of the electrons/holes
∂N e (h)
∂t

= I ( x ) + De (h)

∂2 N e ( h )
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2

+

∂2 We ( h) ∂We ( h) ∂N e ( h) 
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kT 

(1)
where D is the diffusion coefficient for electrons or holes
and k is the PL decay rate, respectively. Here, we assume all
the photogenerated carriers that reach the ETL/MAxFA1−xPbI3
or HTL/MAxFA1−xPbI3 interface will be quenched, and,
thus, the boundary conditions N (L, t) = 0 and N (x, t) =
N0 exp(−Ax/L) are used, where x = L means the interface of
quencher/MAxFA1−xPbI3 and A/L is the absorbance divided by
MAxFA1−xPbI3 thin film thickness. Finally, the average diffusion lengths (L) of electrons and holes is calculated by
L = Dτ

(2)

where τ is the lifetime extracted without quencher. The calculated diffusion length for DE5 is 2.19 µm for electrons and
1.77 µm for holes, which is significantly larger than the calculated results (0.73 µm for electrons and 0.62 µm for holes) from
CB5, indicating superior photovoltaic performance could be
realized by DE5 thin film-based devices. Moreover, the DE5 thin
films have three times higher and more uniform PL intensities
and photocurrent mapping (Figure 3g,h) response compared
to the CB5 thin films (Figure 3d,e) due to the lower photocarriers recombination rate and resulting longer diffusion length,
which also confirms the uniformity of the optical qualities of
the DE5 thin films in the nanoscale region. We also performed
the photocurrent mapping on DE1 to DE9, where apparent
phase separation of non-PVSK δ-FAPbI3 and MAPbI3 could be
observed in the DE9 thin films. The integrated photocurrent
density (Figure S3, Supporting Information) from DE1 to DE9
thin films indicates the devices based on DE5 thin films could
have superior photovoltaic performance.
Figure 4a represents the SEM of cross-sectional view of
a DE5 device, providing a direct view of the PSCs individual
layers: FTO/c-TiO2/mp-TiO2/SnO2/perovskite/Spiro-OMeTAD/
Au (see Supporting Information for all experimental details).
The total thickness of the capping layer with mesoporous
layer is about 650 nm (500 nm for capping layer and 150 for
mesoporous layer), the Spiro-OMeTAD based HTM has a thickness of 250 nm and Au layer is about 80 nm. Figure 4b compares the photovoltaic performance of CB1, CB5 and DE5
devices. We attained a PCE of 22.6% for the best performing
DE5 perovskite solar cell, along with a stabilized PCE of 21.9%
in a maximum power point tracking system as well as an almost
absence of hysteresis (Table S3, Supporting Information) as
shown in Figure 4c. Moreover, the DE5 device achieved a certified photovoltaic performance of 21.8% with negligible hysteresis of ±0.8% at a credible photovoltaic laboratory (Figure S4,
Supporting Information). It is especially notable that the PCE
of DE5 is much higher than CB1 due to higher photocurrent
caused by high ratio of FA. However, due to poor film quality,
CB5 exhibits a very low PCE, even the same precursor solution
with DE5. The corresponding normalized external quantum
efficiency (EQE) spectra of the fabricated cells with various
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amounts of FAI via diethyl ether (DE1 to DE9) were shown
in Figure S5 (Supporting Information). The onset wavelength
in the EQE spectra near 820 nm showed a nonlinear red shift
with increasing amounts of FAI, but, due to residual δ-FAPbI3
crystal phase, the light harvesting does not guarantee full
absorption from DE7.
A total of 40 solar cells in two groups of CB1 and DE5
revealed, the performance of the DE5 device is more reproducible (Table S4, Supporting Information). However, the basis for
relatively low reproducibility by CB1 is due to the reason that
the perovskite quality is significantly dependent on the dripping amount and/or dripping rate of the washing solvent, and
the difference in solubility between the solvent for washing. As
can be seen in Figure 4d, the DE5 exhibits all four photovoltaic
parameters with small standard deviation, leading to average
short-circuit photocurrent density (JSC), open-circuit voltage
(VOC), fill factor (FF), and PCE are 25.36 ± 0.21 mA cm−2,
1.10 ± 0.01 V, 0.80 ± 0.01, and 22.47 ± 0.18%, respectively. Compared to the solar cells with DE5 devices, a smaller PCE of
18.76 ± 0.52% is obtained from the CB5 devices, as well as a JSC
of 22.92 ± 0.44 mA cm−2, a VOC of 1.05 ± 0.02 V, and an FF of
0.78 ± 0.01. As can be seen, all the photovoltaic parameters of
the DE5 solar cells showed higher average values and smaller
standard deviation over those of CB1 devices. These data clearly
support that the MAxFA1−xPbI3 was deposited via DMSO as
the solvent and diethyl ether as the antisolvent provides beneficial effects for improving the performance. To get more
reliable data, we monitored the long-term stability of CB1 and
DE5 devices without any encapsulation maintained in an argon
atmosphere under a constant illumination of 100 mW cm−2
(Figure 4e). The DE5 device maintained nearly 85% of its initial
efficiency after 1000 h, whereas the CB1 device was less than
60%. According to the reports,[12,36] the most important factor
that influences the efficiency is the interfacial interactions of
the perovskite layers with either the HTM or the ETM and the
negative impact of grain boundaries contributes much less
to the overall performance. It is, therefore, inferable that the
smoother surface and fewer contact areas with the HTM layers
for DE5, resulting in the improved PCE and stability.
As well as the performance of perovskite solar cells, another
issue of importance to commercialization is their large-scale
production. Thanks to the “light” nature of diethyl ether, we
fabricated DE5 modules at a size of 6.5 cm × 7 cm (Figure 5a).
Furthermore, to comply with industrialization, we tested the
humidity stability of devices that were encapsulated with
the sealing adhesive and face glass, and then rinse it under
the tap (Video S2, Supporting Information). The performance
(Figure 5b) of module before and after washing was similar,
with high PCEs of 17.33% and 16.64%, respectively, showing the
potential to enter the perovskite solar cells production stage.
In summary, the reported PSCs with the highest certified
efficiencies are usually based on iodide perovskites with a small
portion of halogen dopants (Br or Cl), and/or alkaline metal
dopants, such as Cs, Rb. This potentially raises an issue for
the long-term device operation stability due to inevitable
photoinduced elemental segregation issues in I/Br/Cl and
organic-cation/alkaline metals. In this work, we simplified the
composition of perovskites which has the potential to fundamentally solve these problems. We also demonstrate a record
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Figure 4. a) Cross-sectional SEM images of the sample comprising FTO/c-TiO2/mp-TiO2+SnO2/perovskite/Spiro-OMeTAD/Au layers, b) J–V curves
(reverse scan) of the PSCs based on CB1, CB5 and DE5, c) J–V hysteresis of the best DE5 PSC. Inset shows the maximum-power-point power output of
this PSC. d) Statistical deviation of the photovoltaic parameters for solar cells based on CB1 or DE5, respectively (20 different solar cells of each type),
and e) long-term operational stability (under continuous 1 Sun illumination) of PSC devices.

certified 21.8% efficiency in pure-iodide, alkaline-metal-free
MA0.5FA0.5PbI3 perovskite-based PSCs, where the diethyl ether
was acting as a solvent-mediator in the phase transformation
and crystallization of the resulted perovskite thin films. Overall,
this work opens a new avenue in making high-performance
PSCs while minimizing the use of halogen or alkaline-metal
dopants for real-world applications.

Experimental Section
Materials:
Titanium
diisopropoxide
bis(acetylacetonate)
(TAA), 4-tertbutylpyridine (tbp), tin(IV) chloride pentahydrate,
bis(trifluoromethane) sulfonamide lithium salt, and FK209 [tris(2-(1Hpyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III) tris(bis(trifluoromethylsulfo
nyl) imide)] were purchased from Sigma-Aldrich. Formamidine iodide,
Adv. Energy Mater. 2020, 2001300

ammonium iodide, and TiO2 paste were purchased from GreatCell
Solar. Lead iodide was purchased from TCI. 2,2′,7,7′-Tetrakis(N,N-di4-methoxyphenylamine)-9,9′-spirobifluorene
(spiro-OMeTAD)
was
purchased from Merck. All of the purchased chemicals were used as
received without further purification.
Film and Device Fabrication: Chemically etched FTO glass (Nippon
Sheet Glass) was cleaned with detergent solution, acetone, and
isopropanol. To form a 20 to 25 nm thick TiO2 blocking layer, TAA
solution in ethanol (0.2 mL of TAA in 6 mL of anhydrous ethanol)
was sprayed at 450 °C. A 200 nm mesoporous TiO2 was coated on
the substrate by spin coating at a speed of 2000 rpm for 10 s with a
ramp-up of 1000 rpm s−1 from a commercially available TiO2 paste
(30NRD) in ethanol; the weight ratio of TiO2 paste to ethanol was 10:1.
After spin coating, the substrate was immediately dried on a hotplate
at 80 °C, and the substrates were then sintered at 500 °C for 20 min.
After cooling, 40 µL SnCl4 aqueous solution (0.1 mmol) was coated
on the substrate at a speed of 1500 rpm for 30 s with a ramp-up of
500 rpm s−1, and then the substrate was immediately dried on a hotplate
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Figure 5. a) Photograph of a sealed 6.5 cm × 7 cm DE5-based solar module. The designated illumination area was estimated as 25.9 cm2 according
to the average of five separate area measurements and b) J–V curves of it before and after washing.
at 190 °C for 1 h before the deposition of the perovskite layer. 1.5 m
perovskite precursor solution was prepared by mixing of PbI2, MAI and
FAI (molar ratio is 1:0.9:0.1, 1:0.7:0.3, 1:0.5:0.5, 1:0.3:0.7, and 1:0.1:0.9,
respectively) in DMSO. And then perovskite solutions are successively
spin-coated on the substrates at 1000 rpm for 10 s and 5000 rpm for 30 s,
respectively. 100 µL of chlorobenzene or 1 mL of di-ether was dropped in
10 s at 5000 rpm. Perovskite films were annealed at 100 °C for 40 min.
The HTM solution was prepared by dissolving 91 mg of Spiro-OMeTAD
(Merck) with additives in 1 mL of chlorobenzene. As additives, 21 µL of
Li-bis(trifluoromethanesulfonyl) imide from the stock solution (520 mg
in 1 mL of acetonitrile), 16 µL of FK209 [tris(2-(1H-pyrazol-1-yl)-4-tertbutylpyridine)-cobalt(III) tris(bis (trifluoromethylsulfonyl)imide) (375 mg
in 1 mL of acetonitrile), and 36 µL of 4-tert-butylpyridine were added.
The HTM layer was formed by spin-coating the solution at 4000 rpm for
20 s and followed by the deposition of the 80 nm thick Au electrode
by a thermal evaporation. All the preparative work to deposit perovskite
and Spiro-OMeTAD was done inside the glove box filled with nitrogen to
minimize the influence of moisture.
The module composed of five-strip cells connected in series was
scribed using a YAG laser from Newport. For fabrication of solar
modules, 6.5 cm × 7 cm. FTO substrates were patterned by a laser with a
power of 1500 mW and a scribing width of 80 µm. To form a 20 to 25 nm
thick TiO2 blocking layer, diluted TAA solution (Sigma-Aldrich) in ethanol
(0.2 mL of TAA in 6 mL of anhydrous ethanol) was sprayed at 450 °C. A
120 nm mesoporous TiO2 was coated on the substrate by spin coating at
a speed of 3000 rpm for 30 s from a commercially available TiO2 paste
in ethanol; the weight ratio of TiO2 paste to ethanol is 10:1. After spin
coating, the substrate was immediately dried on a hotplate at 80 °C,
and the substrates were then sintered at 500 °C for 20 min before the
deposition of the perovskite layer. A mesoporous TiO2 was spin-coated
with 1 mL of the mesoporous TiO2 dispersed solution at 3000 rpm
and heat-treated at 500 °C. On the mesoporous TiO2 layer, 0.1 m SnCl4
aqueous solution was spin-coated at 5000 rpm for 10 s and heated at
180 °C. Then, for fabrication of the perovskite film, 0.3 mL of the perovskite
solution was loaded on this substrate and deposited by two consecutive
spin-coating steps of 1000 and 4000 rpm for 10 and 30 s, respectively.
During the second spin-coating step (4000 rpm), 10 mL of diethyl ether
was poured onto the substrate. The intermediate phase film was put
on a hotplate at 100 °C for 30 min. The HTM solution was prepared by
dissolving 91 mg of Spiro-OMeTAD (Merck) with additives in 1 mL of
chlorobenzene. As additives, 21 µL of Li-bis(trifluoromethanesulfonyl)
imide from the stock solution (520 mg in 1 mL of acetonitrile), 16 µL
of FK209 [tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III) tris(b
is(trifluoromethylsulfonyl) imide) (375 mg in 1 mL of acetonitrile) and
36 µL of tBP were added. The HTM layer was formed by spin-coating
the solution at 4000 rpm for 20 s. Next, dense TiO2/mesoporous TiO2/
Perovskite/HTM layers were scribed by a laser with a power of 1000 mW
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and a scribing width of 150 µm. Finally, a gold electrode was deposited
by thermal evaporation, and gold layers were scribed by a laser with
a power of 600 mW and a scribing width of 100 µm. And then, it was
encapsulated with the sealing adhesive and face glass.
Characterization: XRD was performed using a D8 Advance
diffractometer (Bruker AXS) model in an angle range of 2θ = 5°–40°
or 10°–15° (Bruker Corporation, Billerica, MA, USA). For 2D XRD
intensity contour plots, the sample was heated on the hot stage. Max
temperature was 110 °C and heating ramp was ramped at ≈4 K min−1.
The SEM of film morphology was investigated by using a highresolution scanning electron microscope (Merlin, Zeiss) equipped with
a GEMINI II column and a Schottky Field Emission gun. Images were
acquired with an In-Lens Secondary Electron Detector. The absorption
spectra have been registered with a UV—vis–IR spectrophotometer
(PerkinElmer Instrument). Photoluminescence (PL) measurements:
CW was performed with a spectrophotometer (Gilden Photonics) using
the lamp or a pulsed source at 460 nm (Ps diode lasers BDS-SM, pulse
with <100 ps, from Photonic Solutions, 20 MHz repetition rate, ≈500 µm
spot radius), respectively. The signal was recorded by a photomultiplier
tube. For the PL lifetime measurements, samples are excited with a
408 nm pulsed laser (MDL 300, PicoQuant) with 40 µm cm−2 pulse energy
density (pulse width 180 ps). The PL signal is coupled into a singlemode fiber (P1-780A-FC-2, Thorlabs), and is detected by a single-photon
avalanche photodiode (τ-SPAD, PicoQuant), and recorded with a timecorrelated single-photon counting system (PicoHarp 300, PicoQuant).
For the PL intensity confocal measurement, samples are placed on a
piezostage (Nano LPS100, Mad City Lab) and excited with 532 nm CW
laser at 100 mW cm−2 power density. PL signal is collected the singlephoton avalanche photodiode. The scan step size is 300 nm. The fitting
lifetimes and the relative amplitudes for the as-prepared films are
shown in the figure. The fitted diffusion coefficient results are 0.011 and
0.008 cm2 s−1 for electrons and holes in CB5 thin film while the diffusion
coefficient results are 0.032 and 0.021 cm2 s−1 for electrons and holes in
DE5 thin film. The AFM measurements with white LED were performed
using a versatile AFM (MFP-3D Origin, Asylum Research, USA) in
contact mode using conducting Ti/Ir-coated probe tips (ASYELEC.01-R2,
Asylum Research, USA). Zero bias was used in the conductive AFM
mode to exclude any tunneling effects.
Device Measurement: Current–voltage characteristics were recorded
by applying an external potential bias to the cell while recording the
generated photocurrent with a digital source meter (Keithley Model
2400). The light source was a 450 W xenon lamp (Oriel) equipped with
a SchottK113 Tempax sunlight filter (Praezisions Glas & Optik GmbH)
to match the emission spectrum of the lamp to the AM1.5G standard.
Before each measurement, the exact light intensity was determined
using a calibrated Si reference diode equipped with an infrared cutoff
filter (KG-3, Schott). The voltage scan rate was 100 mV s−1 and no device
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preconditioning such as light soaking or forward voltage bias applied
for long time, was applied before starting the measurement. The cells
were masked with the active area of 0.891 cm2 to fix the active area and
reduce the influence of the scattered light for the small device. And, for
the module, the active area is counted by using Nano Measurer 1.2.
IPCE spectra were recorded as functions of wavelength under a
constant white light bias of ≈10 mW cm−2 supplied by an array of white
light emitting diodes. The excitation beam coming from a 300 W xenon
lamp (ILC Technology) was focused through a Gemini-180 double
monochromator (Jobin Yvon Ltd) and chopped at ≈2 Hz. The signal
was recorded using a Model SR830 DSP Lock-In Amplifier (Stanford
Research Systems). All measurements were characterized at room
temperature in air.
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