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ABSTRACT: Perovskite solar cells have shown high photovoltaic
performance but suffer from low reproducibility, which is mainly caused
by low uniformity of the active perovskite layer in the devices. The
nonuniform perovskites further limit the fabrication of large size solar cells.
In this work, we control the morphology of CH3NH3PbI3 on a
mesoporous TiO2 substrate by employing consecutive antisolvent dripping
and solvent-vapor fumigation during spin coating of the precursor solution.
The solvent-vapor treatment is found to enhance the perovskite pore filling
and increase the uniformity of CH3NH3PbI3 in the porous scaffold layer
but slightly decrease the uniformity of the perovskite capping layer. An
additional antisolvent dripping is employed to recover the uniform
perovskite capping layer. Such consecutive morphology controlling
operations lead to highly uniform perovskite in both porous and capping
layers. By using the optimized perovskite deposition procedure, the
reproducibility of mesostructured solar cells was greatly improved such that a total of 40 devices showed an average efficiency of
15.3% with a very small standard deviation of 0.32. Moreover, a high efficiency of 14.9% was achieved on a large-size cell with a
working area of 1.02 cm2.
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■ INTRODUCTION

Hybrid lead halide perovskite solar cells (PeSCs) have attracted
extensive recent attention because of their rapid increase of the
power conversion efficiency (PCE) and potential low-cost
production.1−5 Miyasaka and co-workers first introduced
perovskite as a light harvester in dye-sensitized solar cells and
achieved an initial PCE of 3.8%.6 The Snaith and Park groups
independently developed solid-state PeSCs by using an organic
hole-transporting material (HTM) instead of a liquid electro-
lyte, resulting in improved PCE and device stability.7,8 Since
then, a series of reports have demonstrated PeSC efficiency
improvement, realized by either new film deposition methods
or new device structures.9−18 Seok and co-workers first
proposed a “pillared structure”, where perovskites in the
mesoporous TiO2 layer are densely interconnected and the
HTM does not penetrate deeply into the porous TiO2 layer.

9

The same group further optimized the perovskite deposition to
realize a “bilayer structure” (Figure 1a), in which a uniform
perovskite upper layer was formed on the top of the porous
TiO2 layer.19 Up to now, the record PCE of PeSCs was
achieved by using this “bilayer structure” device.20

Despite the rapid increase in the PCE, there are still many
challenges for PeSCs, such as device reproducibility, stability,
and the operation mechanism. Especially, the low reproduci-
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Figure 1. (a) Device architecture of mesostructured PeSCs. (b) Three
kinds of MCOs applied during the fabrication of perovskite films.
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bility will hamper systematic studies and impede the fabrication
of a large-size device that is necessary for accurate character-
ization as well as real applications. The low reproducibility of
PeSCs is mainly attributed to the uncontrolled morphology of
perovskites, which leads to large variations in different
devices.21,22 For “bilayer structure” devices, the perovskite in
both the porous scaffold and capping layers should be uniform.
Although several methods have been demonstrated to improve
the perovskite coverage and decrease the surface rough-
ness,23−26 control of the perovskite loading in the mesoporous
scaffold layer is rarely reported.
In the well-established “solvent engineering” method,

“antisolvent (such as toluene) dripping” is an effective
morphology controlling operation (MCO), which can induce
fast precipitation of the perovskite (or intermediate) and lead
to a very uniform perovskite capping layer with high surface
coverage.19,26−29 However, the precursor solution within the
mesoporous scaffold does not solidify as quickly as those at the
surface. Drying of the remaining precursor solution during heat
treatment can lead to volume shrinkage and result in a
nonuniform perovskite in the porous layer. In order to avoid or
reduce volume shrinkage, there should be further diffusion of
perovskite materials from the capping layer into the
mesoporous scaffold after the toluene dripping operation.
Because “solvent-vapor treatment” has been reported to
facilitate the materials and/or ion diffusion during perovskite
deposition,11,12,30 we expect that perovskite deposition on the
porous substrates may be improved by the combination of
“anti-solvent dripping” and “solvent-vapor treatment”.
Solvent engineering (toluene dripping) can lead to a smooth

surface with full coverage, while “solvent-vapor treatment” can
help perovskite material diffusion, thus affecting the morphol-
ogy and crystallinity. In this work, we combine the two kinds of
strategies and develop novel consecutive MCOs to improve the
uniformity of CH3NH3PbI3 in both the mesoporous scaffold
and perovskite capping layers. This will improve the
reproducibility of bilayer-structured PeSCs. We controlled the
perovskite morphology by using consecutive MCOs during spin
coating. As shown in Figure 1b, the MCOs include antisolvent
(toluene) dripping, solvent-vapor fumigation, and thermal
annealing. Three types of MCO combinations, i.e., MCO-A,
MCO-B, and MCO-C, were designed and led to perovskite
Film-A, -B, and -C, respectively. A simple toluene dripping in
MCO-A can lead to a very uniform perovskite capping layer in
Film-A. However, the porous layer in Film-A is less uniform
because of the presence of a large amount of void areas, where
the perovskite pore filling is incomplete. The solvent-vapor
treatment in MCO-B was found to be capable of increasing the
uniformity of perovskite in the porous layer but decreasing the
uniformity of the perovskite capping layer. The additional
toluene dripping in MCO-C recovers the uniformity of the
perovskite capping layer, thus resulting in uniform perovskite in
both the porous and capping layers. When employed in
mesostructured PeSCs, Film-C-based devices showed much
improved reproducibility, in which a total of 40 devices showed
a high average efficiency of 15.3% with a small standard
deviation of 0.32. Moreover, we further fabricate large-size
devices by the optimized perovskite deposition of MCO-C, and
a high efficiency of 14.9% was achieved for a cell with a working
area of 1.02 cm2.

■ EXPERIMENTAL METHODS
Materials and Instruments. The TiO2 paste and spiro-OMeTAD

was purchased from Dyesol and Merck, respectively. Lead iodide
(Sigma-Aldrich, 99%), dimethyl sulfoxide (DMSO; Sigma-Aldrich,
99.9%), toluene (Sigma-Aldrich, 99.8%), and other commonly used
reagents were used as received. CH3NH3I (MAI) was synthesized by
following the method in the literature.7 The scanning electron
microscopy (SEM) images were taken on a JEOL JSM-6500F
microscope. For top-view images, 5 mm × 5 mm samples were
prepared by a glass cutter. For the cross-sectional view, the samples
were cut from the back side and cracked by special pliers. Atomic force
microscopy (AFM) images were taken on a JEOL JSPM 5200
microscope using noncontact scanning mode. The X-ray diffraction
(XRD) patterns were collected on a Rigaku RINT-2500 powder X-ray
diffractometer using Cu Kα radiation. Absorption spectra of the film
samples were recorded using a Shimadzu UV/vis 3600 spectropho-
tometer.

Device Fabrication. Fluorine-doped tin oxide (FTO)-coated glass
sheets were cut to 1.5 cm × 2.3 cm (for small cells) or 2.0 cm × 2.4 cm
(for large cells) and etched with zinc powder and HCl (3 M) to obtain
the desired electrode pattern. The sheets were then washed with soap,
deionized water, ethanol, and acetone and finally treated under UV
plasma for 30 min to remove the last traces of organic residues. A 30-
nm-thick compact layer of TiO2 was then deposited on the glass by
spray pyrolysis, using a 20 mM titanium diisopropoxide bis-
(acetylacetonate) solution at 500 °C. “A mesoporous TiO2 film was
spin-coated (3000 rpm for 30 s) onto the compact TiO2/FTO
substrate using Dyesol NTR-18 paste (diluted by ethanol with weight
ratio of 1:4.5) and calcined at 500 °C for 2 h in air to remove organic
components.” The thickness of mesoporous TiO2 was ∼300 nm. The
perovskite precursor solution was prepared by mixing PbI2 (1.20 g, 2.6
mmol) and MAI (0.41 g, 2.6 mmol) in DMSO (2 mL) and stirred at
60 °C for complete dissolution. A 70 μL perovskite solution was
spread on the substrate and the spin-coating process conducted in two
stages: 1000 rpm for 12 s and then 5000 rpm for 15−30 s. The time
between the beginning of the 5000 rpm spin and the dripping of
toluene is critical to the final film thickness as well as the cell
performance. We optimized this delay time and found that 12 s is the
best to start the toluene dripping. Therefore, the toluene was dripped
at the 12th second from the start of the 5000 rpm spin. Usually the
toluene dripping was finished within 1−2 s. In MCO-A, 0.8 mL of
toluene was quickly dripped on the spinning film after high-speed
rotation for 12 s, and the film was annealled at 100 °C immediately
after the toluene dripping for the following annealing. In MCO-B, the
toluene dripping operation is the same as that for MCO-A, and the
toluene-dripped film was kept spinning in the closed spin coater for
5−10 s, followed by heat treatment. The concentration of the DMSO
vapor in the spin coater was in the range of 500−1000 ppm, which was
monitored by an organic solvent sensor meter (PhoCheck Tiger).
MCO-C consisted of an additional toluene dripping with respect to
MCO-B. The heat treatment was conducted on a hot plate at 100 °C
for 10 min. After perovskite film deposition, a hole-transporting layer
was deposited by spin-coating at 3000 rpm for 30 s. The spin-coating
formulation was prepared by dissolving 75 mg of spiro-MeOTAD, 18
μL of 4-tert-butylpyridine, 37.5 mL of a stock solution of 170 mg/mL
lithium bis(trifluoromethylsulfonyl)imide in acetonitrile, and 29 mL of
a stock solution of 300 mg of FK102 in acetonitrile in 1 mL of
chlorobenzene. Finally, 80 nm of gold was thermally evaporated on
top of the device (the distance between the source and substrates was
20 cm) to form the back contact using 4.0 mm × 4.0 mm or 11.0 mm
× 11.0 mm patterns. The perovskite and HTM layers were fabricated
in a glovebox with O2 and H2O of less than 50 ppm.

Solar Cell Characterization. Current density−voltage (J−V)
characteristics were recorded by applying an external potential bias to
the cell while recording the generated photocurrent with a digital
sourcemeter (Keithley model 2400). It was scanned from −0.2 to +1.2
V (or +1.2 to −0.2 V for the reverse scan) with a voltage step and a
delay time of 10 mV and 200 ms, respectively. The light source was a
500 W class AAAAA solar simulator [Lamp Spectrum (standard A);
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light intensity nonuniformity, ≤±2% (A); light degree of irradiation,
≤±2% (A); test results consistency, ≤±0.5% (A); test error of the
electrical properties, ≤1% (A)] equipped with an AM 1.5G filter
(WXS-90L2, Wacom) at a calibrated intensity of 100 mW cm−2, as
determined by a standard silicon reference cell. All measurements were
conducted using a nonreflective metal mask with an aperture area of
0.09 or 1.02 cm2 to define the active area of the device and avoid light
scattering through the sides.

■ RESULTS AND DISCUSSION

As shown in Figure 1b, MCO-A is a mimic of the reported
“solvent engineering” method, which involves one-time toluene
dripping during the high-speed-rotation stage of spin coating.
In our experiment, we observed that the color of the spinning
film turned from pale yellow to transparent brown immediately
after toluene dripping. The absorption spectra of the films
before and after toluene dripping were measured and compared
in Figure S1 (Supporting Information), with photographs in
the right panel. An increase of the absorbance in the range of
420−780 nm was observed because of toluene dripping. The
profile of the absorption curve of the toluene-dripped
intermediate sample is similar to the final perovskite film but
with a lower absorbance value, indicating partial perovskite (or
intermediate) crystallization during toluene dripping. At the
moment of just finishing toluene dripping, we quickly removed
this film from the spin coater to avoid the impact of solvent
vapor and transferred it to a hot plate held at 100 °C for 10
min. This led to Film-A, which showed a mirrorlike reflective
surface. In MCO-B, the toluene-dripped sample was not
immediately taken out but kept rotating in the closed spin
coater for 5−10 s. The toluene-dripped brown intermediate
turned back to pale yellow during the solvent-vapor fumigation
treatment. This can be rationalized by the recapture of solvent
vapor, which partly breaks the as-formed rigid perovskite (or
intermediate) crystal structures. Diffusion of PbI2−MAI
complexes from the capping layer into the porous layer was
expected during to the solvent-vapor treatment. Film-B showed
a cloudy and low-reflective surface, indicating a rougher capping
layer. MCO-C contained an additional toluene dripping after

the solvent-vapor treatment with respect to MCO-B. The
resulting Film-C showed a surface reflection similar to that of
Film-A.
The morphologies of Film-A, -B, and -C were first

characterized by SEM in both the top and cross-sectional
views. Figure 2a shows the top-view image of Film-A, which
exhibits a smooth surface with compact grains and high
coverage. From cross-sectional-view SEM images, we can also
find that the perovskite capping layer of Film-A is pretty
uniform, with a smooth surface and homogeneous thickness
(∼160 nm) across the whole film. This is consistent with the
mirrorlike reflective surface observed by the naked eye.
However, when we observe the cross-sectional SEM images
of MCO-A-produced Film-A, void areas appear frequently in
the porous layer with sizes of tens to hundreds of nanometers.
Figure 2d shows one cross-sectional image of a Film-A-based
solar cell, in which different sizes of void areas can be observed
in the mesoporous layer, as marked by dashed yellow circles.
We repeated the SEM observation with a sample number over
10 and counted the void number and size in the porous part of
Film-A, as shown in Figure S2a. It can be seen that the sizes of
the void areas in Film-A have a broad distribution, ranging from
50 to 300 nm. The density of small-size void areas is much
higher than that of large void areas. The presence of so many
void areas verified that the perovskite deposited with a simple
toluene dripping shows a low uniformity in the porous layer.
The solvent-vapor treatment in MCO-B can markedly affect

the morphology of the perovskite. As shown in Figure 2b, the
surface of Film-B becomes not as flat as that of Film-A. It is
featured with a lot of fluctuations, which accounts for the
cloudy and less-reflective surface observed by the naked eye.
The surface roughness (Ra) is increased from 9.19 nm for Film-
A to 25.0 nm for Film-B, as measured by AFM (Figure S3).
Figure 2e shows a typical cross-sectional image of the complete
device using Film-B. As expected, we found that perovskite
becomes more dense in the porous layer of Film-B. Compared
to Film-A, both the number and size of the void areas are
decreased, and the thickness of the perovskite capping layer is
also decreased. The reduction of perovskite in the capping layer

Figure 2. (a−c) Top-view SEM images of Film-A, -B, and -C. (d−f) Cross-sectional SEM images of the complete device based on Film-A, -B, and
-C. Note that the white bars in parts a−f represent 500 nm.
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is believed to be mainly originated from perovskite transfer
from the capping layer into the porous layer. After repeated
observations on several batches of samples, the void numbers
versus void sizes in Film-B are plotted in Figure S2b (calculated
from 10 images). The porous part of Film-B only contains a few
void areas with sizes of 50−100 nm. We attribute the improved
uniformity of perovskite in the porous layer of Film-B to an
enhanced perovskite pore filling assisted by the solvent-vapor
treatment in MCO-B.
As demonstrated, the uniformity of perovskite in the porous

layer was improved by the solvent-vapor treatment in MCO-B.
However, it decreased the uniformity of the perovskite capping
layer by increasing the surface roughness. This can be
rationalized by two factors. On the one hand, the filling of
void areas in the underlying porous layer will cause a
subsidence in the perovskite capping layer, resulting in a
thinning of the capping layer above the void areas. On the other
hand, the recapture of solvent (DMSO) molecules will wet the
capping layer and increase its flowability (the reason for
enhanced perovskite material diffusion), and the following heat
treatment will reconstruct the perovskite crystals toward
surface-energy-favorable directions. This can partly counteract
the effect of toluene dripping on making a smooth perovskite
surface. Therefore, we introduced an additional toluene-
dripping operation after the solvent-vapor treatment in
MCO-C. The additional toluene dripping can recover the
uniformity of the perovskite capping layer, as shown in Figure
2c. The surface morphology of Film-C is similar to that of Film-
A, with a compact grain stacking and flat surface. The Ra of
Film-C is 11.4 nm, as shown in Figure S3c. More importantly,
as shown in Figures 2f and S2c, the high perovskite pore filling
in the porous layer is maintained to that in Film-B. We
speculate that the improved perovskite loading in the porous
layer is caused by a concentration-gradient-induced perovskite
material diffusion. After solvent-vapor treatment, the capping
layer becomes an supersaturated solution, in which the
perovskite concentration is much higher than that in the
mesoporous scaffold. The increased flowability assists more
perovskite material diffusion and results in an increase in the
perovskite loading in the porous layer. Compared to Film-A,
the capping layer thickness of Film-C decreased to 120 nm,
further indicating that the consecutive solvent-vapor treatment
and toluene-dripping operation transfer more perovskite from
the capping layer into the porous layer and generate more
uniform perovskite in both the porous and capping layers.
Figure 3a shows the absorption spectra of Film-A, -B, and -C.

The band-edge absorption of the three films is almost the same,
indicating that the total loading amounts of perovskite are
almost the same for the three types of deposition procedures.
This means that the DMSO-vapor treatment as well as the
second-time toluene dripping does not decrease the amount of
perovskite on the substrate, although they were spun for a
prolonged duration. This is because, after the first toluene
dripping, the surface of the film is solidified, which leads to
negligible perovskite material (PbI2 and MAI) loss in the
following spinning. Accordingly, the decrease of the perovskite
capping layer thickness in Film-B and -C should be attributed
to more perovskite penetrating into the mesoporous layer,
further proving the solvent-vapor-assisted perovskite pore
filling. Figure 3b shows the XRD patterns of Film-A, -B, and
-C. All three films show similar XRD patterns with a series of
characteristic peaks (such as 2θ of 14.08° and 28.42°)
corresponding to the tetragonal perovskite structure.31

However, there is a large difference in the intensity of these
peaks. Taking the peaks at 14.08° as an example, Film-A, -B,
and -C show peak intensities of 83000, 19000, and 56000,
respectively. The full widths at half-maximum of the peak at
14.8° were estimated to be 0.13, 0.20, and 0.14 for Film-A, -B,
and -C, respectively. These results indicate that different
deposition methods result in different perovskite crystallinities.
Because the crystal size of perovskite in mesopores is much
smaller than that of perovskite in the capping layer, the
decreased XRD intensity is consistent with increased perovskite
located in the mesopores, namely, increasing the perovskite
pore filling. The recovery of the peak intensity in XRD of Film-
C suggests that the second-time toluene dripping can increase
the crystallinity and/or crystal size of the perovskite in the
capping layer. The intensity ratios between peaks at 14.08° and
28.42° for the three samples were calculated to be 2.55, 2.28,
and 2.39 for Film-A, -B, and -C, respectively. It seems that the
intensity ratio is decreased after the solvent-vapor treatment.
This might be rationalized as the fact the “solvent vapor
treatment” leads to more perovskite entering the porous layer,
where the perovskite crystals have orientations different from
those of the crystals in the capping layer. Another reason may
be that the relative amount of perovskite in the porous and
capping layers has changed after the “solvent-vapor treatment”,
thus affecting the intensity ratios of peaks at 14.08° and 28.42°.
In order to examine the effect of the three types of perovskite

deposition on the photovoltaic performance, three groups (A,
B, and C, with 40 cells for each group) of mesoporous-
structured PeSCs were constructed using Film-A, -B, and -C in
the assembly of FTO-coated glass/compact TiO2/mesoporous
TiO2/CH3NH3PbI3/spiro-OMeTAD/Au, respectively. Except
for the perovskite deposition, the other layers were prepared

Figure 3. (a) Single-path absorption spectra of Film-A, -B, and -C
measured by an integration sphere. (b) XRD patterns of Film-A, -B,
and -C on a glass/FTO/mesoporous TiO2 substrate.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b05576
ACS Appl. Mater. Interfaces 2015, 7, 20707−20713

20710

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05576/suppl_file/am5b05576_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05576/suppl_file/am5b05576_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05576/suppl_file/am5b05576_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b05576


with the same procedure and similar conditions. When stored
in humidity-controlled (relative humidity RH < 10%)
desiccators, the devices are relatively stable and their perform-
ances maintained 80−90% after 1 month. PeSCs usually exhibit
a large discrepancy in the J−V measurement when the cell is
scanned with different directions and rates.32−34 For these cells,
we found that the PCE difference between the forward and
reverse scans can be minimized to less than 1% by employing a
relatively slow sweep rate (Figure S4). Here, we compared the
results measured by the forward scan from −0.2 to +1.2 V with
a voltage step of 10 mV and a delay time of 200 ms. A black
metal mask with an aperture area of 0.09 cm2 was used to
define the sizes of the solar cells. The efficiency distributions of
the three groups of devices are shown in Figure 4a. Although
the maximum PCE of the three groups of cells can achieve over
15%, the average efficiency of group C (15.3%) is much higher
than that of group B (13.8%) and group A (12.7%). Moreover,
the standard deviation of the efficiency for group C (0.32) is

much smaller than those of groups A (1.53) and B (0.99). Both
the average efficiency and standard deviation data reveal that
the reproducibility of group C is greatly improved with respect
to groups A and B. Considering the same TiO2 and HTM
layers as those used for the three groups of devices, we can
conclude that the improved reproducibility of group C is
related to the improved uniformity of the perovskite in Film-C.
In order to understand how the perovsktie morphology

affects the reproducibility of mesoporous-structured PeSCs, we
carefully examined the short-circuit current density (Jsc), open-
circuit voltage (Voc), and fill factor (FF) parameters of the
above three groups of devices and plotted their distributions in
Figure S5. We find that FF of devices in group A varied in a
large range from 0.54 to 0.70, which is the main reason for the
large deviation of their PCEs. For devices in group B, the
variation of FF is decreased and the average value of FF is
increased. However, their Voc performance decreased and
showed a slightly larger distribution. In comparison, all of the
Jsc, Voc, and FF parameters for devices in group C are highly
reproducible. Figure 4b shows the typical J−V curves of PeSCs
based on perovskite Film-A, -B, and -C. The selected devices
showed PCEs close to the average level of their corresponding
groups. It can be seen that they showed very similar Jsc values.
The FF values extracted from the three J−V curves are 0.55,
0.63, and 0.67 for cells based on Film-A, -B, and -C,
respectively. Obviously, the relatively low FF of a Film-A-
based cell should be mainly attributed to a relatively large series
resistance (Rs) because its J−V curve near the Voc point shows a
smaller slope. The data of “series resistance” were directly
obtained from the I−V testing software “I−V tester”. We
compared the PCE from relatively slow and forward scans
(from −0.2 to +1.2 V), and the “series resistance” data were
also taken from these forward I−V scans. The deduced Rs value
from the J−V curves is 13.08 Ω cm2 for a Film-A-based cell,
which is much large than that of Film-B (5.99 Ω cm2) and -C-
based (5.36 Ω cm2) devices. Here, the decreased Rs and
increased FF in devices based on Film-B and -C should be
attributed to denser perovskite in the mesoporous scaffold
layer. For mesoscopic solar cells, the pore filling of guest
materials in a mesoporous scaffold is crucial to the device
performance because it influences the charge transport and
recombination to a large extent. Taking the solid-state dye-
sensitized solar cells as an example, the pore filling of HTM is a
key point for ensuring high charge collection efficiency. In
mesoscopic PeSCs, especially for the case in which perovskite
forms a capping layer, the HTM forms only a covering layer
above the perovskite capping layer with little HTM penetration
in the porous layer. The perovskite itself is responsible for hole
conduction in the whole mesoporous layer. As illustrated above,
the simple toluene-dripping-based Film-A contains a lot of void
areas in the porous layer due to the fast surface-initiated
crystallization, while “solvent-vapor treatment” in Film-B and
-C shows more compact stacking in the porous layer. Figure 4c
illustrates the effect of perovskite pore filling caused by different
deposition methods on charge transport. In the low-perovskite
pore-filling void areas, there is only a thin perovskite layer or
some isolated perovskite dots on the TiO2 nanoparticles in the
void areas. The very thin perovskite coating layer (as sketched
in Figure 4c) in the void areas may not only increase the
charge-transport resistance but also enhance the charge
recombination.35−37 In contrast, a high perovskite pore filling
can provide a high-speed channel for charge percolation. The
existence of a large number of size-variable void areas in the

Figure 4. (a) Statistical analysis of the PCE of PeSCs processed using
Film-A, -B, and -C. (b) Comparison of the forward scan J−V curves of
solar cells based on perovskite Film-A, -B, and -C. (c) Schematic
diagram of the impact of perovskite pore filling on charge transport in
the porous layer (the blue arrows indicate the charge-transport
channels in perovskite).
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porous layer of Film-A will undoubtedly affect Rs and result in
variable performances for different devices. When the open-
circuit voltage (Voc) performances of these devices are
compared, we find that the average Voc of a Film-B-based
device is slightly lower than that of cells based on Film-A and
C. This is probably caused by the nonuniform perovskite
capping layer of the former. The presence of more nanoscaled
pinholes in the capping layer of Film-B (Figure 2b) will
increase the possibility of contact between spiro-OMeTAD and
TiO2, which has been identified as the major reason for Voc loss
in mesoporous TiO2-based PeSCs.38 Moreover, the fluctuated
perovskite capping layer will lead to a nonuniform thickness of
the HTM layer. The varied pinhole density in the perovskite
capping layer and variable HTM thickness across the device
should be responsible for the relatively low reproducibility of
Film-B-based devices in group B. In MCO-C-produced Film-C,
the uniformity of perovskite in both the porous and capping
layers was improved, thus resulting in improved performance
and reproducibility of devices in group C.
Considering the highly uniform perovskite films generated by

MCO-C that can produce reproducible device performance, we
attempt to use this technique for fabricating large-size PeSCs,
which is essential for future real applications. The fabrication
procedure of large-size devices is almost the same as that of the
above-mentioned small-size devices in group C except for using
a larger substrate and a new pattern for gold electrode
evaporation. Figure 5 shows the J−V curves and incident
photon-to-current conversion efficiency (IPCE) spectra of
large-size devices based on MCO-C-produced perovskite Film-
C. Impressively, the uniform perovskite enabled a high PCE of

14.9% for a cell with a working area of 1.02 cm2. As far as we
know, these are the best results of PeSCs with active areas
larger than 1 cm2.

■ CONCLUSIONS
In summary, by employing a set of consecutive MCOs, we
successfully improved the uniformity of perovskite in both the
porous and capping layers. For the first time, a solvent-vapor
treatment is proposed for improving the uniformity of
perovskite in a mesoporous layer via enhancing the perovskite
diffusion. The improved uniformity of perovskite results in a
significent enhancement of the performance and reproducibility
of mesostructured PeSCs. A total of 40 cells based on the
optimized perovskite fabrication conditions showed an average
efficiency of 15.3% and a small standard deviation of 0.32.
Moreover, a high efficiency of 14.9% was achieved on a large-
size cell with a working area of 1.02 cm2. The strategy of
solvent-vapor-assisted perovskite loading as well as consecutive
MCOs is universally useful for perovskite deposition on
mesoporous-based substrates.
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Chen, J.; Yang, Y.; Graẗzel, M.; Han, H. A Hole-Conductor-Free, Fully
Printable Mesoscopic Perovskite Solar Cell with High Stability. Science
2014, 345, 295−298.
(17) Qin, P.; Tanaka, S.; Ito, S.; Tetreault, N.; Manabe, K.; Nishino,
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