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a b s t r a c t
Recent development of perovskite solar cells have achieved great progress with power conversion efficiency reach to 22.1%. In this paper, we focus our attention on shaping perovskite capping layer (PCL)
by adopting weak corrosive mixed anti-solvent to precisely control the capping layer thickness and crystallization. Ultra-dry gas flow was used for protecting perovskite film and inducing the formation of low
defects perovskite crystal grain. The device performance is greatly enhanced after modifying the quality
of CH3NH3PbI3 films with suitable PCL thickness and crystalline grain. The power conversion efficiency
was boosted from 8.79% to 18.25% for the champion cell with the fill factor as high as 80.91% measured
under conditions of AM 1.5G, 100 mW/cm2. It is expected that this method can be used as a general
approach for boosting the perovskite solar cell efficiency with different type of precursor material
(MA,FA group and diverse combination with each other), such as MAPbX3, FAPbX3 and (FAPbI3)x
(MAPbBr3)1 x. Furthermore, the method exhibit good reproducibility and device stability due to highquality perovskite films and the device of the best one will be not deteriorated with the PCE maintaining
over 80% after 60 days.
Ó 2016 Published by Elsevier Ltd.

1. Introduction
Organic-inorganic perovskite and its derivatives as a promising
branch of solar cells have achieved rapid development (Snaith
et al., 2012; Kanatzidis et al., 2014; Burschka et al., 2013; Zhou
et al., 2014; Zhu et al., 2016; Li et al., 2016; Chen et al., 2015). In
2009, miyasaka research group successfully prepared a first perovskite solar cells (PSCs) using organic-inorganic hybrid material
and got the power conversion efficiency of 3.8% (Miyasaka et al.,
2012). Park reported Spiro-OMeTAD as HTM used in solid state
organic/inorganic PSCs and achieved PCE of 9.7% to replace
liquid-sensitized perovskite solar cells (Kim et al., 2012). Last year,
seok’s team used intramolecular exchange process (IEP) technique
to induce perovskite to form crystals by PbI2-DMSO react with FAI
and got 20.1% power conversion efficiency. This record was kept
for a period of time until the certified PCE of 22.1% was reported
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by KRICT (Im et al., 2014; Jeon et al., 2014; Kojima et al., 2009;
Bi et al., 2016).
A great of research efforts contributed to increase PSC performance based on Lead organo-halide perovskite (Leijtens et al.,
2015; Roesch et al., 2015; Shahbazi 2016; Zhang et al., 2015). In
the early stage of PSCs development, snaith’s work pointed that
morphology is a critical issue (Snaith et al., 2014), then seok’s
group provided a morphology controlling method by anti-solvent
engineering to form uniform and dense perovskite layers (Jeon
et al., 2014). Besides, trap states at PCL surfaces, interstitial defects
in perovskite crystal lattice, recombination between hole transporting layer (HTL) and electron transporting layer (ETL) etc. were
extensively studied (Xiao et al., 2014; Yang et al., 2015; Emara
et al., 2015; Ahn et al., 2015; Cohen et al., 2015; Kim et al.,
2015). However, a critical factor that has a huge impact on the
overall performance of PSCs is perovskite capping layer which
was not given enough emphases (Roldan-Carmona et al., 2015).
In the mesoscopic MAPbI3 PSCs, the mesoscopic TiO2 layer are
infiltrated by MAPbI3 perovskite crystal. On top of the mesoscopic
TiO2 and under HTM layer, there is an overlayer (see Fig. 1) which
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Fig. 1. (a) Device architecture of FTO/bl-TiO2/meso-TiO2 mixed perovskite/PCL/spiro/Au (b) Scheme of solvent engineering process for preparing perovskite solar cell capping
layer with corrosive anti-solvent and gas flow protection.

was commonly referred to perovskite capping layer (abbreviated
as PCL). The electron-hole pairs were generated by MAPbI3 lightabsorbing layer and then transported into mesoscopic TiO2 layer
and HTM layer respectively upon illumination of light. Although
in the n-i-p structure devices, many factors would have an important impact on the performance, but the capping layer of perovskite itself determine the solar cell parameters of short circuit
current, open circuit voltage and fill factor. A high quality PCL
including the suitable capping layer thickness and excellent crystallinity which is an essential prerequisite for high performance
PSCs (Yang et al., 2015).
In this article, we present high efficient methylammonium lead
iodide PSCs (FTO/bl-TiO2/meso-TiO2 mixed perovskite/PCL/spiro/
Au architectures). The PCL thickness was precisely controlled by
changing the volume of weak corrosive mixed anti-solvent
(8% acetonitrile in chlorobenzene, volume ratio). Ultra-dry gas flow
was used for protecting perovskite film as well as inducing the formation of low defects perovskite crystal grain. A suitable thickness
of capping layer can maximally absorb sunlight and at the same
time will not block the absorption of light. This will guarantee
more electron-hole pairs generation as well as reduce electron
recombination (Liu et al., 2014). A perovskite solar cell with a thin
PCL has relatively low performance mainly due to the recombination between TiO2 and Spiro-MeOTAD (Bi et al., 2015). Under the
premise of suitable thickness, PCL crystallization determines the
further promotion of solar cell. In the conventional solvent engineering method, as far as we know there is no report about
precisely controlling the thickness and crystallization of PCL by

adding different doses of weak corrosive mixed anti-solvent under
ultra-dry gas flow protection (Lin et al., 2015). Our results demonstrated that appropriate thickness of capping layer comprehensively improves the parameters of PSCs, boosting the power
conversion efficiency from 8.79% to 18.25%, and average efficiency
reached to 17.57% for the champion cell with the PCL thickness
around 240 nm and good crystallinity grain. In addition, the asprepared perovskite films with high fill factor have higher stability.
The device without any encapsulation did not deteriorate with the
PCE maintaining over 80% after 60 days. These results showed that
by shaping PCL in PSCs can be used as an effective and easy
approach toward high performance and stability perovskite solar
cells.

2. Experimental
2.1. Materials
Lead (II) Iodide (99.99%, trace metals basis) [for Perovskite precursor] was purchased from TCI, CH3NH3I from Xi’an Polymer Light
Technology Corp., TiO2 (particle size: about 30 nm, crystalline
phase: anatase) TiO2 from dysol. DMF, chlorobenzene, lithium bis
(trifluoromethylsulphonyl)
imide
(Li-TFSI)
and
4-tertbutylpyridine (tBP) from Aldrich, and spiro-MeOTAD from Borun
New Material Technology Co., Ltd. All chemicals were directly used
without further purification. Patterned FTO-coated glass substrates
with a sheet resistance of 15 ohm sq 1 were cleaned sequentially
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by ultrasonication in mild detergent, deionized water, acetone and
ethanolamine. The substrates were exposed to UV-ozone for
20 min prior to the spin coating step.
2.2. Solar cell device fabrication
A thick dense blocking layer of TiO2 (bl-TiO2) was deposited
onto F-doped SnO2 (FTO) substrate by spin coating to prevent
direct contact between the FTO and the hole-conducting layer. A
TiO2 blocking layer was deposited on the cleaned FTO by spray
pyrolysis, using dry air as carrier gas, at 450 °C from a precursor
solution of 0.6 ml of titanium diisopropoxide and 0.4 ml of bis
(acetylacetonate) in 7 ml of anhydrous isopropanol. A mesoporous
TiO2 layer (dysol, particle size: about 30 nm, crystalline phase:
anatase, diluted to w/w = 1/6 in ethanol) about 160–180 nm thickness film was deposited by spin coating at 4000 rpm for 20 s onto
the bl-TiO2/FTO substrate. After spin coating, the substrate was
immediately dried on a hotplate at 80 °C, and the substrates were
then calcined at 500 °C to remove organic components. The perovskite film was deposited by spin coating onto the TiO2 substrate.
The prepared MAI powders and PbI2 (TCI) for 1.2 M MAPbI3 solution were stirred in a mixture of DMSO and DMF (v/v = 8:2) at
60 °C for completely dissolved. The resulting solution was coated
onto the mp-TiO2/bl-TiO2/FTO substrate by a consecutive twostep spin-coating process at 1000 and 5000 r.p.m for 20 s and
30 s respectively in glove box under relative humidity of 6–10%.
During the second spin-coating step at last 10 s, the substrate
was treated with weak corrosive mixed anti-solvent (8% acetonitrile in chlorobenzene, volume ratio) to form the perovskite crystal,
and the substrate was then heated at 105 °C for 60 min on a hotplate under a protective cover with low speed flow clean dry air.
CH3NH3I was synthesized from hydroiodic acid reacting with
methylamine according to reference. The HTM layer was deposited
by spin-coating at 4000 rpm for 20 s. 1 ml HTM precursor was
chlorobenzene solution including 73.5 mg spiro-MeOTAD, 29 lL
4-tert-butylpyridine, 15 lL lithium bis (trifluoromethylsulphonyl)
imide and 8 lL Co (III)-complex (FK209). The concentration of
TFSI-Li was 80 mg/mL in acetonitrile and FK209 was 400 mg/ml
in acetonitrile. Finally, Gold (80 nm) counter electrode was deposited by thermal evaporation on top of the device to form the back
contact.
2.3. Characterization
The PCE and J–V curves were measured by using a solar simulator (Newport, Oriel Class A, 91195A) with a source meter (Keithley
2420) at 100 mA/cm2 illumination AM 1.5G and a calibrated
Si-reference cell certified by NREL. The J–V curves for all devices
were measured by masking the active area with a black mask
0.09 cm2. UV–vis absorption spectra were recorded on a UV–vis
spectrometer (Hitachi U-3300). Incident photon to current efficiency (IPCE) were confirmed as a function of wavelength from
300 to 800 nm (PV Measurements, Inc.), with dual Xenon/quartz
halogen light source, measured in DC mode with no bias light used.
The setup was calibrated with a certified silicon solar cell (Fraunhofer ISE) prior to measurements. Film morphology was investigated by using a high-resolution scanning electron microscope
(S4800, Hitachi) equipped with a Schottky Field Emission gun. PL
spectra were recorded by exciting the perovskite films deposited
onto mesoporous TiO2 at 490 nm with a standard 450 W Xenon
CW lamp. The signal was recorded by a spectrofluorometer (photon technology international) and analyzed by the software Fluorescence. The time-resolved PL experiments were performed
with the same Fluorescence Lifetime Spectrofluorometer using a
pulsed source at 450 nm (the illumination source is a pulsed nitrogen dye laser) and the signal was recorded at 765 nm by the Time

Correlated Single Photon Counting (TCSPC) technique. The samples
were excited from the perovskite side. X-ray diffraction spectra of
the perovskite films were recorded on an X’Pert MPD PRO (PANalytical). The data were collected at room temperature in the 2h
range 10–70°. The automatic divergence slit (10 mm) and beam
mask (10 mm) were adjusted to the dimension of the films. A baseline correction was applied to all X-ray thin film diffractograms to
compensate for the broad feature arising from the FTO glass and
anatase substrate. Transient absorption spectra (TAS) was record
on LK80 (Applied photophysics). The cells were measured before
evaporating gold counter with a pump light wavelength of
500 nm and a probe light wavelength of 1100 nm. Repetition rate
of 5 Hz, the energy of laser device is 150 lJ/cm2.
3. Result and discussion
In the classic one-step deposition preparation process, the formation of the perovskite layer prepared by spin-coating the precursor solution on the TiO2 substrate followed by thermal
annealing around 100 °C for 1 h to complete the perovskite solar
cells formation (Jeon et al., 2014; Ahn et al., 2015). The deposition
process comprises two steps. In initial step, a precursor solution of
CH3NH3PbI3 was spin-coated on meso-TiO2 (m-TiO2) layer and
spin-coating process kept at a low speed in order to deposit the
perovskite precursor solution. During the second step, the rotating
speed will accelerate to a high level about 5000 r/min, and the substrate was treated with weak corrosive mixed anti-solvent (8% acetonitrile in chlorobenzene, volume ratio) at the last 10 s before
finishing. Here the anti-solvent contained small amount of acetonitrile which is a strong polar solvent. It will slightly damage the
light-absorbing material CH3NH3PbI3 and meanwhile chip off certain amount of capping layer. Due to this reason, the anti-solvent
can affect both of thickness and surface morphology, and thus
assist the perovskite layer to form a dense and uniform film with
crystallinity grain.
Although the thickness of film dominated by solvent evaporation which depends on the solvent vapor pressure. But in general
approach the thickness of PCL, as far as we can imagine, could be
ascribed to the concentration of CH3NH3PbI3 precursor solution,
rotating speed, type of precursor solution solvent, the amount of
anti-solvent dropping, solvent evaporation rate and annealing
temperature. In order to precisely control the thickness, we changed the concentration of precursor solution and volume of antisolvent while other factors remained the same. At the second step
in one-step deposition, CH3NH3PbI3 was dissolved in the DMSO/
DMF (V/V = 8:2). The rotating speed will accelerate to 5000r/min
and the substrate was treated with different volume of corrosive
anti-solvent in the glove box filled with dry air, correspondingly,
different thickness of capping layer were formed as shown in
Table 1.
We prepared CH3NH3PbI3 films on mesoporous TiO2 (m-TiO2)
films by spin-coating precursor solution and got thinnest capping
layer with concentration of 0.9 M and 500 lL anti-solvent. As the
precursor solution concentration is gradually increased from
0.9 M to 1.2 M and anti-solvent volume decreased from 500 lL to
Table 1
Different thickness of perovskite capping layer (PCL).
Volume of anti-solvent

Concentration of MAPbI3

Thickness of PCL

50 lL
100 lL
200 lL
200 lL
500 lL
500 lL

1.2 M
1.2 M
1.1 M
1.0 M
1.0 M
0.9 M

300 nm
240 nm
200 nm
160 nm
120 nm
20 nm
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50 lL, the thickness appears to liner growth and maximum thickness reaches to 400 nm (see Fig. S4). The thickness of the mesoporous TiO2 layer (160–180 nm) was kept constant in this study
(TiO2 layer was shown in Fig. S3). Fig. 2 shows cross-sectional
image of a real device with different thickness perovskite capping
layer. The perovskite layer comprises two different regions that
consisted of a TiO2/perovskite layer and the capping layer, the perovskite materials were fully infiltrated into the meso-TiO2 film
with 100% surface coverage. Though the images are similar, but
there is an apparent change about thickness in the PCL by adjusting
volumes of mixed anti-solvent and precursor solution concentration, summarized in Table 1. The mesoscopic TiO2 film capped with
different thickness of solid perovskite capping layer. The thinner
PCL was about 20 nm while the thickest reached to 400 nm,
(Fig. S4, not the one which got best performance). By increasing

the volume to 100 lL, PCL around 240 nm thickness was made
and obtained overall higher PCE performance. Considering the different thickness of HTL or ETL layer may cover up the capping
layer’s feature, each layer thickness was controlled with slight fluctuation that will not affect overall performance significantly. In
addition, the overall thickness of perovskite layer including the
infiltrated perovskite and suitable PCL is about 400 nm.
In order to illustrate the influence of PCL thickness on the
devices performance, devices with different capping layers have
been tested. As depicted in Fig. 3, a similar trend was observed in
the short circuit current, open circuit voltage and fill factor. All
the PSCs parameters exhibit an overall improvement which were
summarized in the inset table. The devices with 20 nm thickness
PCL showed a Jsc of 15.3 mA/cm2, Voc of 0.86 V, fill factor (FF) of
68%, and total PCE of 8.97%. While PCL were increased by decreas-

Fig. 2. The cross-sectional scanning electron microscopy (SEM) images of devices with different thickness.

Fig. 3. Current-Voltage curves and specific parameters obtained for the devices with different capping layer thickness measured under standard test conditions and scan-rate
fixed at 50 mV/s.
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ing the mixed anti-solvent, the photovoltaic parameters of devices
showed significant increases. The best-performing devices demonstrate a Jsc of 20.5 mA/cm2, Voc of 1.04 V, and FF of 77%, corresponding to the PCE of 16.5%. After adjusting capping layer, the
performance of device demonstrated significantly improvement
in terms of all parameters compared with the thinner ones. The
improvement of the device performance mainly reflected in the
rise of Jsc and Voc, which can be explained as light absorption
improved caused by the improved PCL thickness. The capping
layer’s increase will enable the devices to have higher lightharvest capability and generate more carries, thus promoting the
improvement of the current. Meanwhile, thicker capping layer
means rarely contaction between TiO2 and Spiro-MeOTAD which
will reduce the recombination in the devices.
UV–vis absorption spectra (>490 nm, due to perovskite material
inherent properties of the high absorption coefficient at high frequencies) of different PCL thickness prepared by previous procedure was shown in Fig. 4c. The absorption of films exhibited
small differences only in their absorption intensities. The trend of
the intensity performed sustained enhancement along with the
thickness increase. The film with thickest capping layer had highest absorption and the rest of films intensity were proportional to
the thickness. However, the films with highest absorption was not
the best one. Since the perovskite capping layer thickness began to
exceed optimal thickness, the device performance began to
decrease in Voc and FF, especially in Jsc which is the majority contributor to the efficiency losses of the thickest PCL devices. Moreover excessive thicknesses increased the recombination
probabilities and exceed the diffusion length of the charge carrier,
which will result in the absorption depth and the carrier diffusion
length do not match. As reported, the electron-diffusion length in
MAPbI3 is about 130 nm and the hole-diffusion length is about
90 nm, however, the PCL thickness of the thickest one exceed the
diffusion lengths of charge carriers by a big margin (Xing et al.,
2013; Eperon et al., 2014). Therefore carriers that generated near
the center of perovskite film can’t reach to the electrodes definitely
and this will greatly increase recombination probability. The combination result may explain the observed drop in Jsc. Similar with
the UV absorption, the IPCE (incident photon-to-electron conversion efficiency) of devices exhibited significant improvement
depending on the thickness (<240 nm) in the range of 300–
800 nm (Fig. 4d), but a decrease was found for the film with
300 nm PCL thickness. The reasons were probably ascribe to electrons and holes are generated deeply in the interior of the PCL
and simultaneously more than 100 nm away from electron transport layer or hole transport layer interface. Consequently the carries cannot reach to their destination before recombination with
opposite electric charge (Fig. 4b). In a thinner capping layer device,
carries can reach to each layer successfully but the device needs
sacrifice enough light absorption, and therefore decreased current
densities are observed. In generally, carries generated in various
depths of perovskite capping layer and injected into electron transport layer and hole transport layer respectively. When holes on the
way to the HTL, it will encounter electrons and simultaneously the
electrons encounter holes during transmission to the ETL. These
electron motion dynamics will lead to recombination and losses
of carries. Thus we assume that there is a most suitable thickness
of capping layer which satisfy a balance of maximize light absorption and carries transmission efficiency theoretically. Here the carries transmission efficiency means that the maximum total effect
of carries normal direction transmission subtract recombination
(electrons or holes transport in the opposite direction).
In order to further understanding the capping layer thickness
effect we used TAS (transient absorption spectra) to detect the
recombination between TiO2 layer and HTM layer. If the recombination of electrons and holes occurred difficultly, the longer of
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Fig. 4. (a), (b) hypothetical schematic of carrier generation and transmission, (c)
shows the UV absorption spectra with different perovskite capping layers, (d) IPCE
spectra for FTO/Bl-TiO2/Meso-TiO2-CH3NH3PbI3/CH3NH3PbI3 capping layer/Spiro/
Au devices with different perovskite capping layers.

recombination time will be got. In other words, the perovskite
layer with a longer recombination time represented a better film
which has appropriate thickness and low defect states (Shen
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et al., 2014; Marchioro et al., 2014; Wehrenfennig et al., 2014). The
TAS spectra and dynamics (Fig. 5) was measured from HTM side.
When increasing the capping layer thickness, the recombination
time becomes longer. The capping layer with 20 nm only got
9.89 ls, while the thickness increased to 120 nm the recombination time significantly increased to 90.17 ls. The best one
exceeded out 318.97 ls with 240 nm capping layer. The device
with the thickest layer only got 266.8 ls probably ascribing to
more serious recombination between top of capping layer and
HTL, and this result coincided with PCE parameters.
The thickness of PCL is a prerequisite but not the only determining factor. For making devices with outstanding performance, the
morphology should be regulated carefully. Therefore, the annealing of perovskite on hot-plate was protected under a protective
cover with low speed clean ultra-dry air flow. This will play three
roles: (i) keeping the atmosphere around the film with constant
humidity (ii) protecting perovskite film away from the erosion of
organic solvent in glove box (iii) inducing the formation of large
crystal grain. At the second stage of spinning coating, the film treated without anti-solvent or with only small dosages, the resulted
perovskite exterior surface appeared rough and fuzzy. As shown
in Fig. 6a and b, the film composed of tubular-shape or fanshaped crystals which had lots of pin-hole areas and trap defects.
To the contrary, film treated with a suitable volume of mixed
anti-solvent and gas flow, tubular crystals or fan-shaped totally

were disappeared. The resulting film was full of homogeneous
defined grain-crystals with 100% surface coverage on the substrate
(Fig. 6c). For further, the film was protected with gas flow (Fig. 1b)
which could attribute to a better crystallization for PCL and lead to
larger crystals. The perovskite crystal will grow to maximum diameter size around 600 nm showing smooth reflective surface with
large crystals (Fig. 6d) and specular surface (Fig. S1). Although
recent studies showed that large crystallites and grain boundaries
exit can play a positive role in the performance of solar cell, but the
entire perovskite surface of the holes and frosted sense surface are
definitely a disaster for a solar cell device.
In order to directly probe perovskite film quality and gain a deeper understanding on the influence of capping layer crystal, TRPL
(Time Resolved Photoluminescence Spectroscopy) investigation
have been conducted, the film with longer carrier lifetimes indicated superior film performance. We fabricate films on the blank
glass plate without TiO2 layer due to it is an effective quenching
layer for perovskite film, the generated electrons will inject into
the quencher layer and only small part contribute to photoluminescence. TRPL spectra for the film with rough surface, small crystals and big size grain were depicted in Fig. 6e respectively. A clear
trend can be found that TRPL response was proportional to film
quality (decay time values were shown in Table S1). Tubularshape or fan-shaped perovskite film generally exhibited faster PL
dynamics which can be attribute to rapid quenching of excited

Fig. 5. TAS response of FTO/Bl-TiO2/Meso-TiO2-CH3NH3PbI3/CH3NH3PbI3 capping layer/Spiro with different capping layer thickness, recombination time (tR) was simulated
by LKS (produced by Applied photophysics).The test were measured with a pump light wavelength of 500 nm and a probe light wavelength of 1100 nm through detecting
Spiro cations signal and there is no perovskite single interference (pure perovskite layer was tested using this detection method as shown in Fig. S6).
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Fig. 6. Typical SEM surface images of PCL grown on c-TiO2 layer. (a) fan-shaped perovskite crystal formed without anti-solvent (b) tubular-shape crystal formed by adding
small volume of chlorobenzene-assisted (c) independent small perovskite crystals (d) relative large scale perovskite crystals (perovskite grains). (e) Time Resolved
Photoluminescence Spectroscopy (TRPL) at 765 nm obtained for four different morphology devices upon excitation at kexc = 450 nm, excitation density of ～10 mW/cm2
from the PCL side. (f) Steady state photoluminescence spectra of two type perovskite film of Glass/perovskite and FTO/bl-TiO2/meso-TiO2-perovskite/PCL at an excitation
wavelength kexc = 490 nm.

electrons caused by point defects and trapping states. When films
become smooth with large grain (max diameter 700 nm), the TRPL
showed a longer decay time with 43.19 ns. This observation indicated that high quality film would lead to longer PL resolved time.
In addition, steady-state fluorescence (PL) spectra were measured
to study the electron transfer dynamics between TiO2 and per-

ovskite layer. The observed shrinkage of the fluorescence intensity
(Fig. 6f) indicated that electrons generated in larger perovskite
crystal grains can be transferred to quenching layer successfully.
Overall, these results revealed that crystallization have dramatically impact on PCL optical properties and photoluminescence lifetime. In particular, larger crystallites possessed longer charge
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carrier lifetime which correlated to high quality film and smaller
recombination coefficient. This is because large crystallites could
effectively remove the above-mentioned recombination in perovskite thin film caused by defects and trap states imperfections.
The highest performing device of each morphology was illustrated in Fig. 7a, the results showed that device performance was
strongly dependent on PCL quality. Both of the coarse (fanshaped and tubular-shape crystal) and small size crystal perovskite
films yield lower PCEs, however perovskite film with maximum
crystal size around 700 nm had average PCE value above 17%.
The parameters of Voc, Jsc, FF and PCE were plotted as a function
of PCL crystalline in Fig. S9 from 48 devices representing higher
reproducibility and stability. The performance of the best device
leading to maximum PCE of 18.25% with Jsc of 21.22 mA/cm2, Voc
of 1.06V, FF of 80.91%, and the average PCE of 17.57% (see
Fig. 8a). The calculated photocurrent from IPCE was 21.07 mA/
cm2 that was in close agreement with this measurements.
In order to make a comparison between the solvent washing
process with and without acetonitrile, XRD measurement has been
conducted. All the perovskite films treated with and without ace-

tonitrile exhibited strong diffraction peaks at 14.2°, 28.4°and
31.9°, which can be indexed to the (1 1 0), (2 2 0) and (3 1 0) planes
of the perovskite crystal (b- phase). As illustrated in Fig. 7b, the
intensity of (1 1 0) and (2 2 0) peaks were very strong compared
to other peak, demonstrating the better crystallization which was
good for optoelectronic device performance. In addition, the orientation of perovskite crystal made by corrosive mixed anti-solvent
was enhanced as the diffraction intensity ratio between (1 1 0)
and (3 1 0) increased. Under the same optimized conditions, PSCs
was made without acetonitrile treatment. As shown in Fig. 8c, it
had the similar Voc and Jsc, but fill factor is lower which can be
ascribe to slightly worse film quality, and the inset SEM images
shown that the size of perovskite crystal only had 350 nm. Our
results demonstrate that high performance devices with large fill
factor can be easily obtained ascribe to the high quality PCL including the suitable thickness and excellent crystallinity.
The high quality of CH3NH3PbI3 films with high fill factor bring
us not only high performance cells but also give the devices a
remarkable stability. The resisting erosion ability of perovskite
itself has a substantial increase benefit from big size crystal and

Fig. 7. (a) Current-Voltage curves and specific parameters obtained for the devices with different capping layer morphology measured under AM1.5G solar irradiation. (b)
XRD patterns of perovskite films with and without acetonitrile.
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Fig. 8. (a) J–V curves of forward and reverse bias sweep for the best device obtained in this study. (b) Incident photon-to-current conversion efficiency (IPCE) and integrated
Jsc spectra of the champion cell. (c) Device performance by using anti-solvent without acetonitrile. (d) Power conversion efficiency as a function of storage time in dry air and
dark conditions for the perovskite solar cell with different morphology.

excellent crystallinity. The device which was stored in dry air and
dark conditions without encapsulation. Devices with small crystals
showed rapidly deteriorating with PCE dropping to 5% after 2 days
and 15% after 7 days (see Fig. 8d). In comparison, devices with
ultra-dry gas flow gas protection exhibit slower deterioration rate
with the PCE keeping over 80% after 60 days which could be correlated with its improved capping layer perovskite crystallinity.
4. Conclusions
In summary we have demonstrated that the perovskite capping
layer has a sharp effect on the performance of perovskite solar cell.
We changed the volume of weak corrosive mixed anti-solvent to
precisely control the capping layer thickness. At the same time,
ultra-dry gas flow was used for protecting perovskite film as well
as inducing the formation of low defects perovskite crystal grain.
The device performance is greatly enhanced by shaping PCL with
suitable thickness and good crystallinity grain. This was an easy
and highly reproducible method for preparing devices with careful
and precise control. Finally, we boosted the device PCE from 8.97%
to 18.25% with the fill factor as high as 80.91%. An average efficiency peak of 17.57% for the champion cell was got with the PCL
thickness around 240 nm and good quality crystal grain. Furthermore, the results showed that this method not only improves the
overall photoelectric performance, but also exhibits good repro-

ducibility and stability. The device without any encapsulation did
not deteriorate with the PCE maintaining over 80% after 60 days
after its preparation. It is expected that this method can be applied
to perovskite solar cell fabrication with different type of precursor
material. Further work on the study of precisely control the growth
dynamics of PCL crystallinity is on progress.
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