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ABSTRACT: A solid/mist reaction method is developed to produce well-crystallized light harvester layers without pinhole
defects for perovskite solar cells. The reaction based on mist precursor can be facilely operated with low process temperature.
And it can effectively control the volume of CH3NH3I solution and the reaction temperature, which affect the quality of
perovskite harvester layers and the performance of perovskite solar cells remarkably. Under optimized condition, the efficiencies
of devices reach 16.2% with the average efficiency of 14.9%. The solid/mist reaction is also used to fabricate planar junction solar
cells and a PCE of 14.9% is obtained.
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Hybrid organic/inorganic lead halide, which has a
perovskite structure, is a kind of new emerging light

harvester materials with excellent photovoltaic performance.
This kind of perovskite material is originally developed as
soluble semiconductors with high carrier mobility. As it has
tunable optical properties, this material is also the effective
harvester in perovskite solar cells.1,2 By using a solid state
heterostructure, perovskite solar cells achieve the light to
electrical power conversion efficiencies (PCEs) of 9.7% and
10.9% in 2012.3,4 Further improvement on interface and
composition leads to the conversion efficiency of 18−20%,5,6
which approaches the performance of c-Si solar cells and CIGS
solar cells.
CH3NH3PbI3 is a wildly investigated perovskite material for

the light harvester layers in perovskite solar cells.7−10 It is found
that pinhole-free perovskite films with high crystallization
benefit the device performance and its reproducibility.11−16

Therefore, the fabrication of high-quality perovskite films
becomes one of the central topics in perovskite solar cells.
CH3NH3PbI3 film is usually synthesized by the reaction
between lead iodide (PbI2) and methylammonium iodide
(MAI). Although annealing the composite film of these
reactants is a direct method for fabricating CH3NH3PbI3
films, its uncontrollable morphology degrades the reproduci-
bility of the photovoltaic devices.3 As improving the
morphology of composite films need additional precise control,
fabrication methods based on interface reaction are wildly
used.14−22

Perovskite films can be fabricated by the solid/liquid
interface reaction between PbI2 film and MAI solution.17,18

This solution-based method is wildly used for its facile
operation and low process temperature. However, pinhole
defects exist on the perovskite films, which leads to the
relatively low average PCE (12.0%) of solar cells.17 As PbI2 film
is dipped in the MAI solution in this reaction, the direct contact
between PbI2 film and MAI solution limits the precise control
of solution volume. The modified method based on two-step
spin-coating procedure can produce well crystallized MAPbI3
cuboids, but pinhole defects still exist.18 The direct contact
between PbI2 film and MAI solution also limits the
optimization of reaction temperature, because the temperature
affects the solubility of perovskite material in the MAI solution.
Perovskite film can also be fabricated by the reaction at solid/

vapor interface. By transporting MAI vapor in inert carrier gas
to the reaction interface, efficient perovskite light harvester film
can be prepared, and the p-i-n solar cell and p-free solar cell
achieve PCEs of 12.1 and 10.6%, respectively.14−16 Chemical
vapor deposition technique is also used for fabricating
perovskite film at the solid/vapor interface.19,20 In this method,
PbI2 film was separated from MAI source. In this way, the
separately control on the reaction temperature can be
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performed. Comparing with solution-based method, the vapor-
based method usually needs a relatively high process temper-
ature, but the reaction is still slow. It implies that solvent plays
an essential role on the formation and crystallization of
perovskite film at low temperature.
Spray technique can generate mist, which is a different

precursor from solution and vapor. As spray is a wildly used
technique, interface reaction based on mist precursor can be
facilely operated in industry productions. MAPbI3−xClx and
MAPbI3 films are prepared by spraying the mixed solution of
MAI and lead halides, and corresponding devices achieve the
efficiencies of 11.1 and 10.2%, respectively.23,24 These one-step
deposition methods have the problem of redissolving
predeposited films by the solution mist.
In this study, two-step method based on solid/mist interface

reaction can solve this problem by adopting a separate solvent
for MAI, which does not dissolve PbI2 or MAPbI3. As a
modified solution-based method, the solid/mist interface
reaction is facilely operated with low process temperature.
Instead of direct contact with MAI solution, the MAI
microdroplets are transported to the reaction interface by
inert carrier gas, which is just like the vapor-based method. In
this way, the volume of MAI solution and the reaction
temperature can be controlled effectively.
Scheme 1 illustrates the formation process of perovskite film

at solid/mist interface. First, the PbI2 film was heated to the

desired temperature on a hot plate. Then, 10 mg/mL MAI in
isopropanol solution was nebulized and sprayed on the top of
the PbI2 film by a nitrogen gas atomizing spray nozzle. In this
process, the quantity of reactant and the reaction temperature
can be facilely controlled by adjusting the sprayed volume of
MAI solution and the temperature of hot plate. The
photographs of PbI2 films before and after the solid/mist
reaction are shown in Scheme 1b, c, respectively. Details for
material preparation and device fabrication can be found in the
Supporting Information.
In the solid/mist interface reaction, six MAPbI3 samples are

prepared by MAI solutions with different volumes (50, 100,
200, 400, 600, and 1000 μL, respectively), and the reaction
temperature is kept at 80 °C. X-ray diffraction (XRD) patterns
of these MAPbI3 films are shown in Figure 1a. Meanwhile,

TiO2/FTO substrate, PbI2 film, and MAI film are measured as
the references (Figure S1). In the XRD patterns of the MAPbI3
films (Figure 1a), a set of strong peaks (marked with solid
circle) assigned to MAPbI3 crystal indicate a tetragonal crystal
structure of halide perovskite. Furthermore, an extra strong
peak at 12.65° exists in the XRD pattern of the MAPbI3 film
prepared by 50 μL of MAI solution, which belongs to the
residual PbI2. This indicates that 50 μL of MAI solution is not
enough to complete the conversion from PbI2 to MAPbI3.
Moreover, the intensity of the PbI2 characteristic peak
attenuates in the MAPbI3 films prepared by 100 μL of MAI
solution, and disappears at 200 μL. All of the MAPbI3 films
prepared by 200−1000 μL of MAI solution show the similar
characteristic peaks in the XRD patterns. Therefore, 200 μL of
MAI solution is enough for the conversion from PbI2 to
MAPbI3. This volume is much lower than that used in solid/
liquid reaction.
Scanning electron microscope (SEM) images of the MAPbI3

films prepared with different volumes of MAI solution are
shown in Figure 1b−g. As shown in Figure 1b, poorly
crystallized MAPbI3 film with nonuniform crystal grain size is
prepared by 50 μL of MAI solution. With increasing of MAI
solution from 50 to 400 μL, the crystal grains of the MAPbI3
film are grown (Figure 1b−e). Although 200 μL of MAI

Scheme 1. (a) Schematic Illustration of Perovskite Film
Formation via Solid/Mist Interface Reaction, Photographs
of PbI2 Films (b) before and (c) after the Solid/Mist
Reaction

Figure 1. (a) X-ray diffraction (XRD) patterns, (b−g) top-view SEM
images, and (h) device efficiency (PCE) of the MAPbI3 films prepared
with various volumes of MAI solution. The XRD peaks assigned to
MAPbI3, PbI2, and FTO crystals are marked with solid circles, asterisks
and open circles, respectively. For SEM images, MAI solution volumes
are (b) 50, (c) 100, (d) 200, (e) 400, (f) 600, and (g) 1000 μL, and
the scale bar is 1 μm.
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solution is enough for converting PbI2 to MAPbI3, a further
increase in MAI solution to 400 μL can improve the
crystallization of MAPbI3 film. Previous reports show that
DMF vapor and water vapor can enhance the crystal growth of
perovskite light harvester films.25−27 Although the treatment
time is much shorter than that of solvent vapor treatment, the
crystal growth in Figure 1b−e implies that solution mist
treatment is also an effective technique for improving the
crystallization of perovskite films. Comparing with the compact
morphology in Figure 1b−e, small pinholes emerge in the
MAPbI3 films prepared by 600 μL of MAI solution (Figure 1f).
In Figure 1g, the MAPbI3 crystal grains distribute loosely, and
holes with the size of 50 nm appear in the film prepared by
1000 μL of MAI solution. It is found that the excessive MAI
solution leads to a polyhedral shape of the MAPbI3 crystal
grains (Figure 1g), which is just like the crystal grains prepared
by the solid/liquid reaction (Figure S2). Therefore, the volume
of MAI solution is an important factor for controlling the
morphology of MAPbI3 films.
The PCEs of the devices based on these MAPbI3 films are

summarized in Figure 1h, and the photovoltaic parameters are
summarized in Table S1. For each solution volume, five devices
are fabricated. As shown in Figure 1h, the devices fabricated
with 50 μL of MAI solution give the lowest average efficiency of
9.3%. The average efficiency increases to 11.9 and 14.8% when
MAI solution is increased to 100 and 200 μL, respectively. For
the MAPbI3 film prepared with 400 μL of MAI solution, the
corresponding devices achieve the highest average efficiency of
15.5%, and its uncertainty is the lowest one among six
fabrication conditions. SEM images and XRD patterns show
that MAPbI3 crystal grains are grown and residual PbI2 are
decreased by the increment of MAI solution from 50 to 400 μL.
As a consequence, the grain boundaries and defects of the
MAPbI3 film are reduced, and the lifetime and mobility of
charge carriers can be improved.11,12 As the volume of MAI
solution further increases to 600 μL and 1000 μL, the average
efficiency reduces to 14.5% and 12.4% respectively. SEM
images (Figure 1f and g) show that pinholes emerge in the
MAPbI3 film prepared under these conditions. These pinholes
can provide the shunt path for leakage current, which leads to
the decrease on fill factor and short circuit current density (JSC)
(Table S1).15,28

The solid/mist interface reaction permits the control of
reaction temperature without disturbing the temperature of
MAI solution source. Six reaction temperatures (40, 60, 80,
100, 120, and 140 °C, respectively) are applied to study the
effect of reaction temperature in the formation of MAPbI3 film.
The volume of MAI solution is kept at 400 μL. The XRD
patterns of the MAPbI3 films prepared at various reaction
temperatures are shown in Figure 2a. At the reaction
temperature of 40 °C, XRD pattern of the prepared film
gives a diffraction peak at 12.65°, which belongs to unreacted
PbI2. Low reaction temperature leads to low reaction rate
between PbI2 and MAI, which results in the residual PbI2
existed after the reaction. When reaction temperature increases
to the range from 60 to 120 °C, the absence of PbI2
characteristic peak suggests the complete conversion from
PbI2 to MAPbI3. Furthermore, at high reaction temperatures of
140 °C, PbI2 characteristic peak reappears, which comes from
the thermal decomposition of MAPbI3.
SEM images of the MAPbI3 films prepared at different

reaction temperatures are shown in Figure 2b−g. Figure 2b
shows the MAPbI3 film prepared at 40 °C, which exhibits poor

crystallinity. After increasing the reaction temperature to the
range from 60 to 100 °C, the prepared MAPbI3 films have
compact structure, but perovskite crystal grains are different in
size (Figure 2c−e). Large perovskite crystal grains are obtained
at high reaction temperature. This result means that the growth
rate of perovskite crystal is faster at higher temperature. Some
unobvious pinholes appear in the MAPbI3 film prepared at 120
°C (Figure 2f), and further increase of the reaction temperature
(140 °C) makes pinholes into obvious holes (Figure 2g).
Therefore, reaction temperature not only determines the
composition but also the morphology of MAPbI3 films.
The PCEs of the devices based on the MAPbI3 films

prepared at different temperature are summarized in Figure 2h,
and the photovoltaic parameters are summarized in Table S2.
For the reaction temperature of 40 °C, the devices have a
relatively low average efficiency of 10.9%. XRD and SEM
analysis (Figure 2a, b) indicate that poorly crystallized MAPbI3
film with residual PbI2 is produced at 40 °C. These structure
defects can block the transport of charge carriers and facilitate
the recombination process in the device.11,12 As shown in the
above discussion, increasing reaction temperature can improve
the crystallization of MAPbI3 films and eliminate residual PbI2.
Highly efficient devices (∼15% in PCE) can be fabricated at the
reaction temperature between 60 and 120 °C. In the reports of

Figure 2. (a) X-ray diffraction (XRD) patterns, (b−g) top-view SEM
images, and (h) device efficiency (PCE) of the MAPbI3 films prepared
at various reaction temperatures. The XRD peaks assigned to MAPbI3,
PbI2, and FTO crystals are marked with solid circles, asterisks, and
open circles, respectively. For SEM images, the reaction temperatures
are (b) 40, (c) 60, (d) 80, (e) 100, (f) 120, and (g) 140 °C, the scale
bar is 1 μm.
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solid/vapor methods, the reactions are usually conducted at
120−150 °C for 1−2 h.14−16 On the contrary, solid/mist
reaction can be performed at 60 °C, and the reaction can
complete in 2 min. Therefore, solid/mist method is a facile low
temperature method with high throughput. After further
increasing the reaction temperature to 140 °C, PCEs of the
devices remarkable decrease to 11.9%. At high reaction
temperature, the MAPbI3 film is partially decomposed (Figure
2a) and pinhole defects (Figure 2g) exist in the film. The
damaged light harvester film leads to an obvious decrease in JSC.
And the porous nature of the high temperature prepared
MAPbI3 film increases the leakage current between TiO2 and
hole conductor.15,28

The solid/mist reaction method can produce high-quality
MAPbI3 films by the facile control of reaction conditions. We
fabricate a series of 30 devices under the optimized condition of
400 μL MAI solution and 80 °C. The statistics of PCEs based
on the 30 devices is shown in Figure 3a. More than 90% of the
devices achieve an efficiency of above 14%. It indicates that this
solid/mist interface reaction method has excellent reproduci-
bility and high performance. The photocurrent density-
photovoltage characteristic of the best-performing device is
depicted in Figure 3b. The device exhibits outstanding power
conversion efficiency of 16.2%, with 20.7 mA/cm2 in JSC, 1.06 V
in open circuit voltage VOC and 0.74 in fill factor (FF). We also
records the photocurrent of a device held at a forward bias of
0.80 V as the function of time to gain some understanding of
the stabilized power output under working conditions (Figure
3c). The photocurrent stabilizes within seconds to approx-
imately 18.9 mA/cm2, yielding a stabilized power conversion
efficiency of 15.1%, measured after 100 s. This indicates that

the devices have good working-stability. Furthermore, this
stabilized efficiency is closer to the efficiency measured via
reverse scan (15.8%) than that via forward scan (13.6%)
(Figure S3). It implies that reverse scan can provide a relatively
accurate representation of the photovoltaic performance for this
kind of devices. The cross-sectional SEM image of a device is
shown in Figure 3d. Highly crystallized MAPbI3 capping layer
without pinhole defects covers on mesoporous TiO2 layer. The
MAPbI3 grains in the capping layer are so large that a single
grain can connect the TiO2 layer and the hole conductor layer.
The elimination of grain boundaries can alleviate carrier
recombination and facilitate charge transport in the MAPbI3
layer.11,12

Furthermore, planar junction perovskite solar cells are also
fabricated using this solid/mist interface reaction (Figure S4).
Planar junction device is attractive for its simple device
structure, but pinhole free perovskite film with high
crystallization is necessary to prevent the leakage current and
enhance the carrier diffusion.28−32 The excellent efficiency of
14.9% confirms the availability of the solid/mist method.
In summary, we develop a solid/mist interface reaction

method to fabricate CH3NH3PbI3 light harvester film for
perovskite solar cells. In this method, high-quality
CH3NH3PbI3 films can be prepared at low temperature, and
reaction conditions can be facilely controlled. Detail studies
reveal that the volume of CH3NH3I solution and the reaction
temperature control not only the extent of reaction but also the
morphology and crystallization of the CH3NH3PbI3 film. Under
optimized conditions, pinhole-free CH3NH3PbI3 films with
high crystallization can be obtained, and the PCEs of
corresponding devices reach 16.2% with the average efficiency

Figure 3. (a) Device performance statistics based on 30 devices, (b) photocurrent density−photovoltage characteristic of the best-performing device
(solid line) and the dark I−V curve (dash line), (c) steady-state current measured at a forward bias of 0.80 V and stabilized power output, (d) cross-
sectional SEM image of the device, mp-TiO2 represents the mesoporous TiO2 layer penetrated with MAPbI3, c-TiO2 represents the compact TiO2
layer, the scale bar is 300 nm.
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of 14.9%. This method is also effective for fabricating planar
junction perovskite solar cells. This reaction based on mist
precursor is enlargeable with high throughput, which is suitable
for industrial application. We think that this solid/mist reaction
can be a general method for fabricating perovskite light
harvester films, and it also has potential in other compound
films.
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