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We develop antisolvent-assisted powder engineering for the controlled growth of
hybrid inorganic-organic CH3NH3PbI3 (MAPbI3) perovskite thin films. The powders,
which are used as the precursors for solution processing, are synthesized by pouring a
MAPbI3 precursor solution into various antisolvents, such as dichloromethane, chlo-
roform, diethyl ether, and toluene. Two types of powders having different colors are
obtained, depending on the antisolvent used. The choice of the antisolvent used for syn-
thesizing the powders strongly influences not only the phases of the powders but also
the morphology and structure of the thin films subsequently fabricated by solution
processing. This, in turn, affects the photovoltaic performance. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4974942]

Perovskite solar cells based on different hybrid organic-inorganic perovskite materials, such
as CH3NH3PbX3 (MAPbX3, X = I, Br, and Cl),1–3 HC(NH2)2PbX3 (FAPbX3),4 and mixed
(MA,FA,Cs)PbX3,5–7 have garnered significant attention as central photovoltaic devices owing to
the remarkable improvements made in the device performance over the last few years. The power
conversion efficiency (PCE) of such devices, which is typically used as a measure of their perfor-
mance, has already exceeded 20% at the laboratory scale3–7 and 15% at the large-scale7–9 (>1 cm2).
These improvements in performance make these devices suitable alternatives to the crystalline silicon
and thin-film solar cells currently used commercially. However, perovskite solar cells exhibit numer-
ous issues that prevent their entry into the photovoltaic device market, such as abnormal hysteresis,1,10

poor long-term stability,11 and high lead toxicity,12,13 as well as surface/interface issues.14

To date, several techniques have been proposed to resolve these issues and aid the commercial-
ization of perovskite solar cells. For instance, Jeon et al. introduced solvent engineering involving
the formation of a dimethyl sulfoxide (DMSO)-related intermediate phase and its stabilization via
drip casting with an antisolvent (toluene) during the spin-coating process.1 Later, Ahn et al. modified
this method by using diethyl ether instead of toluene as the drip solvent and tuning the molar ratio of
DMSO to allow for greater control of the intermediate phase.2 This technique allowed for the fabrica-
tion of thin films with a uniform morphology, which, in turn, improved the photovoltaic performance
without photocurrent hysteresis. However, this technique is not suitable for fabricating large-scale
devices because the antisolvent drips at the center of the film during the spin-coating process, result-
ing in films that exhibit a morphology with a radial gradient. To deposit large-area perovskite films,
Zhou et al. proposed a solvent-solvent extraction method.15 In their method, the spin-coated film is
immediately immersed in an antisolvent, namely, diethyl ether. This method allows one to fabricate
large-area MAPbI3 thin films with a uniform morphology at room temperature. Later, Zhou and
coworkers improved the method further by using an excessive amount of CH3NH3I (MAI), in order
to control the nucleation and crystallization process as well as grain growth and could achieve a PCE
as high as 15.3% in the case of films with an area of 1.2 cm2.9 Very recently, Li et al. introduced the
so-called vacuum-flash-assisted solution processing method,7 which involves a vacuum-flash step
before the annealing stage for ensuring rapid crystallization. Through this technique, they could not
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only fabricate shiny, smooth, and crystalline large-area perovskite thin films but also achieved a PCE
as high as 20.5% in the case of films with active areas greater than 1 cm2.

On the other hand, powder-based methods have also been proposed recently, in order to make
up for the deficiencies of solution-processing-based ones. Yen et al. used single-crystal perovskite
powders as the precursors for solution processing to fabricate perovskite thin films.16 Using this
method, they could fabricate large-grained perovskite thin films with a higher phase purity and
experimental stability. Heo and Im used pure MAPbI3�xClx powder with a uniform composition in
the fabrication of solar cells.17 They could successfully fabricate dense, pinhole-free perovskite films
without annealing; the thus-synthesized films exhibited a PCE of 18.6%. Very recently, we reported a
simple solution-processing method that uses crystalline powders with various phases for controlling
the growth of MAPbI3 perovskite thin films and hence improving device performance.18 In this
method, the input ratio of PbI2/MAI was varied for controlling powder phases, but the antisolvent
was fixed as dichloromethane.

Herein, we develop an antisolvent-assisted powder-engineering method for the controlled growth
of hybrid organic-inorganic MAPbI3 perovskite thin films. The key step is the use of different anti-
solvents, such as dichloromethane, chloroform, diethyl ether, and toluene, in synthesizing crystalline
powders using our previously reported method.18 The PbI2:MAI input ratio for synthesizing the pow-
ders is kept constant at 1:1, in contrast to the case in our previous study. We show that the choice of the
antisolvent used plays a significant role in determining the primary phases of the synthesized powder.
The PbI2-DMF and PbI2-MAI-DMF phases are predominantly formed when dichloromethane and
chloroform are used, while two phases of MAPbI3-DMF and perovskite are formed when diethyl
ether and toluene are used. These different phases are correlated with the controlled growth of the
perovskite thin films as well as the device performance.

Fig. 1 briefly shows the procedure for synthesizing the crystalline powders. First, a MAPbI3

solution is synthesized by dissolving PbI2 and MAI in a stoichiometric (PbI2/MAI) ratio of 1:1 in DMF
(Step I). A clear yellowish solution is obtained once the two chemicals have dissolved completely. This
solution is then poured into various antisolvents that cannot dissolve MAPbI3 (Step II). As soon as
the solution is dispersed in the antisolvents, precipitates are formed, as described in Step II. Navy blue
powders are formed in dichloromethane (denoted as P1-1 in Fig. 1) and chloroform (P1-2), whereas
light-yellow powders are formed in diethyl ether (P2-1) and toluene (P2-2). That the powders exhibit
distinct colors suggests that different phases are formed, depending on the antisolvent used. These
precipitates are collected by vacuum filtration and dried in vacuum for several days. Finally, fine
powders are obtained by grinding the precipitates (Step III). Notably, all the powders exhibit mixed
colors (white, yellow, and black) after vacuum filtration (Fig. S1 in the supplementary material).
However, their colors change during the vacuum drying process, depending on the antisolvent used.
In the case of samples P1-1 and P1-2, the color changed to gray, while for samples P2-1 and P2-2, it
changed to black (see the photograph of Step III in Fig. 1 and Fig. S1 of the supplementary material).
Thus, two different powders (gray and black) were obtained.

FIG. 1. Schematic diagram of the antisolvent-assisted powder formation process. P1-1: dichloromethane, P1-2: chloroform,
P2-1: diethyl ether, and P2-2: toluene.
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To explore the effects of the powder type on the photovoltaic performance, we fabricated solar
cells using the as-synthesized powders, as illustrated in Fig. 2(a). We first dissolved the powders
in DMF to produce solutions and deposited these solutions on substrates composed of mesoporous
TiO2 (mp-TiO2)/TiO2 blocking layer (TiO2-BL)/F-doped SnO2 (FTO) by spin coating. The mp-TiO2

layer, which was ∼200 nm in thickness, was used to minimize the photocurrent hysteresis.1 During
the spin-coating process, a certain amount of diethyl ether was poured instantaneously on the surface
of the film being fabricated, in order to ensure that it had a uniform surface morphology.2,18 After the
spin-coating process, the fabricated film samples were annealed at 120 ◦C to induce crystallization.
Then, spiro-OMeTAD (2,2′,7,7′-tetrakis(N,N-dimethoxyphenylamine)-9,9′-spirobifluorene) and Au
were deposited sequentially on the films as a hole-transporting material (HTM) and counter electrode,
respectively. Fig. 2(b) and Table I show the effects of the powder type on the current density (J)–
voltage (V) curves of the fabricated devices. The device performance depended on the powder used.
In other words, the devices fabricated using the gray powders (P1-1 and P1-2) exhibited PCE values
greater than 11%, whereas those fabricated using the black powders (P2-1 and P2-2) displayed higher
PCE values (>14%), as shown in Fig. 2(b), Table I, Figs. S2 and S3 in the supplementary material.
Further, the devices based on the black powders did not exhibit photocurrent hysteresis while those
based on the gray powders showed a high degree of hysteresis (Fig. S4 in the supplementary material).
These results suggest that there was a strong correlation between the powder type (categorized based
on color) and photovoltaic device performance.

To elucidate the correlation between the powder type and device performance, we investigated
the morphologies and structures of the thin films used to fabricate the tested devices. Fig. 3(a) shows
the surface and cross-sectional field-emission scanning electron microscopy (FESEM) images of
the various MAPbI3 thin films. Samples P1-1 and P1-2 not only consist of small grains (<300 nm)
(Figs. 3(a) and 3(b)) but also have voids between the crystals, as denoted by the red arrows in Fig.
3(a). In addition, the X-ray diffraction (XRD) patterns of the samples contain a strong PbI2-related
peak at 2θ of 12.6◦, in addition to peaks related to a tetragonal perovskite phase, as shown in Fig.
3(c). The PbI2/perovskite phase ratios of P1-1 and P1-2 are 16/84 and 11/89, respectively (Fig. 3(b)).
Notably, annealing for more than 20 min and/or at temperatures higher than 180 ◦C had little effect

FIG. 2. (a) Schematic diagram showing the fabrication of solar cells and (b) effects of various antisolvents on the photovoltaic
device performance. Inset image of (b): scheme of fabricated devices. DE indicates diethyl ether.
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TABLE I. Device parameters shown in Fig. 2(b).

Sample JSC
a (mA cm�2) VOC

b (mV) FFc PCE (%)

P1-1 18.73 935.95 0.53 9.27 (9.36*)
P1-2 18.42 889.33 0.65 10.61 (10.35)
P2-1 20.88 1046.99 0.68 14.87 (14.50)
P2-2 20.99 1082.47 0.70 15.91 (15.66)

aShort-circuit current density.
bOpen-circuit voltage.
cFill factor/* average PCE values are shown in brackets.

on the film morphology and structure (Fig. S5 in the supplementary material). The presence of the
PbI2 phase and the fact that a greater amount of thermal energy resulted in few changes implied
the incomplete conversion of the gray powders (samples P1-1 and P1-2) into MAPbI3. In contrast,
the films of the black powders (P2-1 and P2-2) contain larger grains (400 nm in size) and do not
have any voids (Figs. 3(a) and 3(b)). In addition, they consist of a pure perovskite phase and do
not have a PbI2 phase (Figs. 3(b) and 3(c)). On comparing the results shown in Figs. 2 and 3, it
can be deduced that the films formed using the black powders were denser and had a more uniform
morphology and higher crystallinity, leading to which the devices based on them exhibited excellent
performances.

Further, the results shown in Figs. 2 and 3 suggested that the initial state of the powder used
strongly affects the morphology and structure of the resultant MAPbI3 thin films and hence the
performance of the photovoltaic devices based on them. To elucidate how the state of the powder
used influences the properties of the resultant thin films, we traced the transformation process of the
powders into the thin films by investigating the structures of the initial powders, the as-spun thin
films, and the annealed thin films. Because a preliminary investigation showed that the structures of
the powders of the same color were similar, we only show the typical XRD patterns of one of the gray
powders (the one formed using dichloromethane) and one of the black powders (the one formed using
toluene) (see Fig. 4). The pattern of the gray powder mainly consists of peaks related to complexes of

FIG. 3. (a) FESEM surface images of MAPbI3 thin films and cross section images of the corresponding photovoltaic devices.
In the cross section images, 1–4 indicate the spiro-OMeTAD layer, MAPbI3 layer, layer of “MAPbI3 + mp-TiO2,” and FTO
layer, respectively. (b) Graph of the size and phase ratio as functions of powder used and (c) XRD patterns of MAPbI3 thin
films deposited on mp-TiO2/TiO2-BL/FTO substrates.
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FIG. 4. Typical XRD patterns of the powders and MAPbI3 films fabricated using the antisolvents dichloromethane and
toluene. The films were deposited on mp-TiO2/TiO2-BL/FTO substrates.

monoclinic PbI2-DMF18–20 (green circles) and monoclinic PbI2-MAI-DMF18,19 (black triangles). In
addition, peaks related to tetragonal perovskite18,19,21 (red diamonds) and the monoclinic MAPbI3-
DMF22 solvate (blue stars) can also be seen. The pattern of the corresponding as-spun film is similar
to that of the powder; the only difference is that the intensity of the perovskite-related peaks is higher
in the latter case. The increase in the volume extent of the perovskite phase can be attributed to the
X-ray-induced partial conversion of the powder into perovskite during the XRD measurements.19

The similarity in the structures of the powder and the as-spun film indicates that the initial phase
of the powder is retained in the film. After the annealing process, the two DMF-involving phases
disappear while the PbI2 and perovskite phases are observed. In contrast, in the pattern of the black
powder, mainly peaks related to the MAPbI3-DMF phase are observed instead of those related to the
PbI2-MAI-DMF phase, along with weak perovskite-related peaks. The pattern of the as-spun film
mainly exhibits peaks related to the perovskite phase and is very similar to that of the annealed film
for 2θ>10◦. This result indicates that the MAPbI3-DMF phase is readily converted into MAPbI3 by
X-ray irradiation. Finally, in the pattern of the annealed film, peaks related to a pure perovskite phase
are observed.

Based on the different transformation behaviors shown in Fig. 4, it can be deduced that the follow-
ing correlation exists between the powder type and thin-film formation. To begin with, the PbI2-DMF
and PbI2-MAI-DMF phases are formed preferentially in the gray powders, whereas perovskite and the
MAPbI3-DMF solvate are formed in the black powders. It can be surmised that the phases formed in
the powders may be correlated to the Pb/I ratio of the powders because the PbI2-DMF and perovskite
phases are formed readily under excess-Pb and stoichiometric ratio conditions, respectively.18 In fact,
we did detect that Pb was present in an excessive amount in the gray powders and in the stoichiometric
ratio in the black powders, as shown in Table S1 of the supplementary material. The structure and
morphology of the films formed varied based on the powder type (categorized based on color (see
Fig. 3)). This suggests that the intermediate phases of the powders can be tuned to allow for the
controlled growth of MAPbI3 thin films by using the appropriate antisolvent. Further, the PbI2-DMF
phase is probably responsible for the formation of the PbI2 phase, which interrupts the formation of
the perovskite phase. As a result, thin films with small grains and a high porosity are formed from
the gray powders (Fig. 3). Finally, the MAPbI3-DMF phase probably has a lower energy barrier for
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conversion into perovskite than does the PbI2-MAI-DMF phase. This was indirectly inferred from
the fact that most of the MAPbI3-DMF solvate was converted into perovskite by X-ray irradiation
while the PbI2-MAI-DMF phase was not.

In conclusion, powders of two different colors (gray and black) were synthesized by adjusting the
antisolvent used. The gray powders were obtained by using dichloromethane and chloroform while
the black powders were obtained by using diethyl ether and toluene. The former powders mainly were
consisted of PbI2-DMF and PbI2-MAI-DMF phases, whereas the latter were composed of perovskite
and MAPbI3-DMF phases. The morphology and structure of the thin films formed depended on the
powder type. The thin films fabricated using the black powders exhibited a dense morphology and
consisted of a pure perovskite phase. Thus, the devices based on them exhibited better performances.
The different growth behaviors observed when the different antisolvents were used were strongly
correlated with the preferential formation of the intermediate phase. Our proposed method may give
some clues for the development of low-cost perovskite photovoltaic devices.

See supplementary material for experimental methods and additional figures.

This work was supported by the DGIST R&D program of the Ministry of Science, ICT and
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