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A B S T R A C T

Owing to their high conversion efficiency and potentially cost-effective manufacturing, organic–inorganic lead
halide perovskite solar cells (PSCs) have been dominant photovoltaic research topic in this decade. The
photovoltaic performance of PSCs is highly dependent upon the quality of perovskite layer. In order to advance
the deployment of PSCs, fabrication of high-quality perovskite film using a facile and sustainable process is
essential. This study provides significant breakthrough in this direction. A novel fabrication process is
demonstrated that allows slicing of 2D layers from single crystals and restacking them to fabricate high-quality
perovskite film. The discovery that CH3NH2 can slice the 3D CH3NH3PbI3 perovskite crystal into 2D layered
perovskite intermediates via intercalation process opens a new pathway for pursuing synthesis of a variety of
photovoltaic materials. The 2D layered intermediate shows high solubility in acetonitrile (ACN) solvent, which
is considered as a replacement for N, N-dimethylformamide (DMF) in order to enable sustainable processing.
This solvent system enables fabrication of high-quality perovskite layer by one-step synthesis method. Based on
this cost-effective sustainable synthesis approach, low temperature processed PSC was found to match the
performance of PSC synthesized using high temperature process.

1. Introduction

Three-dimensional (3D) organic-inorganic perovskite solar cells
(PSCs) have attracted tremendous academic and industrial interests as
potential candidate for next generation low-cost high-efficiency photo-
voltaic device [1,2]. The highest reported efficiency of PSCs has
exceeded 22% [3], which is comparable to the state-of-the-art crystal-
line silicon solar cell. At this juncture, there are two major challenges in
advancing the deployment of PSCs, namely, cost-effective sustainable
manufacturing and environmental stability. Generally, the fabrication
of perovskite film begins with the reaction of perovskite precursors
followed by solution deposition (one-step synthesis and two-step
synthesis) or vapor deposition process. For solution deposition, in
order to achieve high-quality perovskite film, various processing
methods including anti-solvent [4,5], surface induction [6,7], stoichio-
metry tailoring [8,9], and solvent annealing [10–12] etc. have been
employed to modulate the crystallization kinetics of perovskites.
However, these delicate processes show limited reproducibility and

require complex procedure, which necessitates the tight process control
to facilitate perovskite formation. In contrast, homogeneous perovskite
films can be readily fabricated by using vapor deposition, but the
vacuum based technique is expensive [13], which reduces the cost-
effectiveness of PSCs. Particularly, the limitation of the complex and
expensive processes become more prominent in scaling up the fabrica-
tion of PSCs. The industrial production of PSCs requires printable
processes (slot die, roll-to-roll), however, realizing this process not only
faces material level challenges that require high availability of environ-
ment-friendly materials, but also challenges in terms of the facile
fabrication process that is compatible with the scaling. In order to
advance the commercialization of PSCs, development of a facile,
reproducible, industrially-compatible sustainable fabrication process
is critical.

To resolve this processing challenge, we developed an entirely new
method for perovskite film fabrication, which allows extraction of 2D
layers from 3D single crystals. Perovskite single crystals (AMX3) have
low trap-state density and high carrier lifetime [14]. A desired
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approach for synthesis of perovskite film will be to slice the 3D
perovskite crystals into 2D layers and restack them to form thin film
structure. This approach removes the step required for transition of
perovskite precursors into crystallized perovskites and enables crystal
based thin film fabrication. Traditionally, two-dimensional (2D)
layered counterparts from 3D perovskites have been realized by partial
or full substitution of A-site ion with a larger size cation [15–17]. The
interaction between the substituted cation and 3D frameworks plays a
crucial role in determining the structural dimensionality.

Zhou et al. have reported the CH3NH2 gas induced method for
synthesizing a highly crystallized uniform perovskite film [18]. When
exposed to the CH3NH2 gas, CH3NH3PbI3 reacts with CH3NH2 and
rapidly forms a liquid intermediate phase. On degassing the CH3NH2

gas, the intermediate phase turns back to perovskite. By using this
approach, synthesis of highly oriented and crystallized perovskite film
can be achieved. It has been hypothesized that the liquid intermediate
results from the collapse of PbI6-octahedra framework. Building upon
this hypothesis, we sought to discover the specific mechanism behind
the interaction between CH3NH2 and the CH3NH3PbI3 perovskite, and
use this interaction to manipulate the transformation of 3D crystals
into perovskite thin film.

The results of this study demonstrate success in slicing of 3D
perovskite crystals into 2D layers and restacking them for facile
fabrication of CH3NH3PbI3 perovskite thin film. Upon interaction with
CH3NH2, the CH3NH3PbI3 perovskite first turns into liquid intermedi-
ate phase and then gradually becomes a bleached solid phase. The solid
phase is irreversible at room temperature and shows high orientation
and excellent crystallinity. We propose an in-situ intercalation me-
chanism that could reveal the origin of this interaction. Upon CH3NH2

treatment of CH3NH3PbI3 perovskite, CH3NH2 intercalates in the
CH3NH3PbI3 framework and slices the 3D perovskite into 2D layered
structure. The 2D layered perovskite shows high solubility in acetoni-
trile (ACN) solvent. Utilizing the perovskite ACN solution, homoge-
neous and pinhole free CH3NH3PbI3 perovskite films were fabricated
through one-step spin coating. Upon evaporation of ACN and excess

CH3NH2, the 2D layered perovskite intermediates were restacked
forming high-quality perovskite film. The employment of ACN avoids
the use of potentially toxic N, N-dimethylformamide (DMF) as solvent.
In addition, ACN provides safer reaction medium, better life cycle and
lower waste-handling issues, which leads to sustainable PSC fabrication
[19,20]. By employing the sustainable solvent system, we fabricated
low-temperature processed cell with a conversion efficiency of 15.9%,
which was similar to that of PSC fabricated using high temperature
annealing process.

2. Experimental section

2.1. Materials

CH3NH3I (MAI) and 2,2,7,7-tetrakis(N,N-di-4-methoxyphenylami-
no)-9,9-spirobifluorene(Spiro-OMeTAD) were obtained from
Luminescence Technology Corp. Methylamine solution (33 wt% in
absolute ethanol), PbI2, acetonitrile (ACN), γ-Butyrolactone,
Dimethylsulfoxide (DMSO), N,N-dimethylformamide (DMF), toluene,
chlorobenzene, diethyl ether, titanium isopropoxide (TTIP), α-terpi-
neol, ethanol were purchased from Sigma-Aldrich. TiO2 paste (18NR-
T) was acquired from Dyesol. Fluorine-doped tin oxide (FTO) glass was
purchased from Nippon Sheet Glass, and conductive flexible polymer
substrate (ITO/PEN) was obtained from Peccell Technologies, Inc.

2.2. Synthesis of layered CH3NH3PbI3 intermediate

The starting CH3NH3PbI3 perovskite film was prepared on FTO
glass by one-step synthesis using toluene as the anti-solvent and then
annealed at 100 °C for 10 min. For short time CH3NH2 exposure
treatment, we placed the CH3NH3PbI3 film directly above the container
with methylamine solution for 2 s and then removed it. For longtime
exposure, we placed the CH3NH3PbI3 film in methylamine gas for
10 min~30 min until the irreversibly bleached film was formed. To
prepare the MAPbI3 crystals, 1.2 M solution of CH3NH3PbI3 was

Fig. 1. (a) Schematics of printable roll-to-roll fabrication process. (b) The 3D crystal structure of CH3NH3PbI3 perovskite and picture of CH3NH3PbI3 single crystal. (c) With CH3NH2

gas exposure, the 3D perovskite was sliced into 2D colloidal sheets and the resultant 2D perovskite intermediate was dissolved in the solvent of acetonitrile. (d) Using the perovskite
acetonitrile solution, the CH3NH3PbI3 perovskite thin film was fabricated by one-step deposition method. The crystallized perovskite film was formed through restacking the 2D layered
perovskite intermediates along [110] direction. (e) Structure of flexible PSCs prepared through slicing and restacking synthesis.
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prepared by dissolving PbI2 and MAI (molar ratio 1:1) in γ-butyr-
olactone and filtered in the vial. After that, the vial was inserted in an
oil bath and slowly heated to 110 °C and kept for 4 h. Once
CH3NH3PbI3 crystals were formed at the bottom of vial, they were
washed with diethyl ether and dried under nitrogen gas. A calculated
amount of CH3NH3PbI3 crystals were placed in a vial that was then
packed in a sealed bottle with methylamine solution and held over-
night. The evaporated methylamine gas diffused into the vial and
reacted with CH3NH3PbI3 crystals, forming the layered perovskite
intermediate.

2.3. Device fabrication

For the preparation of high temperature TiO2 based mesoporous
PSCs, TiO2 compact layer was first fabricated through spin-coating
mildly acidic TTIP solution at 2000 rpm for 20 s on FTO glass. TiO2

mesoporous paste was prepared by diluting 18NR-T paste with α-
terpineol and ethanol and spin-coating on top of TiO2 compact layer,
followed by annealing at 500 °C for 1 h. The low-temperature PSC and
flexible PSC were prepared by depositing the low-temperature TiO2

paste on FTO glass and flexible polymer substrate, respectively. The
detailed fabrication process of low-temperature TiO2 is described else-
where [21]. The CH3NH3PbI3 perovskite layer was prepared from liquid
perovskite ACN solution. The CH3NH3PbI3 layered intermediates were
dissolved in ACN to form a solution with different concentration. After
that, the solution was spin-coated on the substrate at 4000 rpm for 20 s
with and without further treatment. The annealing process was con-
ducted on a hotplate at 100 °C for 10 min, and the vacuum process was
performed in a vacuum chamber at ~10-3 Torr. Next, the Spiro-OMeTAD
solution was spin-coated on perovskite layer at 4000 rpm for 20 s.
Lastly, 80 nm of gold was thermally evaporated as metal electrode over
the active area of each device fixed at 0.096 cm2.

2.4. Characterizations

X-ray diffraction (XRD) patterns were measured using Philips
Xpert Pro X-ray diffractometer (Almelo, The Netherlands). UV–vis
absorption spectra were recorded using UV–vis spectrophotometer (U-
4100, Hitachi). The morphology of film was examined by scanning
electron microscopy (SEM, Quanta 600 FEG, FEI). A solar simulator
(150 W Sol 2ATM, Oriel) was employed to provide air mass (AM 1.5)
illumination of 100 mW cm−2. A Keithley digital source meter (Model
2400) was employed to measure the J-V characteristics of the solar
cells.

3. Results and discussion

Fig. 1 illustrates the whole procedure that is compatible with large-
scale, printable fabrication process for PSCs. This process uses
sustainable solvent alternative and enables simple one-step deposition
for perovskite film fabrication. Implementation of the process allows
slicing CH3NH3PbI3 crystals into 2D layered perovskite intermediates
and then utilizing the perovskite ACN solution to fabricate
CH3NH3PbI3 thin film. The fabrication begins with CH3NH3PbI3 single
crystal, consisting of a 3D framework of corner-sharing MX6 octahedra,
where A is located in the 12-fold coordinated hole in the octahedra, as
shown in Fig. 1b. The size of A-site cation should be according to the
size of hole to maintain the 3D perovskite structure [22,23]. In 3D
CH3NH3PbI3 perovskites, CH3NH3

+
fills in the A-site via hydrogen

bonding with halogens. If CH3NH3
+ is replaced or mixed with larger

size cation, due to the confinement of the octahedra, the 3D structure
tends to transform to a layered 2D structure, where MX6 corner-
sharing octahedra layers are spaced between intercalated cations [24–
26]. In this study, CH3NH2 was employed as a medium to enable the
transformation from 3D crystal to 2D layered sheets. Upon exposure to

Fig. 2. (a) Demonstration of CH3NH3PbI3 perovskite film evolution under the CH3NH2 gas exposure for different duration. (b) Schematics of 2D layered perovskite intermediates
obtained through the interaction between CH3NH2 and CH3NH3PbI3 perovskites. (c) XRD patterns of pristine MAPbI3 perovskite film, MA-MAPbI3 film, and bleached MAPbI3 film. (d)
Comparison of XRD peak intensity at 2θ=7.1° and 14.1°, respectively. (e) UV–vis absorption spectra of pristine MAPbI3 perovskite film, MA-MAPbI3 film, and bleached MAPbI3 film.
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CH3NH2 gas, the ammonium in CH3NH2 can form the hydrogen bond
with halogens in MX6 octahedra (N-H∙∙∙I).

In tetragonal CH3NH3PbI3 perovskite, (110) is the close-packed
plane with highest atomic density. The dislocation occurs most easily
along [110] direction [27,28]. Owing to the lowest energy required for
the planar dislocation, CH3NH2 acts as a “scissor”, slicing the 3D
perovskite crystal along the (110) plane. Upon exposure to CH3NH2

gas, the solid 3D structure exfoliates into colloidal sheets along (110)
plane. The resultant 2D perovskite intermediate shows high solubility
in ACN solvent, and by using this perovskite ACN solution, the
CH3NH3PbI3 perovskite film can be readily fabricated through simple
one-step deposition method, as shown in Fig. 1c. With the evaporation
of ACN and release of CH3NH2, the layered perovskite intermediates
restack along [110] direction, forming a high-quality excellent-crystal-
linity CH3NH3PbI3 thin film (Fig. 1d).

To gain further insight and reinforce our proposition on the
interaction between CH3NH2 and CH3NH3PbI3 perovskite, we system-
atically investigated the reaction of CH3NH2 with CH3NH3PbI3 thin
film. Fig. 2a depicts the evolution of CH3NH3PbI3 perovskite film
under the CH3NH2 gas exposure. The perovskite film bleached rapidly
upon CH3NH2 gas exposure, and turned back to dark perovskite
immediately when removed from the CH3NH2 gas. This transformation
behavior is shown in Movie S1. This transformation from perovskite to
bleached intermediate state is reversible. With transient exposure,
owing to the weak van der Waals type interaction between the sliced
MX6 layers, the CH3NH2 can readily deintercalate when removed from
the exposure to CH3NH2 gas, leading to recovery of perovskite from
exfoliated colloids [29]. However, if we extend the exposure time (10–
30 min), the perovskite irreversibly turns into a bleached state at room
temperature (Fig. 2a). With increasing exposure time, the intercalated
CH3NH2 bonds to the MX6 layers at both ends (+H3N-R-NH3

+),
removing the van der Waals gap. The confinement of the induced
CH3NH2 leads to the transformation from 3D to 2D layered structure
intermediate, where the MX6 layers are spaced by the induced CH3NH2

species [15], as illustrated in Fig. 2b. The photo inserted in Fig. 2b
shows the 2D layered crystals obtained through the interaction
between CH3NH2 gas and CH3NH3PbI3 single crystal. The hexagonal

shape CH3NH3PbI3 crystal converts to a well-defined square shape
sheet. The intercalation of CH3NH2 in 3D perovskite causes the slicing
of MX6 octahedral sheet, leading to the formation of 2D layered crystal.
The 2D layered perovskites have shown promising stability against
moisture [25]. Fig. S1 shows the comparison of water-resistance
between 3D CH3NH3PbI3 perovskite film and 2D bleached film. The
color of 3D perovskite film changed to yellow within 1s upon contact
with water droplet, indicating the formation of PbI2 due to perovskite
decomposition. In contrast, the 2D bleached film remained unchanged
upon contacting water droplet even up to 10 min. The high water-
resistant bleached film further confirms the formation of 2D layered
perovskites with intercalation of CH3NH2 into 3D perovskite crystal.

Fig. 2c shows the X-ray diffraction (XRD) of pristine CH3NH3PbI3
perovskite (MAPbI3), recovered perovskite from CH3NH2 gas treat-
ment (MA-MAPbI3) and bleached state film (Bleached MAPbI3), that
were deposited on FTO glass respectively. The pristine film shows the
typical pattern of CH3NH3PbI3 perovskite, with (110) peak located at
14.1°. After CH3NH2 gas treatment, the recovered perovskite phase
shows a much stronger peak of (110) plane, as shown in Fig. 2d,
indicating that the recovered film preferably orients along [110]
direction. During the recovery of perovskite, the exfoliated layered
perovskite intermediate preferentially restacks along the [110] direc-
tion, thereby resulting in high orientation of the recovered perovskite.
The bleached film after longtime exposure clearly exhibits a predomi-
nant low angle peak at 7.1°. As shown in Fig. 2d, the intensity of peak is
almost 30 times higher than (110) peak of pristine CH3NH3PbI3
perovskite film. This suggests that the crystal structure of bleached
film has a preferential orientation and a larger interplanar spacing. In
comparison with the main peak of 14.1° for the pristine perovskite, the
d-spacing increases from 6.25 Å to 12.41 Å with the intercalation of
CH3NH2. The dimension of CH3NH2 molecule is ~1.43 Å (N-C
distance), which implies that there are approximately 4 layers of
CH3NH2 aligned between (110) planes, as demonstrated in Fig. 2b.

Fig. 2e shows the UV–vis absorption spectra of the three different
films. Both pristine and recovered CH3NH3PbI3 perovskite exhibit
absorption edge at ~790 nm, corresponding to a band gap of 1.57 eV,
which is consistent with the typical band gap of CH3NH3PbI3 [30,31].

Fig. 3. Top surface SEM of (a) pristine CH3NH3PbI3 perovskite and (b) bleached perovskite film. Cross-sectional SEM of (c) pristine CH3NH3PbI3 perovskite and (d) bleached
perovskite film.
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However, for the bleached film, the main absorption feature is located
at ~375 nm, which is assigned to the excitation from MX6 octahedra
[32]. Due to the incomplete conversion from 3D to 2D perovskite, there
is a small amount of CH3NH3PbI3 perovskite presenting in the film, as
shown in the amplified spectrum of the bleached film (Fig. S2). The
band gap of perovskite can be tuned through modulation of structural
configuration. The transformation from 3D perovskite to 2D layered
perovskite introduces Pb-I-Pb distortion, and the enlarged interplanar
spacing of 2D perovskite weakens the orbital overlap between the two
layers [16,33,34]. Both in-plane and out-of-plane configurational
change of 2D perovskite lead to increase in band gap. The change in
the band gap of 2D perovskite explains the dissimilar optical property
between pristine CH3NH3PbI3 perovskite film and bleached state film.

Fig. 3 shows the scanning electron microscopy (SEM) images of
pristine CH3NH3PbI3 film (a, c) and the bleached state film synthesized
through longtime CH3NH2 gas exposure (b, d). The pristine
CH3NH3PbI3 film was synthesized by one-step anti-solvent treatment.
It is noted that there are small pinholes distributed in the film (Fig. 3a),
and the thickness of the film is ~160 nm (Fig. 3c). With exposure to
CH3NH2 gas, the 3D perovskite structure was transformed into a 2D
layered structure with the intercalation of CH3NH2 between (110)
planes. From the SEM images of layered perovskite (Fig. 3b, d), it can
be seen that films have very smooth and homogeneous surface. It can
also be observed that a well-packed, highly oriented growth occurred
and the thickness of the layered perovskite was increased to ~310 nm.
The CH3NH2 intercalation expands the interplanar distance between
the (110) planes, resulting in the increase of film thickness. Notably,
the thickness of the layered film is approximately double of that
pristine film, which is consistent with the increase in interplanar
spacing calculated from XRD.

Through systematic investigation of the interaction between
CH3NH2 and CH3NH3PbI3 perovskite film, we revealed that CH3NH2

can slice 3D perovskite into 2D layered perovskites. We were able to
demonstrate the slicing process on CH3NH3PbI3 crystals with complete
repeatability. With CH3NH2 exposure, the black perovskite crystals
turn into a clear yellow liquid mixed with square bleached sheets, as
shown in Fig. 4a. As discussed above, the induced CH3NH2 slices the
3D perovskite into colloidal sheets, resulting in a transition from 3D
solid perovskite to a liquid phase. Motivated by the liquid state of

CH3NH3PbI3 perovskite, we directly utilized this liquid to prepare
perovskite film. By using this type of liquid perovskite, a dark black film
was achieved through spin coating. The liquid perovskite consists of
dissociated layered MX6 sheets with the intercalated CH3NH2. Upon
deposition, owing to the high vapor pressure of CH3NH2, the excess
CH3NH2 releases from the liquid perovskite, resulting in recrystalliza-
tion of perovskite film. The XRD of the resultant film is shown in
Fig. 4b. The film exhibits the tetragonal CH3NH3PbI3 perovskite phase,
with the main peak from (110) plane. In addition, the peak of PbI2
phase was also observed in the pattern. Upon annealing the film at
100 °C for 10 min, the peak from (002) series plane disappeared (Fig.
S3), indicating that further rearrangement occurs during the annealing
process. Fig. 4d shows the SEM image of the film synthesized from
liquid perovskite. The perovskite film shows a dendritic structure,
which is probably due to fast crystallization. Fig. S4 shows the cross-
sectional SEM of the film prepared from liquid perovskite exhibiting
thickness of ~2.0 µm. To prepare perovskite solar cell, film thickness
with micrometers are too large for optimum light absorption.
Therefore, an appropriate solvent was employed to dilute the liquid
perovskite to decrease the thickness of perovskite film. For this
purpose, we adopted a sustainable solvent to replace the potentially
toxic DMF as the solvent medium.

The aprotic and polar solvent is generally used to dissolve the
perovskite precursor salts and among various possibilities, ACN has
high polarity and is recommended in industrial production to enable
the sustainable process [35]. Thus, the sustainable solvent, ACN, was
used as the medium to prepare thinner perovskite films [36]. As shown
in Fig. 4a, the CH3NH3PbI3 crystals have very limited solubility in
ACN. However, layered liquid perovskite was completely soluble in
ACN. A clear, yellow solution was formed with the addition of ACN in
the liquid perovskite. The ACN does not decompose the layered
perovskites, and the exfoliated PbI6 sheets uniformly disperse in
ACN. We experimented with other greener solvent alternatives, water,
ethanol, and isopropanol; however, these solvents led to either
decomposition or insolubility with the liquid perovskite. Fig. 4b shows
the XRD of perovskite films prepared from liquid perovskite, and
perovskite ACN solution with and without the annealing process. As
discussed earlier, the film prepared by liquid perovskite showed the
pattern of perovskite and PbI2. In contrast, film fabricated from the

Fig. 4. (a) Pictorial illustration of the evolution of CH3NH3PbI3 crystals under overnight CH3NH2 gas exposure. The resultant liquid perovskite was then dissolved in ACN. (b) XRD
patterns and (c) UV–vis spectra of perovskite films fabricated by liquid perovskite, and liquid perovskite ACN solution with and without annealing process. Top surface SEM of
perovskite films fabricated by liquid perovskite (d), perovskite ACN solution (e) without and (f) with annealing process.
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perovskite ACN solution showed pure tetragonal CH3NH3PbI3 pattern
without the presence of PbI2. As seen in XRD, at 2θ=28.2°, the peak
was split into two peaks, corresponding to (220) and (004) planes.
Upon annealing at 100 °C, the XRD pattern almost remains identical,
but (004) peak disappears. Fig. 4c shows the UV–vis absorption spectra
of the synthesized films. The film fabricated from liquid perovskite
shows both absorption edge of CH3NH3PbI3 and of PbI2, which are
located at ~790 nm and ~530 nm respectively. For the film prepared
from perovskite ACN solution, both of them exhibit the typical
absorption features of CH3NH3PbI3 perovskite. Fig. 4d, e, and f
compare the surface morphology of the films prepared by liquid
perovskite, and perovskite ACN solution without and with annealing.
As discussed earlier, the film from liquid perovskite shows dendritic
morphology. The perovskite film prepared from ACN solution still
exhibits dendritic structure but with holes distributed in the film, which
may be attributed to the dilution from the addition of ACN. However,
upon annealing, the morphology transformed from the columnar
dendrite perovskite to hexagonal perovskite grains. During the anneal-
ing process, driven by the surface energy reduction of the crystals,
dendrite crystals convert to hexagonal crystal [37]. In addition, the
perovskite film shows homogeneous surface, and the thickness of the
perovskite film is ~520 nm (Fig. S5), which is suitable for use as the
light absorber for PSCs. The annealing process not only provides
thermal energy to facilitate the structural evolution but also promotes
the release of ACN and CH3NH2 from the layered PbI6 sheets. We also
used vacuum process to treat the film fabricated by the perovskite ACN
solution. Fig. S6 shows the XRD and top surface morphology of the film
following vacuum process. The XRD of the film after vacuum treatment
is very similar with the annealed one, with a predominance of (110)
series planes. In addition, the film also shows a surface with hexagonal
crystals, but the film is rougher than the annealed one. The results
suggest that similar to annealing, the vacuum process also assists the
release of ACN and CH3NH2 and thus favors the formation of
hexagonal perovskites.

To study the photovoltaic performance of PSCs fabricated by the
slicing of 3D crystals and restacking 2D layers, we first prepared PSCs
with TiO2 mesoporous architecture, which was annealed at 500 °C. The
J-V characteristics of PSCs prepared from the perovskite ACN solution
(concentration: 1.0 M) without treatment, and with annealing and
vacuum process are shown in Fig. S7. The PSC without any further
treatment exhibited conversion efficiency of 6.13%. This low efficiency
was probably due to the dendrite and porous perovskite structure.
Following annealing, the efficiency of PSC was boosted to 16.4%, with
Voc of 1.08 V, Jsc of 20.44 mA cm−2 and FF of 0.74. However, for the

vacuum processed sample, the PSC shows a lower efficiency of 11.5%.
The results indicate that in comparison with vacuum process, the
annealing could more effectively favor the release of CH3NH2 and
result in the uniform hexagonal perovskite film, which leads to
improvement in conversion efficiency. The thickness of perovskite
layer has a crucial influence on the performance of PSCs. We modified
the thickness of perovskite by controlling the concentration of per-
ovskite ACN solution. When the concentration was increased to 1.3 M,
owing to the high internal stresses, cracks began to form within the
perovskite layer. Thus, we synthesized the perovskite layer with
concentrations of 1.0 M, 0.8 M, and 0.67 M. The perovskite layers
show the thickness of ~520 nm for 1.0 M concentration, ~410 nm for
0.8 M and ~330 nm for 0.67 M, as shown in Fig. S8. The J-V
characteristics are presented in Fig. S9. Compared with 1.0 M con-
centration, the PSCs with concentrations of 0. 8 M and 0.67 M show
lower conversion efficiency of 14.9% and 12.3% respectively. Thus in
the following experiments, the perovskite layers were synthesized by
annealing process using the concentration of 1.0 M.

The facile one-step fabrication of PSC with a sustainable solvent
motivated us to prepare low temperature processed cells. The low-
temperature cell eliminates the high-temperature annealing process,
which could improve the manufacturing productivity and enable
fabrication on the flexible polymer substrate. The schematic structure
of the low-temperature PSC is shown in Fig. 5b, where the low
temperature synthesized TiO2 compact layer is based on solution
process method [21]. For the low-temperature PSC, the conversion
efficiency was 15.9%, with Voc of 1.05 V, Jsc of 21.06 mA cm−2 and FF
of 0.72 (Fig. 5a), showing close performance with that of the high-
temperature mesoporous PSC. We further applied the low temperature
processed TiO2 compact layer on flexible polymer substrate (ITO/
PEN). As shown in the J-V curve of low-temperature flexible PSC, the
flexible PSC shows Voc of 1.06 V, Jsc of 18.94 mA cm−2, FF of 0.61,
yielding a conversion efficiency of 12.1%. The main difference between
low-temperature glass PSC and flexible PSC is the fill factor, which is
mainly due to the high ohmic resistance of the polymer substrate.
Availability of flexible substrates with higher conductivity will result in
enhanced photovoltaic performance of flexible cell that can be compar-
able with glass PSC.

The inherent moisture stability of perovskite layer remains the
main challenge for PSCs commercialization. In order to study the
moisture stability of perovskite synthesized by slicing-restacking
process, we compared the stability of perovskite films fabricated by
the conventional method (anti-solvent) and slicing-restacking method.
Fig. S10 shows the XRD of these two perovskite films exposed to 60%

Fig. 5. (a) J-V characteristics of high-temperature mesoporous PSC, low-temperature glass based PSC and polymer based flexible PSC. (b) Schematics of low-temperature PSC structure
and fabrication.
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humid air for 7 days. The CH3NH3PbI3 perovskite synthesized by
conventional method gradually decomposes to PbI2 during the 7 days
of testing. However, CH3NH3PbI3 perovskite fabricated by slicing-
restacking process shows no change, and no PbI2 was detected in XRD
spectra. The improvement in moisture stability for the perovskite
synthesized by slicing-restacking process is attributed to the highly
oriented and well-stacked perovskite, which leads to the reduced grain
boundary defects, thus preventing the moisture penetration through
grain boundary.

4. Conclusion

We have developed a slicing and restacking process for facile
fabrication of CH3NH3PbI3 perovskite film. This fabrication process
utilizes a sustainable solvent alternative and enables simple one-step
deposition, which is completely compatible with the large-scale prin-
table production process. The induced CH3NH2 was shown to slice the
3D CH3NH3PbI3 crystals into 2D layered perovskite intermediates
along [110] direction. With the increase in the CH3NH2 exposure time,
the CH3NH2 intercalated between the MX6 layers forming a well-
stacked 2D perovskite sheet. Surprisingly, the layered intermediate
phase showed high solubility in a sustainable solvent ACN. This
synthesis method could replace the commonly used, potentially toxic
DMF as the solvent, enabling a sustainable manufacturing. By using
this perovskite ACN solution, high-quality CH3NH3PbI3 perovskite film
can be readily prepared via simple one-step synthesis. Based on this
approach, we prepared cells using high-temperature annealing, low-
temperature TiO2 paste and flexible substrate which exhibited conver-
sion efficiencies of 16.4%, 15.9%, and 12.1%, respectively. This new
approach not only reveals an approach for transformation from 3D to
2D layered perovskite but also provides a sustainable and productive
fabrication method for PSCs, paving the way for scaling perovskite
solar cell manufacturing.
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