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Abstract: Thin-film photovoltaics based on alkylammonium
lead iodide perovskite light absorbers have recently emerged as
a promising low-cost solar energy harvesting technology. To
date, the perovskite layer in these efficient solar cells has
generally been fabricated by either vapor deposition or a two-
step sequential deposition process. We report that flat, uniform
thin films of this material can be deposited by a one-step,
solvent-induced, fast crystallization method involving spin-
coating of a DMF solution of CH;NH;PbI; followed imme-
diately by exposure to chlorobenzene to induce crystallization.
Analysis of the devices and films revealed that the perovskite
films consist of large crystalline grains with sizes up to microns.
Planar heterojunction solar cells constructed with these
solution-processed thin films yielded an average power con-
version efficiency of 13.9+ 0.7 % and a steady state efficiency
of 13 % under standard AM 1.5 conditions.

Thin-film solar cells, such as dye-sensitized solar cells,
organic photovoltaics,” and colloidal nanocrystal solar
cells,”! can be assembled with low-cost materials and manu-
factured with cost-effective methods, and are considered very
promising renewable energy technologies. Recently, alkylam-
monium lead(IT) halides, such as CH;NH;Pbl; and
CH;NH;PbI,Cl;_, have been shown to be efficient photo-
voltaic materials with excellent light harvesting, high carrier
mobility, and facile solution processability.*~! These organic—
inorganic lead(IT) complexes crystallize in the well-known
perovskite structure with general formula ABX;. Perovskite
solar cells utilizing a mesoporous scaffold, such as titania or
alumina, the lead iodide light absorber, and an organic hole
transport material (HTM), typically spiro-OMeTAD

(2,2',7,7-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9'-
bifluorene) have achieved a power conversion efficiency
(PCE) of >10%.%" The PCEs were improved to 15% by
using a two-step sequential deposition technique, involving
spin-coating of a Pbl, followed by exposure to a solution of
CH;NH;I to form CH;NH;Pbl;, or a dual-source vapor-
deposition technique to fabricate a planar heterojunction
solar cell 1181

Compared to the mesostructured perovskite solar cells, in
which the light absorber is typically deposited on a 300 nm
mesoporous scaffold, planar devices lacking this scaffold,
have attracted interest because of their simpler structure.'7-!*!
To avoid the shunting in such planar devices, a nonporous
homogenous perovskite film must be deposited. However,
films produced by the conventional spin-coating methods
were found to be composed of large CH;NH;Pbl; grains and
many uncovered pin-hole areas.'® This structure arose from
slow crystallization owing to the high boiling point of DMF
(N,N-dimethylformamide, 153 °C), and crystal growth arising
from a slow nucleation rate during natural drying process in
spin-coating. To date, the CH;NH;Pbl; layer in the most
efficient planar solar cells has been fabricated by either vapor
deposition, a two-step sequential solution deposition, or
a vapor-assisted two-step reaction process.'*!?l The vapor-
deposition process is likely to increase the manufacturing cost
whereas the sequential two-step deposition procedure will
involve longer overall processing time.'! Therefore, a faster,
facile solution-processing technique that can regulate the
perovskite crystallization process and produce high-quality
films with controlled morphology is highly desirable for the
construction of planar devices with superior performances.
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Attempts have been made to control the crystal-
lization of CH;NH;PbI; during solution-processing
by partially substituting I with CI to create lattice
distortions or introducing additives, such as 1,8-
diiodooctane, to enhance the crystallization.['*2
Although good PCEs of approximately 12 % were
achieved, they were limited by quality of the
perovskite films.

Herein, we report a one-step, solvent-induced,
fast crystallization-deposition (FDC) method that
results in flat, highly uniform CH;NH;Pbl; thin
films. This simple approach involves the spin-
coating of a DMF solution of CH;NH;PbI; on
a substrate, followed immediately by exposure of
the wet film to a second solvent, such as chlor-
obenzene (CBZ), to induce crystallization. This
FDC spin-coating method offers the advantage of
single-step processing and short depositions time as the film
formation is complete within 1 min. Perovskite films consist-
ing of highly crystalline single grains are produced which
when used to construct planar heterojunction solar cells
yielded a maximum PCE of 16.2% under standard AM 1.5
conditions. Moreover, the process is highly reproducible with
average efficiencies of 13.9+0.7 % for 10 devices prepared in
one batch. We believe that this facile method can be applied
for the fast production of highly efficient CH;NH;Pbl; based
solar cells.

The FDC method for preparing the CH;NH;Pbl; films is
shown in Figure 1. First, a dense TiO, layer (ca. 30 nm thick)
was deposited on a fluorine-doped tin oxide (FTO) coated
glass using spray pyrolysis. A DMF solution of CH;NH;Pbl;
(45 wt % ) was then spin-coated on the TiO, layer at 5000 rpm.
After a specific delay time (e.g., 65), a second
solvent was quickly added to the substrate. The
role of the second solvent is to rapidly reduce the
solubility of CH;NH;Pbl; in the mixed solvent
and thereby promoting fast nucleation and
growth of the crystals in the film. A series of
12 solvents was tested, including chlorobenzene,
benzene, xylene, toluene, methanol, ethanol,
ethylene glycol, 2-propanol, chloroform, THF,
acetonitrile, and benzonitrile. An instant darken-
ing of the film when the second solvent was added
was taken as evidence of the formation of the
desired material. In contrast, during a conven-
tional spin-coating process where no second
solvent was added, the wet film dried slowly and
a shiny-gray film was obtained. The films were
then subjected to annealing at 100°C for 10 min
to evaporate any residual solvent and to further
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Figure 1. Schematic illustration of the FDC process and conventional spin-coating
process for fabricating perovskite films. Conventional spin-coating (top) results in
a shiny gray film composed of non-uniform large crystals as a result of slow
crystallization. In the FDC process (bottom), a second solvent (e.g. chlorobenzene)
introduced on top of the wet film during the spin-coating process induces fast
crystallization of uniformly sized perovskite grains.

Information Figure S1a-e). The central area in the films was
non-uniform when 2-propanol or chloroform was introduced
(images not shown) while the grain morphology in the films
obtained with the addition of chlorobenzene, benzene, xylene
and toluene are uniform over the entire substrate. We used
chlorobenzene as a representative solvent in further studies.
The transmission electron microscopy (TEM) image of the
CH;NH;Pbl; film prepared with chlorobenzene addition
reveals clear lattice fringes (Figure 2¢) indicating the forma-
tion of a crystalline structure with a lattice spacing of (0.31 &
0.01) nm, which could be indexed as (004) or (220) of the
tetragonal CH;NH;PbI; phase. This was further confirmed by
the X-ray diffraction (XRD) patterns (Figure 2f). Intense
diffraction peaks at 14.08°, 23.48°, 28.40°, and 31.86° can be
respectively assigned to (110), (211), (220), and (310)
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promote crystallization.

Analysis of these films by scanning electron
microscopy (SEM) revealed strikingly different
morphologies. The films produced by the FDC
technique with the addition of chlorobenzene,
benzene, xylene, toluene, 2-propanol, and chloro-
form, in which CH;NH;Pbl; has low solubility,
exhibit full surface coverage and are composed of
micron-sized grains (Figure 2a,b, and Supporting
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Figure 2. Morphological and structural characterization of CH;NH;Pbl; films pre-
pared by FDC and a conventional spin-coating process. The concentration of the
perovskite solution was 45 wt%. a,b) Low- and high-magnification SEM images of the
surface of a CH;NH;Pbl; film prepared by FDC with the addition of chlorobenzene.
c) An atomic resolution TEM image of a CH;NH;Pbl; grain from a film produced by
FDC, showing a pseudo-cubic lattice. d,e) Low- and high-magnification SEM images
of a film prepared by conventional spin-coating. f) XRD patterns of the films
corresponding to (a) and (d). The XRD pattern of the TiO, blocking layer (BL) coated
FTO substrate is shown for comparison. The XRD peak intensity has been
normalized. The peaks assigned to CH;NH;Pbl; crystals are marked with asterisks.
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diffractions of the tetragonal CH;NH;Pbl;
phase.l'*3 For solvents in which CH;NH,]I
has high solubility, for example, methanol,
ethanol, and ethylene glycol, a yellow film
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instead of CH;NH;Pbl; (Figure S1f-h). TiO,
Other solvents, including THF, acetoni-
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duced an almost transparent film (Fig-
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obtained for both films (Figure 2f). An
advantage of the FDC method is that the
thickness of the perovskite film can be
easily controlled by changing the concen-
tration of the perovskite solution, thus,
films with a thickness of 150, 260, 350, and
550 nm were prepared from DMF solu-
tions containing 25, 35, 45, and 55 wt % of
CH;NH;Pbl;, respectively. Larger grain
sizes were also found for the thicker films (Figure S2). The
UV/Vis spectra indicate that, in the 350-700 nm region, 80—
90 % of the light passing through the FTO glass was absorbed
by a 350 nm film and over 90 % absorption for a 550 nm thick
film (Figure S3). Most significantly, the morphology of the
FDC processed CH;NH;PbI; thin films is remarkably differ-
ent from the majority of film microstructures produced by
solution-based approaches.>!%18! Flat polygonal grains with
triple junction grain boundaries are a predominant micro-
structural feature in our films, suggesting close packing of
perovskite grains of a similar size along the film thickness
direction. This characteristic may lead to improved charge
transport properties for photovoltaic devices.

To further probe the film formation process using FDC,
we investigated the addition of the chlorobenzene solution
onto the spinning wet films to initiate nucleation and crystal
growth after different delay times from the start of spinning,
2,4, or 8 s. Figure S4 shows the morphologies of the obtained
CH;NH,PbI; films. To understand these observations, we can
divide the spin-coating process into three stages.***! In the
first three seconds after spinning was commenced (stage 1),
removal of excess precursor solution is a dominant process.[*!
Introduction of chlorobenzene at this stage did not lead to full
surface coverage possibly because the perovskite solution was
far from supersaturation (Figure S4a,d). In stage2 (4-65s),
evaporation of the residue solvent occurs significantly con-
centrating the perovskite solution from which a dense and
uniform film was formed when the second solvent was
introduced (Figure S4b,e). In stage 3 (after 7s), the liquid

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Device structure and photovoltaic characterization. a) Schematic illustration of

a typical photovoltaic device. b) Cross-sectional SEM image of an optimized device. c) FB-SC
and SC-FB J--V curves measured under AM 1.5 simulated sun light with a scan rate of
0.1Vs™' for a device prepared by FDC method using a 45 wt% perovskite solution. Inset are
the detailed performance parameters for both scanning directions. d) Photocurrent density
and PCE as a function of time for the same cell held at a forward bias of 0.77 V. The cell was
placed in the dark prior to the start of the measurement.

film started to dry and heterogeneous crystallization occurs.
Addition of chlorobenzene at this stage did not help to
achieve a homogeneous perovskite film (Figure S4c.f).

Solar cells were constructed with the perovskite films
produced by the optimized FDC method. Figure 3a,b illus-
trate the planar device structure and a cross-sectional SEM
image, fabricated by focused ion beam (FIB) milling.
Although gallium ion beam etching induced slight shrinkage
of the spiro-OMeTAD layer at the cross-section, which is
responsible for electron charging and a bright contrast at the
edge of the CH;NH;Pblj; layer, the optimized device can be
seen to be clearly composed of a 30 nm thick dense TiO, layer
on FTO, a 350 nm perovskite layer, a 180 nm spiro-OMeTAD
layer, and a 70 nm thermally evaporated Ag layer as the back
contact. Solar cells were also fabricated using FDC prepared
CH;NH;Pbl; films of different thickness and the films
prepared by the conventional spin-coating techniques. The
average photovoltaic parameters (Table 1) of these cells were
measured under simulated AM 1.5G illumination at an
intensity of 100 mWcm 2

Solar cells utilizing the films prepared by conventional
spin-coating exhibited a poor PCE of only 1.5%, mainly
because of cell shunting and poor light absorption arising
from incomplete surface coverage.m In contrast, solar cells
utilizing a 150 nm perovskite layer, produced by FDC, yielded
a higher J, of 17 mAcm? and a much better PCE of 8%,
revealing the importance of full coverage of the perovskite
film on the substrate. Increasing the film thickness from
150 nm to 350 nm led to higher J,. and PCEs, which is mainly
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Table 1: Device parameters for solar cells using perovskite films with
different thicknesses prepared by conventional spin-coating and FDC."!

Cell Ve [V] Jo [MAcm™]  FF PCE [%]
Conventional ~ 0.5240.05 5.640.9 0.52+0.04 1.5+0.3
FDC, 150 nm  0.77+0.08  17.0+0.2 0.61+0.01 8.0+0.1
FDC, 260 nm  0.96+0.13  19.340.3 0634001 11.740.3
FDC, 350 nm  0.98+0.01 21.0+0.9 0.68+0.03 13.940.7
FDC, 550 nm  0.97+0.22  20.3+0.2 0.60+0.02 11.7+0.2

[a] data for “FDC, 350 nm” is averaged from 10 devices and 4 devices for
others.

attributed to the enhanced light absorption (Figure S2). A
further increase in film thickness to 550 nm resulted in lower
J. and V,, possibly a result of increased charge recombina-
tion. The reproducibility of the results was tested by
fabricating a batch of 10 devices with an optimized film
thickness of 350 nm (Table S1). The average PCE of 13.9 +
0.7 %, is higher than that achieved in previous studies using
the two-step sequential deposition and vacuum-based vapor
deposition methods.'*'"! The high reproducibility is attrib-
uted to the high homogeneity of the CH;NH;Pbl; film
achieved by the FDC technique. Recently an anomalous
hysteresis in the J--V curves of perovskite solar cells has been
observed.’*1 We therefore recorded the J--V curves of
a typical solar cell prepared by the FDC method with
different scanning directions (Figure 3c). A PCE of 13.8%
was recorded when using the conventional scan direction
from forward bias (FB) to short circuit (SC) with a scan rate
of 0.1 Vs~ while the opposite scan direction yielded an
efficiency of 11.6%. We also recorded the photocurrent of
this cell held at a forward bias of 0.77 V as a function of time
to gain some understanding of the stabilized power output
under working conditions (Figure 3d). The photocurrent
stabilizes within seconds to approximately 17 mAcm2,
yielding a stabilized power conversion
efficiency of 13.0%, measured after
600s. This indicates that FB to SC
scans provide a more accurate repre-
sentation of the cell’s photovoltaic
performance while still resulting in
a relative overestimation of the
steady state power output by about
5.8%. The J-V curves were also
recorded with scan rates ranging from
01Vs™ to 0.01Vs™! (FigureS5),
revealing a weak scan-rate dependence
of the hysteresis effect. In addition, for
one cell measured under a light inten-
sity of 100 mWcm 2 with a scanning
direction from FB to SC and a scan rate
of 0.1 Vs, the J, V,., and fill factor
are 21.1mAcm2 1.04V, and 0.74,
respectively, yielding a PCE of 16.2%
(Figure S6a). The incident photon-to-
electron conversion efficiency (IPCE)
of the device, shown in Figure S6b,
exhibits a photocurrent onset at
800 nm and rises steeply to 76% at

500 nm
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760 nm, in agreement with the band gap of CH;NH,Pbl; and
previous studies.! TPCEs above 80% can be observed
across a broad spectral region from 400-700 nm, and espe-
cially in the 400-600 nm range. Integration of the IPCE
spectrum with the AM1.5G photon flux yields a current
density of 21.5 mA cm~2, which is in excellent agreement with
the measured photocurrent density of 21.1 mA cm 2. Further
improvements in J, would be anticipated if the light
absorption in the NIR region could be enhanced by utilizing,
for example, plasmonic technologies.*’)

To investigate in detail the microstructure of the
CH;NH;PbI; film produced by FDC, the cross-section of
the grain structures was further characterized by TEM.
Special care was taken to minimize the sample damage
during cross-section fabrication by FIB milling. However, as
shown in the bright-field TEM image (Figure S7), some
milling damage is evident in the perovskite layer. Never-
theless, the macroscopic geometry of the film is retained and
reveals, as expected, a 350 nm-thick CH;NH;Pbl; layer on
a dense TiO, layer, which shows a granular structure with
grain sizes comparable to the layer thickness. No horizontal
grain boundary is observed, suggesting that most perovskite
grains span the thickness of the film. Grains without obvious
FIB damage were selected and examined in more detail using
selected-area-diffraction (SAD) and high resolution TEM.
The perovskite was sensitive to electron beam irradiation
unless care was taken to minimize the dose. Figure 4 shows
the atomic resolution images from the top and bottom region
of an individual perovskite grain, along with a SAD pattern
from a much larger region in the center of the same grain. The
lattice fringes in the two images have the same orientation
(Figure 4b,d). In addition, the Fourier transform of these
images and the SAD pattern all show the same strong
perovskite diffraction spots aligned with the same orientation
(Figure 4c.e), consistent with the whole perovskite grain

Figure 4. Characterization of the CH;NH;Pbl; perovskite grain structures. a) TEM cross-sectional
image of the FTO/TiO,/CH;NH;Pbl;/Spiro-OMeTAD/Ag solar cell. Inset: SAD pattern taken from
the region indicated by the circle. The boundaries of the selected grain are highlighted with
dotted lines. b,d) Atomic resolution TEM images of the top and bottom region of an individual
perovskite grain. c,e) Fourier transforms of (b) and (d), respectively. The major perovskite
diffraction spots are indexed in white with a subscript T (tetragonal). The weaker diffraction spots
indicated by arrows can be indexed as 130 from the tetragonal perovskite phase, but may also
originate from a second phase.
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being a single crystal. However, other weak reflections are
also evident in these diffraction patterns. This may be due to
localized loss of CH;NH;I under ion (and possibly electron)
beam irradiation, leaving small regions of Pbl,, possibly on
the surface. Because the (220) and (004) lattice spacings in the
tetragonal perovskite phase are very similar to each other
(both ca. 0.31 nm) and cannot be distinguished by our SAD or
TEM study. Therefore, all the diffraction spots that are
indexed as 220y could also be indexed as 004 The single
perovskite grains are believed to facilitate charge transport
between electrodes because of the reduced number of defect
and trap states at grain boundaries.*” In addition, almost all
the grains examined had no grain boundaries parallel to the
plane of the two electrodes, which can lead to reduced
electron scattering during charge transport. Both effects can
contribute to efficient charge extraction. SAD patterns were
also taken from 16 individual perovskite grains along the
length of the perovskite layer (Figure S7). The specimen area
illuminated by the electron beam in each case is a circle with
a diameter of approximately 200 nm. As with the grain in
Figure 4, most grains show strong primary diffraction spots
associated with a single crystal of the tetragonal perovskite
phase together with a number of weak diffraction spots, the
majority of which are consistent with the FIB-induced Pbl,
phase. It is also evident that adjacent perovskite grains do not
appear to share a common crystallographic axis.

In conclusion, a fast, single-step, solution-based deposi-
tion-crystallization method has been developed, which allows
control over the dynamics of nucleation and grain growth of
CH;NH;Pbl;, and achieves the rapid and reproducible
fabrication of high-quality perovskite thin films. SEM analysis
indicated that the perovskite thin films of controllable
thickness can be prepared with large grain structures that
fully cover the substrate. The application of these films in
solar-cell construction led to an average PCE of 13.9+0.7%
and a steady state efficiency of 13 %. TEM analysis revealed
that the perovskite film consisted of large crystalline grains
which are free of grain boundaries parallel to the plane of the
electrodes. The simplicity and the low-temperature solution
processing characteristic of the FDC protocol is fully com-
patible with the construction of tandem devices using existing
photovoltaic technologies, such as silicon-based solar cells
and polymer solar cells.*!! We believe that this thin-film
processing technology will not only benefit the perovskite-
based photovoltaic devices but also bring new possibilities to
perovskite-based hybrid optoelectronic devices, such as field
effect transistors and light emitting diodes.
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