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A B S T R A C T

The formation of a dense and uniform perovskite film with large grain is an important factor for getting excellent
device performance. Here, we report an optimized solvent-assisted crystallization procedure followed by a de-
layed annealing for easy and reproducible fabrications of perovskite solar cells with a hybrid mesoscopic con-
figuration. The working electrode contains a mesoporous TiO2 scaffold layer of 100 nm deposited on FTO
substrate with a thin TiO2 blocking layer. The devices in this study were assembled using all commercially
available materials without any extensive modification. Formation of uniform and pin-hole free perovskite
nanocrystals with film thickness 200 nm on top of the scaffold layer was achieved via an optimized solvent-
assisted crystallization method. A much smoother perovskite layer was achieved with a delayed annealing for a
certain period. The best performing device was obtained at the annealing delayed for 60 min, giving the power
conversion efficiency 16.9% with an average value 15.4% obtained from 60 devices.

1. Introduction

Solution processed thin-film solar cells such as dye-sensitized solar
cells [1], quantum dot solar cells [2,3], organic solar cells [4,5] and
heterojunction solar cells [6] are regarded as promising alternative for
development of new generation photovoltaic devices. Perovskite solar
cells (PSCs) based on hybrid organometallic halide nanocrystals as light
absorbers have attracted substantial attention due to their remarkable
photovoltaic performance and cost-effective processing. Additionally
these perovskites possess excellent optical properties [7], ambipolar
charge transport [8] and sufficient electron-hole diffusion lengths
[9,10]. The power conversion efficiency (PCE) of the PSCs has been
rocket-boosted from less than 10% to over 20% in just three years
[2,11,12]. The highest reported PCE so far is 22.1% achieved by Seok
and co-workers [13]. Two major device architectures, namely meso-
scopic [14–19] and planar heterojunction [20,21], have been utilized to
achieve the PCEs higher than 16%. Although the planar devices have
achieved greater efficiencies, the effect of hysteresis was reported to be

significant in solar cells of this type [22–27]. A high contact resistance
for electron transfer between perovskite layer and dense TiO2 layer in
the planar heterojunction structure is proposed to be responsible for the
hysteresis [26]. Considering of this, the addition of a mesoporous TiO2

layer would offer a lower contact resistance for forward electron
transfer from the perovskite due to its higher surface area, relieving the
severity of hysteresis effect in mesoscopic nanocomposite device
structure. Moreover, an optimally thick mesoporous TiO2 layer will
improve the efficient charge collection from perovskite layer via the
large surface area of mesoporous TiO2 layer [16]. The formation of a
dense and uniform perovskite film with large crystal size is an im-
portant factor for getting excellent device performance. In addition, the
grain size and grain boundary of perovskite play a crucial role on
overall device performance. For example, several groups have reported
the micro-scale kinetics of perovskite films using the imaging techni-
ques of micro-photoluminescence, micro-electroluminescence and
photoconductive atomic force microscopy [28–30]. Those results show
that the device performance depends on the surface morphology of the
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film; large grain size and less grain boundary in bulk perovskite sig-
nificantly promote the efficiency of the cell.

The methylammonium lead iodide (MAPbI3) perovskite layer can be
prepared by several methods including one-step spin-coating method
[31,32], two-step sequential deposition method [14,33] and vapour
deposition method [34]. However, normal spin-coating method cannot
form a homogeneous and uniform film with a large surface area. Use of
an anti-solvent method during the spin coating process has been found
to produce highly uniform and dense perovskite layer [16]. Jeon et al.
have reported a bilayer perovskite architecture using poly(triar-
ylamine) (PTAA) as a hole-transporting material (HTM) to obtain the
highest efficiency of 16.5% and the average efficiency of approximately
15.2% calculated for over 100 devices [16]. They have utilized toluene
as an anti-solvent in a two-step spin-coating method. A one-step,

solvent-induced fast crystallization method also has been introduced for
planar PSCs, through which highly flat and uniform MAPbI3 thin films
have been produced. By utilizing this faster and facile solution pro-
cessing method, the optimized device showed a promising PCE 16.2%
[35]. Although the reported device performance is promising, the low
average efficiency and the hysteresis effect in those planar PSC devices
could be a major obstacle for its widespread application.

In addition to modification of spin-coating conditions for increasing
the grain size of the perovskite layer, some post-treatment methods also
have been reported in order to improve the morphology of perovskite
film. Post-annealing treatment using solvent vapour has been in-
vestigated by several groups [36–38]. Solvent post-annealing was first
reported by Xiao et al. on p-type device configuration [36]. The solvent
post-treatment was an effective method to increase the perovskite layer

Fig. 1. a) Schematic illustration of solvent assisted crystallization method and b) AFM and SEM images of the MAPbI3 surface prepared by adding chlorobenzene at different times after
the start of spin-coating.
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grain size and crystallinity [36]. Improvement in perovskite mor-
phology is due to the condensation of solvent vapour on the surface and
void area on the perovskite layer which resulting in elimination of grain
boundaries and rearrangement of perovskite layer [37]. Crystallinity
enhancement of the perovskite layer also could be achieved by a
combined moisture pre-treatment followed by hot-air annealing
method [39]. Post-annealing under ultra-dry gas flow has been reported
that it could improve perovskite capping layer crystallinity and induce
the formation of low defects perovskite crystal grain in mesoscopic
device structure [40].

Along with the high PCE, high average efficiency, cost-effective
process, and cheaper starting materials are also important factors to be
considered for the commercialization of PSCs. Higher average effi-
ciencies confirm the relative stability and reproducibility of the PSC
devices [14,16,41]. The higher individual and average efficiencies have
been obtained by compositional and structural manipulation of the
perovskite material and/or by modifying the TiO2 nanostructures.

Herein we report a simple and economical procedure to obtain re-
producible hybrid mesoscopic PSCs with average PCE of 15.4%
(s.d.± 0.74) assembled with all commercial materials by adopting the
optimized one-step spin-coating procedure with solvent-assisted crys-
tallization (SAC) followed by a delayed annealing for a certain period.
The delay annealing has for the first time been applied in PSCs prepared
by solvent-assisted crystallization method. Our results showed an en-
hancement in MAPbI3 perovskite layer morphology which will provide
an improved protocol for the preparation of hybrid mesoscopic PSCs by
solvent-assisted crystallization method.

2. Experimental

2.1. Perovskite solar cell device fabrication

Fluorine doped Tin Oxide (FTO) glass (TEC-15, solaronix) was
patterned by chemical etching with Zn powder and 2 M HCl solution.
The etched substrate was then cleaned with Extran® MA 02 (MERCK)
and ultrasonically cleaned with deionized water, acetone, and 2-pro-
panol in sequence for 10 min, respectively. After drying under N2

stream, the substrates were further cleaned by O2 plasma cleaner. A
dense layer of TiO2 was then coated on the substrates by spray pyrolysis
of titanium diisopropoxide bis(acetylacetone) (75 wt% in isopropanol,
Aldrich) diluted in absolute ethanol (v/v, 1/20) at 500 °C. A meso-
porous layer of TiO2 was then deposited by spin-coating TiO2 paste
(Dyesol 18NR-T) diluted in absolute ethanol at 1:12 weight ratio at
5000 rpm for 30 s. The substrates were then heated at 180 °C for 5 min,
followed by annealing at 550 °C for 30 min. The perovskite and HTM
layer deposition was carried out in a nitrogen-filled glovebox. The
perovskite precursor solution was freshly prepared before use by
treating methylammonium iodide (MAI) and lead iodide (PbI2) in an-
hydrous DMF at 70 °C for 12 h. 80 µL of this freshly prepared MAPbI3
perovskite solution (45 wt%) was spin-coated on the mp-TiO2/blocking
layer TiO2/FTO substrate at 5000 rpm for 30 s. After a 4 s delay time of
the spin coating process, a 240 µL of anhydrous chlorobenzene was
quickly dropped at the substrate. The substrate was kept for 60 min and
then dried at 100 °C for 10 min. The colour of the annealed film
changed from transparent to dark brown indicating the crystallization
of the MAPbI3 layer. Pre-prepared HTM solution with additives as
mentioned in Supporting information was spin coated at 2200 rpm for
30 s. Finally, an 80 nm thick silver counter electrode was deposited
under high vacuum by thermal evaporation. The active area of this

Fig. 2. Photovoltaic parameters represented as box plots for SAC-treated PSC devices as a
function of annealing delayed period for a) power conversion efficiency (PCE/%), b)
short-circuit current density (JSC/mA cm−2), c) open-circuit voltage (VOC/V) and d) fill
factor (FF). In the box plots, the outside whisker error bars represent the maximum and
minimum of the data with± 2.698 standard deviations (σ), and the two box edges re-
present the upper/lower quartiles of the data (± 0.6745σ) covering 50% of the data.

Fig. 3. a) Schematic demonstration showing the morphological improvement for the perovskite film with a delayed annealing treatment; b) SEM side-view image without delayed
annealing; c) SEM side-view image with delayed annealing for 1 h.
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electrode was fixed at 0.09 cm2 using a metal mask.

2.2. Morphological characterization

The cross-section morphology of PSCs was investigated using dual
beam focused ion beam system (DFIB), FEI Nova 600, combined SEM
instrument. Prior to performing the cross-section milling, a 200 nm
thick Pt protecting layer was deposited on the sample surface. Milling of
the cross section was achieved with a gallium ion source at 52° tilting
angle. The surface morphology was checked with Field-Emission
Scanning Electron Microscope (FE-SEM) Zeiss Ultra Plus and Asylum
Research MFP-3D AFM. The elemental analysis was also performed

Fig. 4. a) J-V curves for the best cell measured by forward and reverse scans; b) IPCE spectra for the best cell.

Table 1
Photovoltaic parameters of the champion device.

Jsc [mA cm−2] Voc [V] FF ƞ [%]

Reverse 22.7 1.02 0.73 16.9
Forward 22.4 1.01 0.66 15.0
Average 22.6 1.01 0.69 16.0

Fig. 5. Histogram for 60 devices; a) PCE, b) Jsc, c) Voc, d) FF.
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using energy dispersive X-ray (EDX) spectroscopy (Oxford X-Max)
combined with FE-SEM on the device cross section. The elemental
mapping is carried out to qualitatively study the distribution of the
deposited layers on the substrate.

2.3. Photovoltaic characterization

The J-V curves were measured using a solar simulator (Newport,
Oriel Instruments, 91160A) with a source meter (Keithley 2400) AM
1.5 G illumination at 100 mW/cm2. A Si-reference cell (Newport, Oriel
Instruments, 91150) certified by NREL was used to calibrate the output
of the light source of the solar simulator. The incident photon-to-cur-
rent conversion efficiency (IPCE) was measured using a power source
(Newport, 300 W xenon lamp) with a monochromator (Newport,
Cornerstone 260) and a multimeter (Keithley 2401). The time-photo-
current profile during ON-OFF illumination was recorded using a digital
oscilloscope (GW Instek, GDS-1152A, 150 MHz).

3. Results and discussion

3.1. Solvent-assisted crystallization (SAC)

Schematic cartoon illustration of the SAC method is depicted in
Fig. 1a. Using this chlorobenzene initiated SAC method with delayed
annealing for 60 min the champion cell attained PCE 16.9% with the
average efficiency 15.4% (s.d.± 0.74) for sixty devices prepared under
the same experimental conditions.

The addition of chlorobenzene on the spinning substrates at dif-
ferent times after the start of spin-coating (2 s, 4 s, and without adding
any chlorobenzene) were conducted to optimize the condition of sol-
vent assisted crystallization (SAC) method. Atomic force microscopy
(AFM) and scanning electron microscopy (SEM) analysis were per-
formed to get an insight of the surface morphologies of these films. Very

distinct surface morphologies of the MAPbI3 perovskite films were ob-
served. As displayed in Fig. 1b, the addition of chlorobenzene after 4 s
resulted in the uniform layer formed over an entire substrate with large
grain size. For comparison, we also prepared films without SAC and
with the addition of chlorobenzene at varied delay times. When the
films were prepared without SAC, rod-like grains were formed with an
incomplete surface coverage. With a delay time of 2 s, large voids be-
tween crystal boundaries were observed indicating defects in the sur-
face, while the delay time of 6 s resulted in again the formation of rod-
like grains with low surface coverage. These observations are in good
accordance with the previous report on planar heterojunction archi-
tecture [35].

3.2. Delayed annealing effect

The effect of delayed annealing on photovoltaic performances of the
devices was evaluated under standard AM 1.5 G illumination at the
one-sun intensity (100 mW cm˗2). Fig. 2 shows the photovoltaic per-
formance of the SAC-treated devices as a function of annealing delayed
period. The PCEs of the devices exhibited great variations without an
annealing delay, and the maximum efficiency with high current density
and fill factor can be obtained when the devices were annealed at a
delay time 60 min. We explained this phenomenon being due to so-
called “Marangoni effect“, for which the rough perovskite surface re-
sulted from the mass transfer of two solvents (DMF and chlorobenzene)
with a gradient in surface tension. The idea to decrease the effect of
Marangoni fluid in film formation was to make crystallization of per-
ovskite with slow drying. In our approach, a second non-polar solvent
(chlorobenzene) was injected into the wet perovskite film with the
polar DMF solvent to reach the super-saturation condition. The sudden
turbulence from the second solvent injection greatly causes liquid-solid
phase separations and inhomogeneous concentrations so as to form
tension gradient differences on the surface of perovskite before eva-
poration of the solvents. The delayed annealing had the effect to bal-
ance the surface tension gradient of the Marangoni fluid for surface
smoothing and morphology ameliorating as reported for polymer solar
cells [42–45].

As demonstrated in Fig. 3a, when the anti-solvent treated wet-per-
ovskite film was annealed at 100 °C without a delay, the surface tension
gradient would cause random crystallization of perovskite to give a
rough surface. This can be seen from the SEM image (Fig. 3b) showing
the roughness on perovskite surface. In contrast, the SEM image of
Fig. 3c shows a much smoother surface with delay annealing for 1 h.
Therefore, random crystallization on the perovskite surface can be
avoided when a delay is applied before annealing. Moreover, the de-
layed annealing may also slow down the crystal growth before nu-
cleation is completed. Therefore, uniform and flat perovskite film can
be produced using this SAC approach followed by a delayed annealing.

3.3. Photovoltaic performance of champion cell

The current-voltage curves of the champion device are shown in
Fig. 4a, for which the best performance was obtained when the J-V scan

Fig. 6. Photocurrent behaviour of PSCs under ON-OFF cycles of illumination.

Fig. 7. Cross-sectional SEM image of the best-per-
forming device prepared by FIB milling.
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was made in the reverse direction (from the open-circuit voltage (Voc)
to the short-circuit current density (Jsc)), giving the values Jsc of
22.7 mA cm˗2, Voc of 1.02 V, fill factor (FF) of 0.73 and the PCE of
16.9%. The Jsc, Voc and FF values obtained from the J-V curve of the
forward scan (from Jsc to Voc) were 22.4 mA cm˗2, 1.01 V and 0.66,
respectively, yielding a PCE of 15.0%. The average Jsc, Voc, FF, and
PCE of the best device measured under different scan direction were
22.6 mA cm˗2, 1.01 V, 0.69, and 16.0%. Photovoltaic data of 60 in-
dividual PSC devices are depicted in Table S1, supporting information
(SI). The photovoltaic parameters of our champion device are sum-
marized in Table 1. We also tested the performance of the planar device
under similar experimental conditions for comparison. The best planar
device featured with Jsc of 20.5 mA cm˗2, Voc of 1.00 V, FF of 0.65 and
PCE of 13.3% under reverse scan direction, while under forward scan
direction the device exhibited Jsc of 16.65 mA cm˗2, Voc of 1.02 V, FF
of 0.53 and PCE of 9.0%. The larger hysteresis for the planar devices
compared to the hybrid mesoscopic device is in good agreement with
the previous reports [16,23,26,27].

The trends in the J-V curves can be well understood from the in-
cident photon-to-current conversion efficiency (IPCE) spectra. The best
device displayed a very broad IPCE plateau of over 80% covering the
whole visible region as displayed in Fig. 4b. Integration of the IPCE
spectrum over the AM 1.5 G solar photon flux yields a photocurrent
density of 21.06 mA cm˗2, which is in reasonable agreement with the
value obtained from the J-V scan (Table 1). The difference in the Jsc
values obtained from measurement and the integration of the IPCE
spectrum might be due to the different light intensity, mismatch in the
absorption spectrum and testing mask aperture effect.

To check the reproducibility of the current approach we prepared
60 devices in different batches and measured their photovoltaic per-
formance. The histograms of these 60 devices are displayed in Fig. 5. In
general, the devices exhibit Voc from 0.96 to 1.06 V (s.d.± 0.02), Jsc
from 20.24 to 23.38 mA/cm2 (s.d.± 0.68), FF from 63.12% to 74.16%
(s.d.± 2.67), and resulting PCE from 14.22% to 16.92% (s.d.± 0.75).
The PCEs distribution plot for 60 devices tested under simulated AM
1.5 G at one sun illumination (100 mW/cm2) presented in Fig. 5a shows
that most of the devices result PCEs in the range of 15–16%. The
average efficiency calculated for all sixty devices was 15.4%, proving
the consistency, stability, and reproducibility of our method. Moreover,
the average efficiency of 16.4% (s.d.± 0.27) is calculated for top 15
devices with efficiencies higher than 16% (Table S2, SI). The excellent
reproducibility is an important factor for large-scale production of these
PSCs.

The consistency and stability of the devices in this study could be
well understood from the ON-OFF properties depicted in Fig. 6. The
photocurrent response was measured under illumination at ON-OFF
interval of 10 s for 4 cycles. It is worth mentioning that the photo-
current of the PSCs device are all reproducible and consistent with
quick response through multiple cycles, showing the stability of the
device.

3.4. Cross-sectional SEM and EDX-SEM

The uniform nature and the thickness of the individual layers can be
visualized from the cross-sectional SEM image (Fig. 7). This cross-sec-
tional image was prepared for the best performing device using focused
ion beam (FIB) milling. As shown from the figure, the device is com-
posed of a c-TiO2 layer (50 nm), a mp-TiO2 layer (100 nm) with well-
infiltrated MAPbI3, a uniform MAPbI3 capping layer (200 nm), a spiro-
OMeTAD HTM layer (250 nm) and a silver counter electrode (80 nm).
The mp-TiO2 layer cannot be seen clearly in Fig. 6 as the sample is
sputter-etched through the layer resulting very smooth cross-section
morphology during the FIB milling. The clear mp-TiO2 layer can be seen
from the SEM image of the device prepared without FIB milling (SI, Fig.
S1).

The elemental mapping is carried out by EDX-SEM to qualitatively
study the distribution of the deposited layers on the substrate (Fig. 8).
Based on the elemental analysis, five elements tin (Sn), titanium (Ti),
lead (Pb), iodide (I) and silver (Ag) respectively, were found in the
device. These elements were in qualitative agreement with the mate-
rials deposited on the substrate.

4. Conclusions

We report the fabrication of uniform and smooth perovskite films
using solvent-assisted crystallization (SAC) followed by a delayed an-
nealing to obtain the performance of the best device attaining PCE
16.9% under standard one-sun condition (AM 1.5 G illumination,
100 mW/cm2). Moreover, the average efficiency 15.4% obtained from
over sixty devices from different batches indicates the stability and
consistency of the PSC devices prepared using this method. A delay time
before annealing would prevent random crystallization on the per-
ovskite surface. The delayed annealing resulted in smoother perovskite
layer surface because the crystal growth slowed down before nucleation
was completed. The use of easily available and cheaper ingredients to
assemble the efficient PSC devices makes this method ample cost-ef-
fective for large-scale production. We believe that this procedure will
lead toward the simple, economical and very much reproducible fab-
rication of highly efficient perovskite solar cells.
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Fig. 8. Elemental EDX mapping of the mesoscopic
perovskite solar cell.
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