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Organometal trihalide perovskite based solar cells have attracted great attention worldwide since
their power conversion efficiency (PCE) have risen to over 15% within only 3 years of development.
Comparing with other types of perovskite solar cells, mesostructured perovskite solar cells based
on CH3NH3PbI3 as light harvesting material have already demonstrated remarkable advance in
performance and reproducibility. Here, we reported a mesoscopic TiO2/CH3NH3PbI3 heterojunction
solar cell with uniform perovskite thin film prepared via solvent-assisted solution processing method.
The best performing device delivered photocurrent density of 20.11 mA cm−2, open-circuit voltage
of 1.02 V, and fill factor of 0.70, leading to a PCE of 14.41%. A small anomalous hysteresis in the
J–V curves was observed, where the PCE at forward scan was measured to be 84% of the PCE
at reverse scan. Based on a statistical analysis, the perovskite solar cells prepared by the reported
method exhibited reproducible and high PCE, indicating its promising application in the fabrication
of low-cost and high-efficiency perovskite solar cells.
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1. INTRODUCTION
With increasing industrialization and a growing popu-
lation, the development of clean alternatives to current
power generation system is becoming immensely impor-
tant. Solar energy is one of the most promising renew-
able energy sources among all the available forms. At
present, crystalline and polycrystalline silicon devices
dominate the photovoltaic market; however, the high
production and installation costs decrease its viability
for widespread use.1 Organic–inorganic hybrid perovskite
solar cells, based on mesoscopic metal oxide or pla-
nar heterojunction, have already demonstrated the effi-
ciency exceeding 15% in less than three years, which
is becoming the rising star in photovoltaic research.2–11

The term of hybrid organic–inorganic perovskite is given
to a class of compounds that have a general chemical
formula AMX3 (where A is an organic cation, M is
a divalent metal ion, and X is a halide or any mix-
ture thereof) such as CH3NH3PbI3.

12 CH3NH3PbI3, the
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primary semiconductor of interest, is of high crystallinity
and nearly defect free with attractive properties including
high optical absorption coefficients and long range bal-
anced electron–hole transport lengths,13–26 can be manu-
factured by simple solution processing or scalable vapour
phase deposition methods.5�6�27 So far, five main deposi-
tion methods have been reported including one-step pre-
cursor deposition,2�4 sequential deposition process,5�28�29

vapour-assisted two-step reaction process,30 dual source
vacuum deposition and sequential vapour deposition.6�31

However, all those approaches suffer from problems such
as inadequate surface coverage, insufficient conversation
of PbI2, complicated fabrication procure or excessively
energy consumption.32–35 Recently, Cheng and co-workers
reported a planar perovskite solar cell prepared by one-
step, solvent-assisted solution method that can obtain high-
quality films with densely packed grains of CH3NH3PbI3
and thus improved the PCE of the devices.36

Here, we report a solvent-assisted solution processing
fabrication of high efficiency mesostructured CH3NH3PbI3
perovskite solar cells. This simple technique comprises the
spin-coating of CH3NH3PbI3 precursor onto a mesoporous

J. Nanosci. Nanotechnol. 2015, Vol. 15, No. xx 1533-4880/2015/15/001/006 doi:10.1166/jnn.2015.11638 1

hjsmh
Text Box

hjsmh
Text Box
Proof, not final version

hjsmh
Text Box
Proof, not final page

hjsmh
Text Box
Proof, not final page



Solvent-Assisted Preparation of High-Performance Mesoporous CH3NH3PbI3 Perovskite Solar Cells Li et al.

titania scaffold (mp-TiO2), followed immediately by intro-
ducing second solvent to the wet film to regulate the kinet-
ics of nucleation and crystal growth. A highly uniform
perovskite active layer was obtained at the top of mp-
TiO2 layer to achieve a lighter absorber layer with bilayer
structure which is effective for sufficient light absorption
and charge collection. As a result, the perovskite solar cell
prepared with solvent-assisted spin-coating technique has
achieved a PCE of 14.41% under an illuminating area of
0.16 cm2. Moreover, comparing with planar structure, the
anomalous hysteresis of mesostructured device is relatively
small and the device performance is better. Building on
these very promising initial results and with further subtle
control of carrier dynamics through the entire device, it
is expected that a substantial increase in efficiency can be
achieved and the anomalous hysteresis can be further ame-
liorated after further optimization of processing parameters
with this technique.

2. EXPERIMENTAL DETAILS
2.1. Solar Cell Fabrication
CH3NH3I were first synthesized by the reaction of 24 mL
CH3NH2 (40% in methanol, Sigma-Aldrich) and 10 mL
HI (57 wt% in water, Sigma-Aldrich) in a 100 mL round-
bottom flask at 0 �C for 2 h under stirring. The sol-
vents were removed by rotary evaporation at 50 �C for
1 h, and the obtained white solid was washed with
anhydrous diethyl ether and finally recrystallized with
ethanol. The precursor solution of perovskite was prepared
by mixing CH3NH3I with PbI2 (99%, Sigma-Aldrich)
at 1:1 mole ratio in anhydrous N ,N -dimethylformamide
(99.8%, Sigma-Aldrich) at room temperature for 20 min,
and used for in situ formation of CH3NH3PbI3.
Fluorine-doped tin oxide-coated glass substrate (FTO,

Pilkington, TEC8) were patterned by laser cutting and
cleaned by ultrasonication with deionized water, ethanol,
acetone and isopropyl, respectively. The FTO substrate
was then subjected to an UV/Ozone treatment for
20 min. A 60∼70 nm thick TiO2 blocking layer was
deposited on the substrates by spray pyrolysis using a
titanium diisopropoxide bis(acetylacetonate) solution (75%
in 2-propanol, Sigma-Aldrich) diluted in 1-butanol (1:39,
volume ratio) at 450 �C. A 250∼300 nm thick meso-
porous TiO2 layer composed of ∼20 nm nanoparticle was
deposited by a two-step spin-coating process at 500 r.p.m.
and 4,500 r.p.m. for 5 s and 30 s, respectively, with a
commercial TiO2 paste (Dyesol 18NRT, Dyesol) diluted
in ethanol (1:5, weight ratio). After drying at 125 �C
for 30 min, the as-deposited TiO2 films were gradually
heated to 525 �C in air, and then baked at this tempera-
ture for 30 min to remove organic components. Prior to
their use, the films were treated with UV/Ozone treat-
ment for 20 min. Then 60 �L CH3NH3PbI3 precursor was
coated onto the mp-TiO2/bl-TiO2/FTO substrate (around
1.8 cm×1�8 cm) by spin-coating process at 5,000 r.p.m in

the glove box. 180 �L anhydrous chlorobenzene (99.8%,
Sigma-Aldrich) was dropped onto the centre of the sub-
strate quickly after the spin-coating process. The obtained
film was dried at 100 �C for 10 min. After cooling to room
temperature, 60 �L spiro-OMeTAD solution was spin-
coated on the perovskite layer as the hole transport layer
(HTL). The spiro-OMeTAD solution was prepared by dis-
solving 72.3 mg spiro-OMeTAD (99.1%, Luminescence
Technology Corp.) in 1 mL chlorobenzene. After 20 min
stirring at room temperature, 28.8 �L 4-tert-butylpyridine
(96%, Sigma-Aldrich), 17.5 �L of a stock solution of
520 mg mL−1 lithium bis(trifluor-omethylsulphonyl) imide
(99.95%, Sigma-Aldrich) in acetonitrile (99.8%, Sigma-
Aldrich) were added and stirred continuously for 3 h.
Finally, 80 nm of gold was thermally evaporated on the
top of the device as a back contact.

2.2. Characterization
Scanning electron microscopy (SEM) images were
recorded on a FEI Helios NanoLab 600i microscopy oper-
ating at 5 kV. X-ray diffraction (XRD) data were col-
lected with a Regaku D/Max-2500 diffractometer equipped
with a Cu K�1 radiation (� = 1�54056 Å, Rigaku Cor-
poration, Tokyo, Japan). Current–voltage characteristics
were measured with a solar simulator (Newport, USA)
equipped with 450 W Xenon lamp (OSRAM) and a Keith-
ley 2420 source meter. The EQE was measured using a
power source (IQE 200™, ORIEL). Light intensity was
adjusted using a NERL-certified Si solar cell with a KG-2
filter for approximating AM 1.5G light (100 mW cm−2).
The active area of solar cells were defined by a 0.16 cm2

non-reflective metal mask.

3. RESULTS AND DISCUSSION
Figure 1 presents a schematic diagram of the cell architec-
ture and a cross-section SEM image of a typical device.
The mesoporous TiO2 film had an optimized thickness
of around 300 nm and was filled with perovskite nano-
crystals. A ∼150 nm perovskite photoactive layer lies uni-
formly at the top of mp-TiO2 layer. This bilayer-perovskite
structure is effective for light harvesting and charge carrier
extraction.26 HTM layer of spiro-OMeTAD is ∼150 nm
thick. For this device structure, the morphologies of per-
ovskite capping layer was found to play an extremely
important role and influence the PCE dramatically. We
found the solvent-assisted methods is an effective tech-
nique for creating high quality perovskite capping layer.
The solvent-assisted spin-coating procedure is described
schematically in Figure 2. Based on traditional one-step
spin-coating method, chlorobenzene was introduced while
spinning to assist the formation of uniform and dense per-
ovskite capping layer. By delicately controlling the accel-
erating rate during spin-coating and the dripping timing,
uniform and dense perovskite layers can be obtained after
baking. Figures 3(a) and (b) shows the SEM image of
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Figure 1. (a) Device structure and (b) cross-sectional SEM image of an optimized perovskite solar cell.

perovskite layers prepared by solvent-assisted spin-coating
method. It can be clearly seen that the film made by
chlorobenzene-assisted method was much more uniform
with lower surface roughness. Atomic Force Microscopy
image showed that the root mean square surface roughness
(Rq) is 9.94 nm. The crystalline grains in ∼100∼200 nm
compactly and fully covered the substrate. In contrast, as
shown in Figures 3(c) and (d), the film prepared by con-
ventional method without solvent assistance appears den-
dritic perovskite structure on the top of mp-TiO2 layer
with relatively poor surface coverage and larger roughness.
This dendritic structure will affect the film formation of
the HTL and thus deteriorate the device performance.

Furthermore, the crystalline structure of the films
were investigated by X-ray diffraction (XRD) technique.
Figure 4 presents the typical XRD patterns of the films
prepared by solvent-assisted and conventional spin-coating
process. Comparing with the control sample without per-
ovskite film, it can be seen that all diffraction peaks except
for ones from FTO and TiO2 in the film prepared by
solvent-assisted spin-coating can be well indexed to per-
ovskite CH3NH3PbI3.

37 No diffraction peaks from PbI2
were observed, indicating PbI2 in the precursor solution

Figure 2. Solvent-assisted spin-coating process for preparing the uniform and dense perovskite film.

was completely converted into perovskite CH3NH3PbI3.
For the film prepared by the conventional spin-coating
process, main diffraction peaks are similar to that of the
film prepared by the solvent-assisted spin-coating, except
for two weak peaks at 12.42� and 19.78�, which can be
attributed to PbI2. This result indicates that the uniform
film with smooth surface and lower roughness are easier
to be converted into perovskite.
Both films were then used to fabricate solar cells as

described in the experimental section. The J–V curves
were measured according to the standard procedure and
shown in Figure 5. Solar cells fabricated via the con-
ventional spin-coating method got a PCE of only 8.37%.
In contrast, as a result of smooth perovskite capping
layer with densely packed grains, the devices utilizing
perovskite films prepared by the solvent-assisted method
improved significantly in all of the photovoltaic param-
eters (Table I), leading to a power conversion efficiency
(PCE) of 14.41% at standard AM 1.5 G solar illumi-
nation. The enhancement of photocurrent density (JSC)
is mainly attributed to the continuously capping layer
which improved light absorption and reduced defect den-
sity that suppressed carrier nonradioactive recombination
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Figure 3. SEM images of CH3NH3PbI3 films prepared by solvent-
assisted (a), (b) and conventional (c), (d) spin-coating.

channels.28�34 It is well recognized that open circuit voltage
(VOC) is correlated with the rate of charge extraction and
recombination.38 The improvement of VOC from 0.78 V
to 1.02 V clearly indicates a notable increase of charge
collection and a decrease of carrier recombination. It has
been reported that series resistance (Rs) is the major fac-
tor influencing the fill factor (FF) of solar cells. FF will
increase as the decrease of Rs. As shown in Table I, com-
paring to that by conventional method, Rs decreases from
58.66 � cm2 to 29.40 � cm2 for the device prepared by
the solvent-assisted method, which results in the increase
of FF from 0.64 to 0.70. It is reasonably believed that the
improvement of perovskite film quality by solvent-assisted

Figure 4. XRD patterns of the CH3NH3PbI3 films prepared by solvent-
assisted and conventional spin-coating, and the FTO/bl-TiO2/mp-TiO2

film for comparison.

spin-coating contributed to the enhancement of the device
performance.
It is well known that the perovskite solar cells fre-

quently exhibit J–V anomalous hysteresis depending on
voltage scanning direction, so the J–V measurement were
tested versus voltage scan direction.28�34�39�40 Figure 5
presents both J–V curves recorded at the reverse (from
VOC to JSC) and forward (from JSC to VOC) scans on the
mesostructured CH3NH3PbI3 perovskite solar cells pre-
pared by two methods. For the device prepared by solvent-
assisted spin-coating, at a scan rate of 13 mV s−1, the
JSC, VOC and FF values acquired at the reverse scan were
20.11 mA cm−2, 1.02 V and 0.70, respectively, yield-
ing a PCE of 14.41%. The corresponding values at the
forward scan were 19.60 mA cm−2, 0.99 V and 0.63,
respectively, leading to a PCE of 12.13% which is about
84% of the PCE at the reverse scan. The average PCE is
13.27%. The external quantum efficiency (EQE) of a typ-
ical device shows the onset of photocurrent at 800 nm,
consistent with the band gap of CH3NH3PbI3 and previ-
ous studies.9 On the other hand, for the device prepared
by conventional method, PCE is 8.37% at reverse scan
and 5.86% at forward scan, achieving the average PCE
of 7.12% (Fig. 5(c)). This value is much lower than that
of the device prepared by solvent-assisted spin-coating.
Moreover, solvent-assisted method remarkably enhanced
the average PCE in a statistical analysis. As shown in
Figure 5(b), over 70% devices exhibited a PCE over 13.0%
and the average PCE is 13.5% based on statistical anal-
ysis on 60 devices prepared by solvent-assisted method.
In contrast, the cells prepared by conventional method
only demonstrated an average PCE of 6.75% on a basis
of 60 devices (Fig. 5(d)). Therefore, these results clearly
indicate the morphology and quality of perovskite cap-
ping layer in the devices derived from different preparation
method significantly affected the device performance.
Furthermore, although the perovskite absorber layers

prepared by solvent-assisted method had the similar mor-
phologies in both mesostructured and planar solar cell
(Fig. 3), it was found the planar perovskite solar cell
showed a lower PCE and larger distortion between reverse
and forward scans (Table I). As discussed in previous
reports,39 hysteresis phenomenon may have three possible
reasons:
(1) large defect density within or near the surface of the
perovskite absorbers;
(2) ferroelectric properties of the perovskite materials,
causing a slow polarization occurs when bias voltage is
applied;
(3) excess ions as interstitial defects. In the present case,
the perovskite film prepared via solvent-assisted technique
is of high quality, which effectively reduced the defect
density.

By using mesostructured mp-TiO2 layer in an optimized
thickness, charge collection and transport were improved
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Figure 5. J–V curves of the best solar cell recorded at reverse and forward scans, and the statistical analysis of PCE: (a), (b) perovskite solar cells
prepared by solvent-assisted spin-coating; (c), (d) perovskite solar cells prepared by conventional spin-coating.

and Rs was effectively reduced in view of the much
larger contact of TiO2 and perovskite, which also facil-
itated the charge redistribution under reverse or forward
biases, and thus relieved the effect of hysteresis. The sto-
ichiometric ratio of perovskite layer was delicately con-
trolled by the precursor solution so that the excess ions
can be limited to some extent. We think that all these facts
helped to alleviate the hysteresis and distortion in the J–V
curves.

Table I. Photovoltaic parameters of perovskite solar cells prepared via
different methods.

Perovskite VOC JSC PCE Rs

solar cells (V) (mA cm−2) FF (%) (� cm2)

Solvent-assisted 1�02 20�11 0�70 14�41 29�40
method/with
300-nm-thick mp-TiO2

Conventional 0�78 16�66 0�64 8�37 58�66
method/with
300-nm-thick mp-TiO2

Solvent-assisted 0�98 20�90 0�52 10�66 132�80
method/without
mp-TiO2 (planar)

4. CONCLUSIONS
In summary, we have successfully applied the solvent-
assisted spin-coating technique to prepare mesostructured
CH3NH3PbI3 perovskite solar cells and achieved a PCE
of 14.41%. It was found that this technique is effective
to obtain a smooth and compact perovskite capping layer
with a low surface roughness on the mesoporous layer,
which contributes to the significant improvement of the
device performance and the hysteresis between reverse and
forward scans. Furthermore, it was also interestingly found
that the mesostructured perovskite solar cells prepared by
this solvent-assisted method exhibited the increased PCE
and reduced hysteresis compared to the planar one fab-
ricated by the same technique. The reported method is
compatible with all other organometal trihalide perovskite
compounds, and thus should be easily applied to fabricate
other perovskite-based solar cells with similar structure for
pushing their performance.
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