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detail by adding different ratios of N,N-dimethylformamide (DMF) or y-butyrolactone (GBL) to

dimethyl sulfoxide (DMSO). The morphology and film thickness of the resulting perovskite films
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were found to be significantly altered. At 20%~40% (volume fraction) of N,N-dimethylformamide
mixed with DMSO, micrometer scale grains and reduced grain boundaries were observed on the
highly uniform perovskite thin films. The optimized planar-structured perovskite solar cells showed
power conversion efficiency as high as 16.5% and a stabilized efficiency of 14.4% at a fixed forward
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1. Introduction

Since the first introduction of sensitized solar cells with lig-
uid configuration in 2009 [1], organolead halide perovskite
materials have garnered great attention around the world. Us-
ing different compositions, these perovskite materials [2-5]
have been successfully applied as light absorbers in photovol-
taic devices with various support materials [6-11] and struc-
tures [1,2,12-17]. Among them, mesoscopic structures based
on metal oxides (TiOz [3,4,6-9,12], Alz03 [2,18], etc.) are prob-
ably the most studied category, and exhibit very impressive
photovoltaic performance. The unusual properties of these
perovskite materials, such as large diffusion length [19-21] and
low recombination [12,22] enable the fabrication of pla-
nar-structured thin film photovoltaic devices with excellent
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performance, and promise for applications in flexible [23,24]
and tandem solar cells [25,26]. However, in comparison with
sensitized mesoscopic structured cells, fabricating high-quality
perovskite films without supporting mesoscopic metal oxides is
a greater challenge [27,28].

The vacuum thermal evaporation adopted by Snaith’s group
[17] is a good approach which yields perovskite films with uni-
form thickness and high device efficiency. However, use of this
method greatly increases manufacturing costs and thus is un-
favorable for large-scale solar cell fabrication. One step
spin-coating is a simple way to prepare perovskite materials,
but does not produce films with homogeneous grain size and
uniformity. Two-step deposition processes including sequential
solution deposition [29,30] and vapor-assisted two-step reac-
tion [31,32] have been exploited to make perovskite films with
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high uniformity, but these multi-step deposition procedures
extend the overall processing time. Cheng’s group [33] invent-
ed a one-step, fast crystallization method by drop-casting chlo-
robenzene (CB) during the spin-coating of perovskite
N,N-dimethylformamide (DMF) solution to quickly induce
crystallization, yielding very flat, highly uniform CH3NH3Pbls
(MAPDI3) thin films. Seok’s group [34] developed a similar
spin-coating and drop-casting method, mainly focused on
mesoscopic systems. A mixture of y-butyrolactone (GBL) and
dimethyl sulfoxide (DMSO) was used as the solvent for the
perovskite, followed by toluene drop-casting. The introduction
of DMSO caused a uniform CH3NH3I-Pbl>-DMSO intermediate
phase film [34,35] to form, which enabled the subsequent for-
mation of a highly uniform and dense MAPbI3 film after an-
nealing. GBL was reported to work solely as a high-evaporation
component in this mixed solvent GBL-DMSO. Despite these
findings, it is still necessary to carry out a systematic study of
solvent engineering for perovskite materials.

Herein, we have investigated the influence of the type and
proportion of the mixed solvents on the morphology of MAPbI3
thin film in detail using a modified spin-coating method. We
found that adding 20%~40% of DMF in the solvent mixture
(DMF-DMSO) led to uniform MAPbDIs films with large grain size
and increased film thickness. As-prepared MAPbI3 thin films
were further assembled into planar-structured perovskite solar
cells, which exhibited power conversion efficiency (PCE) as
high as 16.5%. Because the entire solar cell fabrication process
was carried out at temperatures lower than 100 °C, the present
fabrication method could be easily extended to flexible photo-
voltaic devices on plastic substrates.

2. Experimental
2.1. Materials

Pblz, lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI),
4-tert-butyl pyridine (tBP), CB, and acetonitrile were pur-
chased from Sigma-Aldrich. Spiro-MeOTAD was provided by
Shenzhen Feiming Technology Co., China. CH3NHs3l (MAI) was
synthesized according to a literature method [31]. GBL was
purchased from Aladdin Industrial Inc.,, Shanghai, China. DMF,
DMSO and all other reagents were purchased from Sino Chem.
Co., China.

2.2.  Preparation of TiOz blocking layer

A TiOz dense film, working as both a hole blocking layer
(bl-TiOz) and electron extraction layer, was synthesized by
TiCls chemical bath deposition according to the literature [36].
FTO glass substrates were ultrasonically cleaned with water,
ethanol, acetone and 2-propanol, and then treated in an
02-plasma cleaner for 30 min. The treated FTO substrates were
immersed into 200 mmol/L TiCls aqueous solution and kept at
70 °C for 1 h, followed by washing with DI water and ethanol,
and were finally dried at 100 °C for 1 h before further use.

2.3. Perovskite solar cell fabrication

The spin-coating solution was prepared by dissolving 0.530
g Pblz and 0.183 g MAI in 1 mL of DMF-DMSO or GBL-DMSO
solvent mixtures of varying ratios (volume fractions) under
stirring at 60 °C for 12 h. The resulting solutions were
spin-coated onto the prepared bl-TiOz layer at 1000 rpm for 10
s and 6000 rpm for 55 s at room temperature (~20 °C). During
the second spin-coating step, after 25 s of spin-coating at 6000
rpm, 0.75 mL chlorobenzene was quickly dropped onto the
center of the spinning substrate. After annealing for 15 min on
a 100 °C hotplate, the as-prepared films turned from colorless
to dark brown, indicative of the formation of MAPbI3 perov-
skite. A spiro-MeOTAD solution was prepared by dissolving
72.3 mg of spiro-MeOTAD in 1 mL of chlorobenzene, into which
27.8 uL of tBP and 17.5 pL of Li-TFSI solution (520 mg Li-TFSI
in 1 mL acetonitrile) were added. The spiro-MeOTAD solution
was spin-coated on the perovskite film at 5000 rpm for 30 s.
Finally, a gold electrode was thermally evaporated onto the
spiro-MeOTAD-coated film to a thickness of ~60 nm.

2.4. Characterization

The morphological characterization of the perovskite film
was carried out by scanning electron microscopy (SEM; FEI
Quanta200F scanning electron microscope). The crystal phase
was identified by X-ray diffraction (XRD; X'Pert Pro) using
Cu-K, radiation of A = 0.154 nm. The UV-Vis absorption of the
film was measured on a Varian Cary 5000 UV-Vis spectropho-
tometer. The photocurrent density-voltage (J-V) characteris-
tics of the solar cells were obtained using a Keithley 2400
source meter under illumination with simulated sunlight (AM
1.5, 100 mW/cm?) provided by a solar simulator (Newport
69907) with an AM 1.5 filter. A metal aperture of 0.09 cm? was
used during the measurement to define the active area of the
device and avoid light scattering through the sides. The inci-
dent photon-to-current efficiency (IPCE) of the device was
measured on a QTest Station 2000ADI system (Crowntech Inc.
USA) in AC mode with a tungsten-halogen lamp (150 W) as the
light source. The monochromatic light intensity used in the
IPCE efficiency measurements was calibrated with a reference
silicon photodiode.

3. Results and discussion

In this work, DMSO functioned both as a solvent and as a
coordination reagent in the form of a Pbl2-CH3NH3I-DMSO
complex, while DMF and GBL only functioned as solvents with
relatively higher evaporation rates than that of DMSO (vapor
pressure data are provided in Table 1). CB was used as a
drop-casting solution to wash out surplus components re-
maining in solution to leave a uniform and flat intermedi-
ate-phase film [34]. Generally, to prepare the spin-coating solu-
tion, 0.530 g Pblz and 0.183 g MAI were dissolved in 1 mL of the
mixed solvent, and the resulting solutions were spin-coated
onto the FTO/bl-TiOz (TiO2z blocking layer) substrates accord-
ing to a modified method [34], as described in detalil in the ex-
perimental section.

The SEM images in Fig. 1 show the changes in morphology
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