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Introducing additives in the precursor solution is an effective way in realizing highly efﬁcient perovskite
solar cells. In this work, tetramethylene sulfone (TMS) is introduced into the perovskite precursor to
improve perovskite ﬁlm quality. The infrared spectroscopy proves that more than one PbI2 can interact
with TMS by forming the intermediate phase PbI2-(TMS)x. The two O-donor in one TMS link PbI2 molecules via strength of PbeO bond, which results in decreasing density of charge recombination centers in
perovskite ﬁlms. As a results, the perovskite solar cells derive from MAI-PbI2-(TMS)x intermediate phase
exhibits an elevated power conversion efﬁciency of 16.2% with high reproducibility.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
During a span of years, tremendous progress has been made in
fabricating high quality organiceinorganic hybrid perovskite solar
cells (PSCs). The power conversion efﬁciency (PCE) of PSCs has
dramatically boosted from initial 3.8% to a recently 22.1% [1e7].
Nonetheless, a delicate control on the crystal quality of active layer
is critical to obtain high-performance PSCs with high reproducibility [8,9]. Many advanced processing methods, such as solvent
engineering [10,11], the Lewis adduct approach [12] and additiveassisted deposition [13,14], have been developed to reﬁne the
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perovskite thin-ﬁlm morphology. Several methods have been
established to achieve better control over crystallization of perovskite by introducing Lewis-bases in the precursor solution [15,16].
Three categories of Lewis-bases (O-donor, N-donor, or S-donor)
can coordinate with PbI2 in the precursor solution, which unify the
crystallization between MAI and PbI2 [17,18]. Among the various
Lewis-bases adducts, the dimethyl sulfoxide (DMSO, act as Odonor) is the most widely used to prepare dense perovskite layers
via intra-molecular exchange process without volume expansion
[10]. However, the residual Lewis base is commonly considered to
be harmful to the cell performance, which could to be the charge
recombination and lead to charge leakage [18]. Controlling a welldeﬁned intermediate adduct toward uniform perovskite layer with
less defects still remains challenge. The coordinating one S]O vibrations in DMSO to PbI2 could affect the crystal growth. Nevertheless, it is seldom exploited that other coordination capability of
S]O vibrations might impacts the perovskite crystallization. The
inﬂuence of more S]O vibrations on the perovskite crystallinity
needs further research, which provides a new way to guide the
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crystallization process for organiceinorganic hybrid system.
Therefore, a facile Lewis acidebase adduct approach based on more
O-donor which can produce high-quality ﬁlms with less charge
recombination centers is highly desirable.
In this work, the tetramethylene sulfone (TMS) with two S]O
vibrations is used to chemically modify the perovskite grain surface
via molecules engineering. The two S]O vibrations in one TMS
molecule can linked the PbI2 molecules. By using a stoichiometric
PbI2:MAI:TMS (2:2:1) precursor solution, we have established a
simple approach to reduce the intrinsic defect density in perovskite
layers by crosslinking individual perovskite grains. As a result, the
grain sizes of the TMS-based perovskite ﬁlm increase continuously
and no obvious cracks or pinholes are found. The perovskite layers
annealed from MAI-PbI2-(TMS)x adduct achieved larger grain sizes,
greatly enhanced optical properties, thus signiﬁcantly boosted PCE
to 16.2%.
2. Experimental section
2.1. Solar cell fabrications
Fluorine-doped tin oxide (FTO) glasses (Pilkington, TEC15) were
etched with Zn powder and HCl aqueous. The etched glasses were
then cleaned with detergent, distilled water, and ethanol. The
blocking TiO2 layers (bl-TiO2) were deposited on the as-prepared
FTO by means of spray pyrolysis followed by calcining at 510  C
for 30 min. The mesoporous TiO2 (mp-TiO2) ﬁlm was deposited on
cooling bl-TiO2 by spin-coating of the TiO2 paste (Dyesol 30NR-T)
which was following by heating at 510  C for 20 min. 461 mg of
PbI2, 159 mg of CH3NH3I (MAI), and 60 mg of TMS (molar ratio
2:2:1) was mixed DMF (600 mg) solution with stirring for 2 h to
prepare a MAI-PbI2-(TMS)x adduct solution. For depositing the
MAPbI3 perovskite layer with less defect, the prepared precursor
solution was spin-coated on the mp-TiO2 layer at 4000 rpm for 25 s
and 0.75 mL of diethyl ether was quickly dripped on the rotating
substrate within 2 s before the surface changed to be turbid caused
by rapid vaporization of DMF. The deposited perovskite ﬁlm was
heated at 105  C for 30 min to obtain a dense ﬁlm. Then, spiroOMeTAD solution of 35 mL, which contained 73 mg of spiroOMeTAD, 28 mL of 4-tert-butyl pyridine and 17.5 mL of lithium bis
(triﬂuoromethanesulfonyl) imide (Li-TFSI) solution (520 mg of LiTSFI in 1 mL of acetonitrile) in 1 mL of CBZ, was spin-coated on
the perovskite ﬁlm at 3000 rpm for 20 s. Finally, a ~60 nm gold
electrode was deposited via thermal evaporation under vacuum at
a constant evaporation rate of 0.6 nm s1.
2.2. Characterization
The ﬁeld emission scanning electron microscope (FESEM, FEI
Sirion 200, Netherland) was used to study the top-morphology of
the prepared ﬁlm. The crystal phase was obtained with X-ray
diffraction (X'Pert Pro, Netherland) using Cu Ka beam (l ¼ 1.54 Å).
The photocurrent density-voltage (J-V) curves were measured under one sun illumination (AM 1.5G, 100 mW cm2) with a solar
simulator (94043 A, USA) equipped with Keithley 2400 source
meter. When measuring, a mask with 0.09 cm2 aperture area was
used to avoid light scattering through the sides and deﬁne the
effective area of the device. Incident photon-to-electron conversion
efﬁciency (IPCE) spectra were measured with a spectral resolution
of 5 nm, using a 300 W xenon lamp and a grating monochromator
equipped with order sorting ﬁlters (Newport/Oriel). A Fourier
transform infrared spectroscopy (Thermo Fisher IS50R, USA) was
used to collect the spectral data for various adducts in the
4000 cm1-500 cm1 range. Transient absorption (LKS 80, England)
was carried to analyze the charge recombination in prepared

perovskite ﬁlms. All the measurements were carried out under
ambient conditions at room temperature.
3. Results and discussion
The Lewis base (O-donor) greatly inﬂuenced on the crystallization of perovskite thin ﬁlms by modulating crystal growth rate
[12,19]. As shown in Fig. 1a, TMS is also a Lewis base which has a
pair of S]O vibrations, and thus probably acts as a crosslink between neighboring Lewis acid molecule. Base on previous study,
the PbI2 may act as a Lewis acid and coordinate with Lewis base
through weak dative PbeO bonds. Here, we use the TMS (Fig. 1a) to
modify the morphology of perovskite layers during a one-step spincoating method in molecular level. The process is illustrated in
Fig. 1c. First, the N,N-dimethylformamide (DMF) solution, in which
containing CH3NH3I (MAI), PbI2 and TMS (2:2:1 mol %), is spread
over the mesoporous TiO2 layer. Then, the spinning ﬁlm is quickly
dripped with diethyl ether (DE) before the surface change turbid.
After that, the TMS based intermediate ﬁlm which determines the
ﬁnal ﬁlm morphology is obtained. Finally, the intermediate ﬁlm is
left at room temperature for 1min and then annealed at 105  C for
30 min to remove the residual TMS. The XRD and SEM results
(Fig. 1b) conﬁrmed that the annealed perovskite ﬁlm exhibits the
dense surface morphology without residual TMS molecules.
Furthermore, the prepared layer shown perovskite tetragonal
phase, including two notable peaks at 14.2 and 28.4 which
correspond to (110) and (220), respectively [20]. Therefore, the
Lewis adduct approach based on TMS is critically important for
obtaining high crystalline perovskite layers.
Previous reports have shown that the perovskite intermediate
has important inﬂuence on the crystallinity of the ﬁnal perovskite
thin ﬁlms [8,10]. When the precursor solution without TMS (MAI
and PbI2 dissolved in DMF), we obtained the different intermediate
phase powders. As shown in Fig. S1a, the XRD indicated the formation of MAI-PbI2-DMF adduct. FTIR of DMF solvent, DMF solution
and MAI-PbI2-DMF powder were measured, respectively. From
Fig. S1b, we can see the stretching vibrations of C]O located at
1661 cm1 in DMF solvent, but shifted to lower wavenumber of
1640 cm1 in MAI-PbI2-DMF powder.
To gain deep insight into the interaction between the precursor
and the TMS Lewis base, we obtained the intermediate phase
powders (PbI2-(TMS)x and MAI-PbI2-(TMS)x) by pouring precursor
solution (PbI2 dissolved in DMF/TMS, MAI and PbI2 dissolved in
DMF/TMS) into toluene. Fourier transform infrared spectrometer
(FTIR) of TMS, PbI2-(TMS)x and MAI-PbI2-(TMS)x (Fig. 2aec) is then
used to investigate the effect of TMS on the PbI2 molecule during
crystallization process. The (SO2)asym stretching vibrations was
located at 1450 cm1 for pure TMS solvent, which was shifted lower
wavenumber of 1440 cm1 for the PbI2-(TMS)x intermediate phase.
This was further shifted to 1435 cm1 in the compound phase MAIPbI2-(TMS)x. Similarly, stretching vibrations of (SO2)sym was
observed at 1142 cm1 in TMS solvent and shifted to 1138 cm1 in
the PbI2-(TMS)x adduct. Finally, it was shifted to 1145 cm1 for the
MAI-PbI2-(TMS)x adduct. When PbI2 Lewis acid was combined with
TMS Lewis base, the force constant of (SO2)asym decreased caused
by partial electron cloud migration from (SO2)asym to SPb [21]. We
noted that both wavenumber of (SO2)asym and (SO2)sym in TMS
solvent were lower than that of PbI2-(TMS)x intermediate phase,
which indicated the crosslinking PbI2 molecule by TMS (Fig. 2f).
Furthermore, detection of the (SO2)asym, (SO2)sym and NeH bending
in the MAI-PbI2-(TMS)x intermediate phase reveal that the successful inclusion of TMS and MAI molecule into the PbI2
[10,12,18,22].
The presence of TMS and MAI between PbI2 layer is further
conﬁrmed by XRD for the MAI-PbI2-(TMS)x intermediate. The PbI2,
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Fig. 1. (a) Chemical structure of tetramethylene sulfone (TMS) acted as crosslinking agents for PbI2 molecule. (b) XRD pattern and Top view (inset) of the annealed perovskite
derived from intermediate phase. (c) Schematic illustration of the process for preparing MAPbI3 perovskite ﬁlms base on TMS.

Fig. 2. (a) The FTIR of (a) TMS solvent, PbI2-(TMS)x and MAI-PbI2-(TMS)x intermediate phase powders. (b, c) Expanded ﬁngerprint region for the S]O vibrations. (d, e) XRD spectra
of PbI2 powder, PbI2-(TMS)x and MAI-PbI2-(TMS)x intermediate phase powders. (f) Schematic reaction process from the MAI-PbI2-(TMS)x to perovskite via crosslinking the PbI2
molecule.
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PbI2-(TMS)x and MAI-PbI2-(TMS)x powers were characterized by
XRD and the results are presented in Fig. 2d and e. Comparing with
diffraction peak of PbI2 (001) plane (12.66 ), the PbI2-(TMS)x has a
lower angle (9.53 ) due to the presence of the TMS within a PbI2
layered structure. Furthermore, the lower diffraction peaks (8.11 )
appeared at MAI-PbI2-(TMS)x intermediate phases indicates that
longer interplanar distances with the MAI molecules [10,23]. Based
on above analysis, the formation process of perovskite based on
TMS is proposed. As shown in Fig. 2f, the PbI2, MAI and TMS were
dissolved in DMF solution and formed into intermediate phase. The
role of TMS played as a bridge to crosslink the PbI2 molecule. Thus,
the high crystallinity of perovskite ﬁlm could obtain from MAIPbI2-(TMS)x intermediate phase.
The TMS in perovskite precursor solution can improve the
quality of perovskite ﬁlms via crosslinking neighboring PbI2
molecule. Therefore, we investigate the surface morphology of
perovskite layers prepared with and without TMS in DMF solution.
As illustrated in Fig. 3a and b, both samples exhibited smooth
morphology due to washing with anti-solvent, but the solution
without TMS leads to pinholes [11,12]. Surprisingly, TMS-contained
solution produces highly dense perovskite layer without pinholes,
it may be due to the formation of MAI-PbI2-(TMS)x intermediate
phase. Fig. S3 are the cross-sectional SEM images of perovskite cells
based on DMF and TMS. From these SEM images, it is can be seen
that the MAI-PbI2-(TMS)x intermediate phase has a great effect on
the ﬁlm thickness. With adding the TMS, the thickness of perovskite ﬁlms increased which is good to Jsc. Fig. S4 are the top-view
SEM images of perovskite ﬁlms based on pure TMS. For optimizing the better perovskite layers, diethyl ether and chlorobenzene are used to wash ﬁlm during spin-coating. From these SEM
images, both of prepared ﬁlms existed gaps between grain
boundaries. On the other hand, the grain size of TMS based ﬁlm
appears to be enlarged by the MAI-PbI2-(TMS)x addcut, increasing
from an average value of 150e250 nm for DMF solution without
and with TMS samples, respectively. As is well-known, the average
grain size is inversely proportional to the number of nuclei. The
formation of MAI-PbI2-TMSx intermediate phase can suppress the
nucleation of MAPbI3. Thus, the number of nuclei with TMS is much
less than that of without TMS.
Generally, the perovskite ﬁlms with larger grains are beneﬁcial
for decreasing density of charge recombination centers due to
minimize non-radiative recombination at the undesirable grain
boundaries [24,25]. The photo-physical properties of the prepared
perovskite ﬁlms are investigated by photoluminescence (PL)

spectra and the time-resolved transient absorption (TA) spectrometer. Both samples are prepared on glasses for avoiding the
effects of charge injection between the FTO and active layer. As
shown in Fig. 3c, comparing with the sample of glass/MAPbI3
(based on DMF), glass/MAPbI3 (based on TMS) presented a higher
PL intensity, indicating that higher quality ﬁlms with less charge
recombination centers [18,26]. In addition, the time-resolved TA
curves of glass/MAPbI3 ﬁlms (DMF and TMS) are shown in Fig. 3f.
The carrier lifetime of MAPbI3 ﬁlm prepared from solution contained TMS was 72.2 ns, which was much longer than the MAPbI3
layer prepared from pure DMF solution (12.8 ns). The perovskite
ﬁlm drive from MAI-PbI2-(TMS)x addcut with less trap sites was
obtained, so the carrier recombination time was increased [27].
This result is also in accordance with the PL spectra, further
demonstrated that the TMS can reduce the defect in perovskite
ﬁlms by crosslinking the PbI2 molecule.
As mentioned above, we have given that the introduction of
TMS can improve the crystallinity of perovskite. Thus, the photovoltaic properties of PSCs obtained from TMS contained solution
were investigated. Fig. 4a shows the typical current density-voltage
(J-V) curves of the PSCs, and the corresponding device parameters
(over 30 individual devices) are listed in Table 1. The PSCs drive
from MAI-PbI2-(TMS)x addcut exhibited higher short-circuit current density (JSC), which ascribe to the enhanced charge transportation (Fig. 3f) [28,29]. The internal photo-current efﬁciency
spectrum (IPCE) measurement in Fig. 4b was used to conﬁrm corresponding JSC. The integrated current density was calculated to be
16.3 and 21.1, mA cm2 for the solar cells derived from DMF solution
with and without TMS, respectively. These results well consisted
with the JSC in the photovoltaic curves (Fig. 4a). To further
demonstrate the inﬂuence of TMS Lewis bases on reproducibility of
the cells, statistical PCE of devices (a total of 60 samples) based on
DMF and DMF/TMS are shown in Fig. 4c. The average efﬁciency of
the devices (DMF) is 8.7%, increasing to 15.3% when mixed DMF/
TMS solvent is used. In addition, the PSCs obtained from DMF/TMS
solution showed a narrower PCE distribution than PSCs drive from
pure DMF solution, indicating that a higher reproducible of devices.
Furthermore, one of the great critical challenges in perovskite cells
is ambient air stability. Thus, the long-term stability of the prepared
cells based on DMF and TMS were investigated (Fig. S2). The
perovskite cells based on TMS showed better stability than the one
based on DMF. It could remain over 80% of the original PCE after
30 d of the storage, which could be attributed to the less surface
defects.

Fig. 3. Top-view SEM images of (a) DMF based ﬁlm, (b) TMS based ﬁlm, the scale bar is 500 nm. (c) The steady-state PL for the perovskite ﬁlms. (d, e) The statistical distribution of
the grain size for DMF and TMS based ﬁlm. (f) The transient absorption decay at 760 nm of perovskite ﬁlms upon excitation at 500 nm.
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Fig. 4. (a) The current densityevoltage (J-V) curves, (b) Internal photo-to-current efﬁciency (IPCE) curves and (c) statistical PCE of the PSCs derived from DMF solution with and
without TMS.

Table 1
Parameters of current densityevoltage curves of PSCs and the transient absorption
decay lifetimes of perovskite ﬁlms.
PSCs

Jsc (mAcm2)

Voc (V)

FF (%)

PCE (%)

Average PCE (%)

DMF
TMS

16.8
21.5

1.02
1.02

69.4
74.2

11.9
16.2

8.7
15.3

4. Conclusions
In conclusion, the enhanced crystallinity of MAPbI3 perovskite
layers with less charge recombination centers were successfully
obtained by introduction of TMS Lewis base in precursor solution.
The TMS plays an important role for chemically modifying the
perovskite grains via crosslinking the PbI2 molecules. The crystallinity of the perovskite layers have been greatly enhanced by MAIPbI2-(TMS)x intermediates and annealed perovskite layer compose
of larger crystals with less defect. As a result, the PSCs deriving from
MAI-PbI2-(TMS)x intermediate phase achieve the best photovoltaic
performance with a PCE of 16.3% with highly reproducible. This
work gives a new option to prepare MAPbI3 layer with less defect
for efﬁcient PSCs.
Acknowledgments
This work was supported by the National Basic Research Program of China under Grant No. 2016YFA0202400, 2015CB932200,
the National Natural Science Foundation of China under Grant No.
21403247, the Distinguished Youth Foundation of Anhui Province
(1708085J09), and the Major/Innovative Program of Development
Foundation of Hefei Center for Physical Science and Technology
(2016FXZY003).
Appendix A. Supplementary data
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jallcom.2018.05.007.
References
[1] A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, Organometal halide perovskites
as visible-light sensitizers for photovoltaic cells, J. Am. Chem. Soc. 131 (2009)
6050e6051.
[2] H.S. Kim, C.R. Lee, J.H. Im, K.B. Lee, T. Moehl, A. Marchioro, S.J. Moon,
R. Humphry-Baker, J.H. Yum, J.E. Moser, M. Gratzel, N.G. Park, Lead iodide
perovskite sensitized all-solid-state submicron thin ﬁlm mesoscopic solar cell
with efﬁciency exceeding 9%, Sci. Rep. 2 (2012) 1e7.
[3] X. Ding, Y. Ren, Y. Wu, Y. Xu, J. Zhu, H. Tasawar, A. Ahmed, Z. Li, Y. Huang,
S. Dai, Sequential deposition method fabricating carbon-based fully-inorganic
perovskite solar cells, Sci. China Mater. (2017) 1e7.
[4] L. Zhu, J. Ye, X. Zhang, H. Zheng, G. Liu, X. Pan, S. Dai, Performance enhancement of perovskite solar cells using a La-doped BaSnO3electron transport
layer, J. Mater. Chem. A 5 (2017) 3675e3682.
[5] M. Liu, M.B. Johnston, H.J. Snaith, Efﬁcient planar heterojunction perovskite

solar cells by vapour deposition, Nature 501 (2013) 395e398.
[6] Z.Q. Li, L.E. Mo, W.C. Chen, X.Q. Shi, N. Wang, L.H. Hu, T. Hayat, A. Alsaedi,
S.Y. Dai, Solvothermal synthesis of hierarchical TiO2 microstructures with
high crystallinity and superior light scattering for high-performance dyesensitized solar cells, ACS Appl. Mater. Interfaces (2017) 32026e32033.
[7] W.S. Yang, B.-W. Park, E.H. Jung, N.J. Jeon, Y.C. Kim, D.U. Lee, S.S. Shin, J. Seo,
E.K. Kim, J.H. Noh, Iodide management in formamidinium-lead-halideebased
perovskite layers for efﬁcient solar cells, Science 356 (2017) 1376e1379.
[8] C. Li, H. Zhu, Y. Wang, H. Liu, S. Hu, F. Wang, B. Zhang, S. Dai, Z.a. Tan, High
performance polymer solar cells with electron extraction and light-trapping
dual functional cathode interfacial layer, Nano Energy 31 (2017) 201e209.
[9] R. Yingke, D. Bin, X. Yafeng, H. Yang, L. Zhaoqian, W. Hongxia, H. Tasawar,
Z. Jun, D. Songyuan, New insight into solvent engineering Technology from
evolution of intermediates via one-step spin-coating approach, Sci. China
Mater. 60 (5) (2017) 392e398.
[10] N.J. Jeon, J.H. Noh, Y.C. Kim, W.S. Yang, S. Ryu, S.I. Seok, Solvent engineering for
high-performance inorganic-organic hybrid perovskite solar cells, Nat. Mater.
13 (2014) 897e903.
[11] M. Xiao, F. Huang, W. Huang, Y. Dkhissi, Y. Zhu, J. Etheridge, A. Gray-Weale,
U. Bach, Y.B. Cheng, L. Spiccia, A fast deposition-crystallization procedure for
highly efﬁcient lead iodide perovskite thin-ﬁlm solar cells, Angew. Chem. Int.
Ed. 53 (2014) 9898e9903.
[12] N. Ahn, D.Y. Son, I.H. Jang, S.M. Kang, M. Choi, N.G. Park, Highly reproducible
perovskite solar cells with average efﬁciency of 18.3% and best efﬁciency of
19.7% fabricated via Lewis base adduct of lead(II) iodide, J. Am. Chem. Soc. 137
(2015) 8696e8699.
[13] W. Zhang, S. Pathak, N. Sakai, T. Stergiopoulos, P.K. Nayak, N.K. Noel,
A.A. Haghighirad, V.M. Burlakov, D.W. deQuilettes, A. Sadhanala, W. Li,
L. Wang, D.S. Ginger, R.H. Friend, H.J. Snaith, Enhanced optoelectronic quality
of perovskite thin ﬁlms with hypophosphorous acid for planar heterojunction
solar cells, Nat. Commun. 6 (2015) 10030.
[14] X. Li, M.I. Dar, C. Yi, J. Luo, M. Tschumi, S.M. Zakeeruddin, M.K. Nazeeruddin,
H. Han, M. Gratzel, Improved performance and stability of perovskite solar
cells by crystal crosslinking with alkylphosphonic acid omega-ammonium
chlorides, Nat. Chem. 7 (2015) 703e711.
[15] L. Zhu, Y. Xu, P. Zhang, J. Shi, Y. Zhao, H. Zhang, J. Wu, Y. Luo, D. Li, Q. Meng,
Investigation on the role of Lewis bases in the ripening process of perovskite
ﬁlms for highly efﬁcient perovskite solar cells, J. Mater. Chem. A 5 (2017)
20874e20881.
[16] X.B. Cao, C.L. Li, L.L. Zhi, Y.H. Li, X. Cui, Y.W. Yao, L.J. Ci, J.Q. Wei, Fabrication of
high quality perovskite ﬁlms by modulating the PbeO bonds in Lewis
acidebase adducts, J. Mater. Chem. A 5 (2017) 8416e8422.
[17] J.W. Lee, H.S. Kim, N.G. Park, Lewis acid-base adduct approach for high efﬁciency perovskite solar cells, Acc. Chem. Res. 49 (2016) 311e319.
[18] C. Fei, B. Li, R. Zhang, H. Fu, J. Tian, G. Cao, Highly efﬁcient and stable perovskite solar cells based on monolithically grained CH3NH3PbI3 ﬁlm, Adv. Energy
Mater. 7 (2017), 1602017.
[19] Y. Wu, A. Islam, X. Yang, C. Qin, J. Liu, K. Zhang, W. Peng, L. Han, Retarding the
crystallization of PbI2 for highly reproducible planar-structured perovskite
solar cells via sequential deposition, Energy Environ. Sci. 7 (2014) 2934.
[20] T. Baikie, Y. Fang, J.M. Kadro, M. Schreyer, F. Wei, S.G. Mhaisalkar, M. Graetzel,
T.J. White, Synthesis and crystal chemistry of the hybrid perovskite (CH3NH3)
PbI3 for solid-state sensitised solar cell applications, J. Mater. Chem. A 1 (2013)
5628e5641.
[21] A. Keawprajak, W. Koetniyom, P. Piyakulawat, K. Jiramitmongkon,
S. Pratontep, U. Asawapirom, Effects of tetramethylene sulfone solvent additives on conductivity of PEDOT:PSS ﬁlm and performance of polymer
photovoltaic cells, Org. Electron. 14 (2013) 402e410.
[22] Y.-K. Ren, S.-D. Liu, B. Duan, Y.-F. Xu, Z.-Q. Li, Y. Huang, L.-H. Hu, J. Zhu, S.Y. Dai, Controllable intermediates by molecular self-assembly for optimizing
the fabrication of large-grain perovskite ﬁlms via one-step spin-coating,
J. Alloys Compd. 705 (2017) 205e210.
[23] W.S. Yang, J.H. Noh, N.J. Jeon, Y.C. Kim, S. Ryu, J. Seo, S.I. Seok, Solar cells. Highperformance photovoltaic perovskite layers fabricated through intramolecular exchange, Science 348 (2015) 1234e1237.
[24] C. Bi, Q. Wang, Y. Shao, Y. Yuan, Z. Xiao, J. Huang, Non-wetting surface-driven
high-aspect-ratio crystalline grain growth for efﬁcient hybrid perovskite solar

176

Y. Ren et al. / Journal of Alloys and Compounds 758 (2018) 171e176

cells, Nat. Commun. 6 (2015) 7747.
[25] M. Long, T. Zhang, W. Xu, X. Zeng, F. Xie, Q. Li, Z. Chen, F. Zhou, K.S. Wong,
K. Yan, J. Xu, Large-grain formamidinium PbI3-xBrx for high-performance
perovskite solar cells via intermediate halide exchange, Adv. Energy Mater.
7 (2017), 1601882.
[26] G. Xing, N. Mathews, S. Sun, S.S. Lim, Y.M. Lam, M. Gratzel, S. Mhaisalkar,
T.C. Sum, Long-range balanced electron- and hole-transport lengths in
organic-inorganic CH3NH3PbI3, Science 342 (2013) 344e347.
[27] R.J. Stewart, C. Grieco, A.V. Larsen, G.S. Doucette, J.B. Asbury, Molecular origins

of defects in organohalide perovskites and their inﬂuence on charge Carrier
dynamics, J. Phys. Chem. C 120 (2016) 12392e12402.
n-Carmona, P. Gratia, I. Zimmermann, G. Grancini, P. Gao, M. Graetzel,
[28] C. Rolda
M.K. Nazeeruddin, High efﬁciency methylammonium lead triiodide perovskite solar cells: the relevance of non-stoichiometric precursors, Energy Environ. Sci. 8 (2015) 3550e3556.
[29] C. Liu, Y. Yang, Y. Ding, J. Xu, High-efﬁciency and UV-stable planar perovskite
solar cells using a low-temperature, solution-processed electron-transport
layer, ChemSusChem 11 (2018) 1232e1237.

