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their simple device architecture, easy fab-
rication procedure, and low temperature 
processing. Many innovative approaches 
have been used to improve the perfor-
mance of planar PSCs, such as PCE in 
15.4% by dual-source vapor deposition 
technique, [ 5 ]  13.9% by a solvent-induced 
fast crystallization, [ 13 ]  13.1% by alkyl 
halide additives, [ 14 ]  15.1% by poly(3,4-
ethylene-dioxythiophene):polystyrenesulfo
nate (PEDOT:PSS)-GeO 2  underlayer mod-
ifi cation, [ 15 ]  15.7% by cathode and anode 
dual modifi cations. [ 16 ]  

 Despite the device effi ciency has 
achieved signifi cant progress, these per-
ovskite solar cells have to be fabricated 
in very rigorous condition, i.e., in glove 
box with a humidity less than 1%. [ 17,18 ]  
To enable PSCs’ commercial applications, 
one large challenge is to resolve the cell 
stability issue because the perovskite fi lms 

would be degraded gradually with time in air. [ 12,19 ]  To date, a 
few studies have been focused on the processing circumstance 
and the stability issue of perovskite solar cells. You et al. [ 20 ]  
investigated the effect of humid environment on the thermal 
annealing of perovskite precursor fi lms. Bass et al. [ 21 ]  reported 
that the moisture can prompt the crystallization of lead organo-
halide perovskites into the expected cubic phase. Yang et al. [ 22 ]  
demonstrated a fl exible PSC with a PCE of 7.14% which was 
fabricated under ambient. These studies suggest that the mois-
ture plays an important role in the performance of perovskite 
solar cells. However, few studies focus on the mechanism how 
the moisture affects the cell degradation. In addition, control-
lable growth of the crystalline perovskite fi lms is regarded as 
the most important factor to obtain high-effi ciency PSCs. In 
general, the growth of crystalline perovskite fi lms is sensitively 
dependent on the solution concentration, precursor composi-
tion, solvent choice, deposition temperature, and so on. Crystal-
lization controlling by manipulating the perovskite nucleation 
and growth can improve the fi lm morphology and coverage 
effectively. [ 22,23 ]  Especially, solvent engineering plays very fas-
cinating role in the controllable growth of solution-processed 
crystalline fi lms. Liang et al. reported that crystallization rate of 
perovskites could be controlled by incorporating 1,8-diiodooc-
tane (DIO) additives into the precursor solution. [ 24 ]  Song et al. 
demonstrated that perovskite crystallinity could be improved by 
introducing 1-chloronaphthalene (CN) additive in the perovskite 
precursor solution, which results in a 30% effi ciency improve-
ment compared with the reference devices. [ 25 ]  Most recently, 
Wu et al. obtained high quality PbI 2  fi lm with good coverage by 
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  1.     Introduction 

 Organic–inorganic halide perovskite solar cells (PSCs) have 
attracted signifi cant attentions in recent years owing to their 
many advantages such as broad and strong light absorp-
tion, [ 1 ]  long charge carrier diffusion length, [ 2,3 ]  bipolar trans-
port properties, [ 4,5 ] and longer carrier lifetimes. [ 6,7 ]  The power 
conversion effi ciency (PCE) have reached a high effi ciency of 
20.1% [ 8,9 ]  within a few years from initial 3.81% [ 10 ]  reported in 
2009. Initially, one-step precursor deposition method to form 
perovskite fi lms and mesoporous structure based PSCs was 
mostly reported. However, the morphology of perovskite fi lms 
is hard to control. Subsequently, TiO 2  or Al 2 O 3  scaffolds based 
PSCs were demonstrated with PCE over 15%. [ 11,12 ]  Recently, 
planar structure based PSCs have been proposed because of 
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adding a small amount of H 2 O into PbI 2 / N , N -dimethylforma-
mide (DMF), which lead to a good effi ciency of 18% in a two-
step method based perovskite solar cell. [ 26 ]  Conings et al. found 
that no precautions need to be taken concerning the anhydrous 
quality of the used precursor solvent when preparing the per-
ovskite precursor solution after they investigated the impact of 
precursor water content on the performance of perovskite solar 
cells. [ 27 ]  

 In this work, we report a simple and effective method to con-
trol the growth of crystalline perovskite fi lms by using water as a 
solvent additive for perovskite solution precursor. Incorporating 
of suitable amount of deionized water into the anhydrous DMF 
based perovskite precursor solutions can improve the crystal-
lization of perovskite thin fi lms with good fi lm morphology 
and coverage. Accordingly, water additive based perovskite solar 
cells present a high PCE of 16.06% compared with the refer-
ence device (12.13%). More interestingly, the controlled devices 
demonstrate obviously improved ambient stability owing to the 
formation of stable perovskite hydrates by incorporating the 
water additive during the solution process.  

  2.     Results and Discussion 

 We use a conventional planar heterojunction architecture of 
indium tin oxide (ITO)/PEDOT:PSS (40 nm)/CH 3 NH 3 PbI 3- x  Cl  x   
(300 nm)/PC 61 BM (50 nm)/Bphen (10 nm)/Ag (100 nm) 
( Figure    1  ) to study the infl uence of water additive on the crystal-
line perovskite fi lms quality and the device stability. PEDOT:PSS 
interfacial layer is selected based on a consideration that it can 
ensure the better growth of high quality perovskite fi lms, and 

Adv. Funct. Mater. 2015, 25, 6671–6678

www.afm-journal.de
www.MaterialsViews.com

 Figure 1.    Device confi guration of the planar perovskite solar cells and a 
schematic diagram of incorporating water additive into DMF-based per-
ovskite precursor solutions.

 Figure 2.    Performance and reproductivity of perovskite solar cells. a)  J–V  curves of devices with selected ratios of water additive in precursor solutions 
under AM 1.5G illumination of 100 mW cm −2 . b) Absorption spectra of corresponding devices. c) IPCE spectra of corresponding devices. d) A histo-
gram of PCEs measured from 50 water additive (2%) based perovskite solar cells. Inset is the histogram of PCEs measured from 45 DMF-only-based 
perovskite solar cells.
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provide suffi cient charge dissociation and extraction. [ 6,17,28 ]  
Solution-processed Bphen is employed as an effi cient cathode 
modifi cation layer that can fl atten the Ag cathode interface 
effectively. [ 29 ]  

   2.1.     Perovskite Photovoltaic Performance 

 The deionized water was mixed with CH 3 NH 3 PbI 3− x  Cl  x   blend 
in DMF with varied doping ratio from 2% to 10%.  Figure    2  a 
shows the current density–voltage ( J–V ) characteristics of 
CH 3 NH 3 PbI 3− x  Cl  x   based perovskite solar cells with different 
doping ratio of deionized H 2 O with DMF under AM 1.5 G con-
ditions (100 mW cm −2 ). The relevant performance parameters 
were summarized in  Table    1  . The reference device without 
any solvent additive exhibited a PCE of 12.13% with open cir-
cuit voltage ( V  oc ) of 0.87 V, short-circuit current density ( J  sc ) of 
19.12 mA cm −2 , and fi ll factor (FF) of 72.9%. The cell perfor-
mance was strongly dependent on the amount of deionized 
H 2 O additive (Supporting Information, Figure S1 and Table S1). 
In the case of an optimized H 2 O ratio of 2%, the device showed 
a signifi cantly enhanced PCE of 16.06% with a  V  oc  of 0.95 V, 
 J  sc  of 21.67 mA cm −2  and FF of 78%. All cell parameters were 
improved via doping 2% H 2 O in the perovskite precursor solu-
tion. By further increasing the amount of deionized H 2 O, the 
cell parameters were decreased rapidly, especially in the case of 
higher doping ratio (10%) of deionized H 2 O. Figure  2 b presents 
the UV–vis absorption spectra of the perovskite fi lms processed 
with different ratio of water additive. Apparently, perovskite 
fi lm with 2% H 2 O additive demonstrates the highest light 
absorption in the range of 300–600 nm. It should be noted that 
the absorption of H 2 O additive based perovskite fi lms decreases 
with the H 2 O ratio obviously in the range of 600–800 nm (inset 
of Figure  2 b), which is agreed well with the incident photon-to-
current conversion effi ciency (IPCE) measurement as shown in 
Figure  2 c. We attributed it to a small change of the perovskite 
structure due to the water additive effect. Although the H 2 O-
additive based CH 3 NH 3 PbI 3− x  Cl  x   perovskites belong to the 
same phase, the large difference of the crystal size and the fi lm 
morphology may cause the changes of the parameters of per-
ovskite unit cells, and therefore the variation of their absorp-
tion property. The details of water-assisted perovskite growth 
will be discussed later. For verifying the reproducibility of high 
effi ciency of 2% water additive based PSCs, over 50 cells incor-
porating were fabricated. As shown by the histograms of PCE 

parameter in Figure  2 d, the average power conversion effi ciency 
reaches 13.69% with low relative standard deviation. In addi-
tion, the photocurrent hysteresis is found to be suppressed in 
2% water additive based device based on a fact that the  J–V  
curves were almost overlapped under forward and reverse bias 
scans or at different scanning rates (Supporting Information, 
Figure S2). The origin of the almost vanished photocurrent hys-
teresis will be given in the following section. 

   To clarify the nature of the infl uence of water additive, 
the morphology and coverage of perovskite fi lms were evalu-
ated.  Figure    3   shows the scanning electron microscopy (SEM) 
images of perovskite fi lms incorporating with varied ratio of 
deionized H 2 O. From Figure  3 a, one can see that DMF-only-
based perovskite fi lms exhibit many small pin holes and voids. 
The existed defects and bad fi lm coverage would lead to poor 
charge transport and weak light absorption in perovskite 
fi lms. By introducing water additive, perovskite grain size is 
increased, and the voids on the perovskite fi lm surface partly 
disappeared. In the case of 2% H 2 O incorporating, almost con-
tinuous perovskite fi lm with decreased grain boundaries can be 
observed as shown in Figure  3 c. Notably, with further increase 
of the H 2 O ratio, individual grain size is enlarged, whereas 
more and large voids are produced between the grains. The 
trend is more obvious in the case of 10% H 2 O incorporating as 
shown in Figure  3 g. 

  The X-ray diffraction spectrometry (XRD) patterns in 
 Figure    4   confi rmed the role of water additive in the growth of 
perovskite crystal fi lms. Strong diffraction peaks at 14.14° and 
28.43° correspond to the diffractions from (110) and (220), [ 30 ]  
respectively, in crystal planes of CH 3 NH 3 PbI 3− x  Cl  x   perovskite 
structure, which are consistent with the reported results. [ 15,16 ]  
CH 3 NH 3 PbI 3− x  Cl  x   fi lms present almost same XRD patterns 
which are independent on the H 2 O additive ratio (Supporting 
Information, Figure S3). In addition, the inexistence of other 
impurity phases suggests a full conversion of the starting prod-
ucts to the perovskite phase in all samples. It means that there 
is no large infl uence of H 2 O additive (below 10%) on the phase-
purity of the CH 3 NH 3 PbI 3− x  Cl  x   perovskites, which is consisted 
with the study reported by Conings et al. [ 27 ]  Noticeably, 2% 
H 2 O additive based CH 3 NH 3 PbI 3− x  Cl  x   shows the strongest and 
sharpest diffraction peaks from (110), indicating the best crys-
tallinity in this H 2 O additive ratio. 

  Further investigation based on steady-state and time-resolved 
photoluminescence (PL) measurements were carried out to 
fi gure out the role of H 2 O additive in the crystallization process 
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  Table 1.    The cell performance of perovskite solar cells based on DMF solutions with and without water additive. 

Solvent  J  sc  
[mA cm −2 ]

 J  sc-AVE  
[mA cm −2 ]

 V  oc  
[V]

FF 
[%]

PCE 
[%]

PCE AVE  
[%]

 R  s  
[Ω]

DMF 19.12 18.98 ± 0.59 0.87 72.9 12.13 11.62 ± 0.40 77.26

DMF + 1% H 2 O 20.21 19.63 ± 0.21 0.92 76.7 14.25 13.67 ± 0.62 40.48

DMF + 2% H 2 O 21.67 20.78 ± 0.65 0.95 78.0 16.06 14.98 ± 0.54 33.12

DMF + 3% H 2 O 21.39 20.39 ± 0.42 0.94 75.8 15.21 14.02 ± 0.62 38.22

DMF + 5% H 2 O 20.51 19.84 ± 0.23 0.93 72.3 13.83 12.88 ± 0.41 47.38

DMF + 7% H 2 O 19.58 19.36 ± 0.42 0.91 71.4 12.77 12.35 ± 0.25 57.40

DMF + 10% H 2 O 18.93 17.53 ± 0.34 0.85 64.4 10.38 9.56 ± 0.38 98.34
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of the perovskites. As examples, the steady-state PL spectra of 
DMF and DMF+2% H 2 O based perovskite fi lms are shown in 
 Figure    5  a. The enhanced PL indicates that the nonradiative car-
rier recombination is signifi cantly suppressed in 2% H 2 O addi-
tive based perovskites. Furthermore, time-resolved PL spectra 
(Figure  5 b) show that the 2% H 2 O additive based perovskite 

fi lms give an improved PL lifetime of ≈98 ns compared with 
the control perovskite fi lm (36 ns). The results of steady-state 
and time-resolved PL measurements reveal that the nonradia-
tive recombination channels in 2% H 2 O additive based perov-
skite fi lms could be inhibited to some extent. It suggests that 
the bulk defect in CH 3 NH 3 PbI 3− x  Cl  x   perovskite fi lms could be 
reduced by adding a small amount of water into the perovskite 
precursor. Heo et al. reported that enhanced crystallinity could 
be achieved by increasing the solubility of perovskite ionic com-
pound in the solvent, since more concentrated solution would 
result in denser, smoother, and continuous crystalline fi lms. [ 31 ]  
In present case, adding a small amount of water into DMF 
enhances the solubility of perovskite ionic compound, which is 
considered as one of main factors on the improved quality of 
the perovskite fi lms. Noticeably, lower boiling point and higher 
vapor pressure of water (compared to DMF) would speed up 
the crystallization and result in the formation of large crystals 
as shown in Figure  3 . Wu et al. reported that the hysteresis in 
photocurrent was more likely originated from the defects in 
the perovskite fi lms, which can be suppressed by depositing 
a high quality perovskite fi lm. [ 26 ]  We assume that the suitable 
water additive could tune the perovskite crystallization with 
less defect, which inhibits the photocurrent hysteresis phenom-
enon. In addition, excess water addition (i.e., 10%) will lead to 
a poor morphology of the perovskite fi lms, since water is only 
a good solvent for methylammonium iodide (MAI) but a bad 
solvent for PbCl 2 . [ 32 ]  The discontinuous morphology of the per-
ovskite fi lms with more and large voids would cause poor cell 
performance although larger crystal domains can be formed in 
higer H 2 O additive ratio. The detailed role of water additive in 
tuning the perovskite crystallization is necessary to be investi-
gated in the future by in situ techniques such as 2D grazing 
incidence XRD. 

  In all, incorporating water additive in DMF can control the 
oriented growth of perovskite crystal fi lms with large grain 
size. By optimizing the doping ratio of H 2 O additive, improved 
CH 3 NH 3 PbI 3− x  Cl  x   fi lms with large-scale domains and contin-
uous fi lm coverage can be obtained, which brings a combined 
effect of higher short-circuit current density, higher open-circuit 
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 Figure 4.    XRD patterns of CH 3 NH 3 PbI 3− x  Cl  x   fi lms based on a) DMF, 
b) DMF + 1% H 2 O, c) DMF + 2% H 2 O, and d) DMF + 5% H 2 O solvent.

 Figure 3.    SEM images of CH 3 NH 3 PbI 3− x  Cl  x   fi lms based on a) DMF, b) DMF + 1% H 2 O, c) DMF + 2% H 2 O, d) DMF + 3% H 2 O, e) DMF + 5% H 2 O, f) 
DMF + 7% H 2 O, and g) DMF + 10% H 2 O solvent.
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voltage, and higher fi ll factor of the corresponding perov skite 
solar cells. We attributed it to the tunable evaporating rate of 
the mixed solvent and controllable nucleation time of the perov-
skite fi lms by the water additive. [ 33,34 ]   

  2.2.     Perovskite Photovoltaic Stability 

 From reported studies, organic–inorganic hybrid perovskite 
fi lms easily degrade into other chemical species in the pres-
ence of moisture, and the degradation of the perovskite solar 
cells is ascribed to a reaction of perovskite fi lm with water from 
the atmosphere. [ 21,35 ]  The water would catalyze the decomposi-
tion of perovskite fi lm. [ 36 ]  Most probably, the perovskite solar 
cells in present work would present poor stability due to the 
incorporating of water additive. Unexpectedly, the water addi-
tive based devices exhibited better reliability than the DMF-
only-based ones. For example,  Figure    6   shows the stability test 
of water additive (2%) and DMF-only-based perovskite solar 
cells without any encapsulation in ambient. In initial 50 h 
tests, the effi ciency of both devices showed similar trend with 
continuous increasing till a maximum value. The phenomena 
of the effi ciency rising till the maximum in primeval meas-
urement is associated with a light soaking effect in perovskite 
solar cells. [ 37,38 ]  The light illumination during measurement 
can reduce the density of charged bulk defects within the 
perov skite layer, [ 37 ]  which leads to the effi ciency rising to some 
extent. Afterward, water additive (2%) based device exhibited 
a good stability, the PCE only lowered to 92.8% of the max-
imum value after 150 h. For DMF-only-based device, the PCE 
fi rst dropped to 87.5% of the maximum value rapidly, and then 
kept a stable trend. To clarify the origin of improved stablility 
in water additive (2%) based perovskite solar cells, SEM and 
XRD evaluations of the fresh and aged CH 3 NH 3 PbI 3− x  Cl  x   fi lms 
were carried out. 

   Figure    7   shows the SEM images of fresh and aged (150 h) 
CH 3 NH 3 PbI 3− x  Cl  x   fi lms with and without water additive (2%). 
Compared to the pristine fi lms, many small white spots were 
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 Figure 5.    a) Steady-state and b) time-resolved PL measurements of per-
ovskite fi lm based on DMF and DMF + 2% H 2 O solvent, the fi lms are all 
coated on PEDOT:PSS surface.

 Figure 6.    Cell stabilities of DMF and DMF + 2% H 2 O based perovskite 
solar cells under ambient conditions.

 Figure 7.    SEM images of fresh CH 3 NH 3 PbI 3− x  Cl  x   fi lms based on a) DMF 
and b) DMF + 2% H 2 O, and aged (150 h) CH 3 NH 3 PbI 3− x  Cl  x   fi lms based 
on c) DMF and d) DMF + 2% H 2 O.
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distributed evenly throughout the surface of perovskite crystal-
line in the aged fi lms, whereas the grain size of the aged pris-
tine fi lms was not changed. Relatively, the amount of the white 
spots in the water additive (2%) based aging fi lms was less than 
the DMF-only based one obviously. The degradation of the 
perovskite layer exposing in the moist air may follow a decom-
position pathway gradually. Similarly as the CH 3 NH 3 PbI 3 , 
CH 3 NH 3 PbI 3− x  Cl  x   ( x  << 1) fi rst decomposes into CH 3 NH 3 I 
solution and PbI 2 , then gradually decomposes into CH 3 NH 2  
solution and HI solution, fi nally HI also decomposes into I 2 , 
H 2 , H 2 O in the light and oxygen environment. [ 38 ]  To better 
understand the nature of the white spots and the degradation 
process of the perovskite solar cells, the evaluations of the cross 
section SEM images of the whole cells and the SEM/energy-
dispersive X-ray (EDAX) in the fresh and aged samples were 
carried out (Supporting Information, Figure S4). Based on the 
content analysis of Pb, I, O, C, and N, the white spots appeared 
in the surface of the aged CH 3 NH 3 PbI 3− x  Cl  x   were assumed to 
be the PbI 2 . 

  To clarify this, XRD patterns of fresh and aged (150 h) 
CH 3 NH 3 PbI 3− x  Cl  x   fi lms with and without water additive (2%) 
were recorded as shown in  Figure    8  . Compared with the fresh 
samples, a signature peak at 12.65°, which is originated from 
the (001) diffraction peak of PbI 2  (Supporting Information, 
Figure S5), was observed in aged CH 3 NH 3 PbI 3− x  Cl  x   fi lms with 
and without water additive (2%). Meanwhile, the intensities of 
the (110) and (220) perovskite diffraction peaks were clearly 
reduced compared with the fresh samples. The appearance of 
(001) peak at 12.65° suggests that CH 3 NH 3 PbI 3− x  Cl  x   fi lms react 
with the water due to prolonged exposure in ambient, which 
results in the generation of PbI 2  since the decomposition of the 
CH 3 NH 3 PbI 3− x  Cl  x   fi lms. Notably, the intensity of (001) peak at 
12.65° in water additive based perovskite fi lm is obviously lower 
than that in DMF-only based perovskite fi lm. It means that 
water additive based perovskite can resist the decomposition in 

moisture circumstance in some extent, which leads to improved 
cell stability as shown in Figure  6 . 

  The behind nature of improved stability in the water addi-
tive based perovskite fi lms can be ascribed as follows. We 
assumed that CH 3 NH 3 PbI 3− x  Cl  x  · n H 2 O hydrates were gener-
ated during the annealing process, since the stabilization ener-
gies of the CH 3 NH 3 PbI 3− x  Cl  x  · n H 2 O are lower than the total 
energy of the free CH 3 NH 3 PbI 3− x  Cl  x   and  n H 2 O molecules. 
Therefore, CH 3 NH 3 PbI 3− x  Cl  x  · n H 2 O based perovskite solar 
cells can be against the corrosion of water molecules in some 
extent owing to the stable CH 3 NH 3 PbI 3− x  Cl  x  · n H 2 O system. 
Nevertheless, when CH 3 NH 3 PbI 3− x  Cl  x  · n H 2 O system encoun-
ters more water molecules, the hydrogen bonds between the 
PbI 3− x  Cl  x   and CH 3 NH 3  units will be destroyed, which induces 
a decomposition of CH 3 NH 3 PbI 3− x  Cl  x   and then deteriorate 
the cell stability. [ 39,40 ]  Presently, a complete confi rmation of 
the CH 3 NH 3 PbI 3− x  Cl  x  · n H 2 O generation and the number of 
H 2 O molecules in CH 3 NH 3 PbI 3− x  Cl  x  · n H 2 O system is diffi cult 
since the conditionality of the crystal perovskite fi lms prepara-
tion and the matching of the evaluating techniques. However, 
a qualitative evaluation based on element analysis using EDAX 
(Supporting Information, Figure S6) and weight measurement 
using thermogravimetric analysis (TGA) can give some inform-
aton on the formation of the CH 3 NH 3 PbI 3− x  Cl  x  · n H 2 O hydrates 
(Supporting Information, Figure S7). The EDAX analysis 
indicated that the 2% H 2 O additive based perovskite sample 
contains 2.39 wt% oxygen element (in contrast zero oxygen 
content in the control perovskite sample). The TGA meas-
urement demonstrated that there was a very obvious weight 
loss when the sample was heated to 253 ºC, whereas no large 
weight variation was observed in the control sample. Both of 
the experiments suggest a possibility that the H 2 O molecules 
existed in the CH 3 NH 3 PbI 3− x  Cl  x   perovskites. Further experi-
ment evidences are necessary in the future by using advanced 
techniques and subtle experiment design.   
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 Figure 8.    XRD patterns of fresh CH 3 NH 3 PbI 3− x  Cl  x   fi lms based on a) DMF, b) DMF + 2% H 2 O, and aged (150 h) CH 3 NH 3 PbI 3− x  Cl  x   fi lms based on 
c) DMF, d) DMF + 2% H 2 O.
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  3.     Conclusions 

 In summary, we have investigated the infl uence of water addi-
tives on perovskite thin fi lms and the corresponding device 
performance. 2% water additive can enhance the crystalliza-
tion, the surface coverage, and the stability of perovskite thin 
fi lms effectively, which results in signifi cant enhancement of 
PCE from 12.13% to 16.06% and cell stability under ambient 
conditions. Incorporating suitable water additive in DMF can 
control the oriented growth of perovskite crystal fi lms. By 
tracing the change of morphology and electrical structure of 
perovskite fi lms with time in air, CH 3 NH 3 PbI 3− x  Cl  x  · n H 2 O 
hydrated perovskites were assumed to be generated during the 
annealing process, which can be resistant to the corrosion by 
water molecules to some extent. The fi ndings in this work pro-
vide a new route to control the growth of crystal perovskites 
and a clue to improve the stability of organic–inorganic halide 
perovskites.  

  4.     Experimental Section 
  Preparation of CH 3 NH 3 PbI 3−x Cl x  Perovskite Solution : MAI was 

synthesized by reacting 20 mL of hydroiodic acid (57 wt% in H 2 O) and 
48 mL methylamine (40 wt% in methanol) in a 250 mL round-bottom 
fl ask under ice bath for 2 h with stirring. The reactants products were 
distilled in the rotary evaporator at 55 °C to remove the solvents and then 
the precipitate was washed by diethyl ether three times. Finally, white-
colored powder was collected and dried at 60 °C for 24 h in vacuum. To 
prepare the perovskite precursor solution, MAI and lead chloride (PbCl 2 , 
99.999%) powder were mixed in anhydrous DMF (99.9%) with a molar 
ratio of 3:1. The perovskite/water solution was prepared via adding 
different volume ratio of deioned water into the perovskite precursor 
solution. The mixture solutions were stirred at 60 °C overnight in a 
glovebox and fi ltered with a 0.45 µm Polytetrafl uoroethylene (PTFE) fi lter 
before device fabrication. 

  Device Fabrication : The ITO-coated glass substrates (≈15 Ω sq −1 ) were 
fi rst cleaned with detergent, then ultrasonicated in acetone and ethanol 
at room temperature for 12 min, and subsequently treated in UV–ozone 
cleaner for 15 min. A fi lm (≈40 nm) of PEDOT:PSS (Baytron PVP Al 4083) 
was spin-coated onto the ITO substrate at 4500 rpm for 40 s and then 
annealed at 140 °C for 10 min. The substrates were transferred into a 
glovebox to thin-fi lm perovskite layers coating. A 30 wt% CH 3 NH 3 PbI 3− x  Cl  x   
precursor solution with and without water was spin-coated at 4000 rpm 
for 40 s. After the perovskite fi lms were dried at room temperature for 
20 min, the samples were annealed on a hot plate by a typical gradient 
increased temperature method. Afterward, the PC 61 BM (20 mg mL −1  in 
chloroform) and Bphen (0.5 mg mL −1  in absolute ethanol) were then 
sequentially deposited by spin coating at 2000 rpm for 40 s and 4000 rpm 
for 40s, respectively. Finally, the samples were transferred to a vacuum 
chamber and then 100 nm Ag (mask area of 7.25 mm 2 ) was deposited on 
top of the Bphen layer by thermal evaporation under 10 −7  Torr. 

  Device Characterization : The surface morphologies of CH 3 NH 3 PbI 3− x  Cl  x   
fi lms with different water doped were characterized using a fi eld-
emission SEM (Quanta 200 FEG, FEI Co.) XRD pattern was measured 
using a PANalytical 80 equipment (Empyrean, Cu Ka radiation). The 
absorption spectra of the substrates were conducted on an UV/vis 
spectrophotometer (PerkinElmer Lambda 750). The photocurrent 
density–voltage ( J–V ) characteristics of PSCs were recorded under 1 sun 
illumination using a programmable Keithley 2400 source meter under 
AM 1.5G simulated solar light. The steady state PL spectra and timer 
time-resolved PL were obtained by Horiba Jobin-Yvon LabRAM HR800 
and a single photon counting spectrometer which was combined with 
the Fluorolog-3 spectrofl uorometer (Horiba-FM-2015). A 625 nm 

laser source was used in the time resolved PL measurement. IPCE 
measurements were measured by a Newport monochromator 74125 
and power meter 1918 with silicon detector 918D measurement system. 
The TGA was carried out by utilizing thermogravimetric analyzer (FR-
TGA-10). Automatic control procedures of four successive phases are: 
heating up (25–300 ºC)—temperature stabilizing (300 ºC)—cooling 
down (300–25 ºC)—stop machine. Each phase’s time is 30 min, rates of 
heating and cooling are 10 ºC min −1 .  
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