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resulting in so-called hybrid perovs-
kites. [ 1–6 ]  The hybrid perovskites have been 
extensively studied due to their unique 
structural, optical, [ 1,2 ]  electrical, [ 3,4 ]  and 
magnetic [ 5 ]  properties. Recently, hybrid 
perovskites with intriguing photovol-
taic properties have been developed. For 
instance, CH 3 NH 3 PbI 3  (MAPbI 3 ) perovs-
kite arouses wide interest because of its 
high optical absorption, high extinction 
coeffi cient in a broad wavelength range 
from visible to near infrared, and high 
carrier mobility. [ 7,8 ]  In the past few years, 
these perovskite-structured organometal 
halides have been successfully applied 
in mesoporous solar cells (MSSCs), [ 9–15 ]  
where electrons can transfer rapidly from 
the hybrid perovskite to the mesoporous 
layer in the solar cells. [ 16 ]  In addition, these 
perovskite materials can also be imple-
mented in a planar heterojunction p-i-n 
architecture without mesoporous layer 
because of their ambipolar transport prop-

erties. [ 17–21 ]  The large diffusion length ( L  D ) of the holes and elec-
trons in perovskites can maintain or improve the performance 
of the planar heterojunction solar cells. The  L  D  is about 100 nm 
in MAPbI 3  [ 22 ]  and can be up to 1 µm in CH 3 NH 3 PbI 3- x  Cl  x   
(MAPbI 3- x  Cl  x  ) perovskites. [ 23 ]  The long  L  D  of MAPbI 3- x  Cl  x   per-
ovskite makes it one of the most suitable materials for planar 
heterojunction solar cells and the application of MAPbI 3- x  Cl  x   
perovskite usually leads to a higher open-circuit voltage in 
photovoltaic devices. [ 24 ]  Moreover, introduction of chlorine also 
plays an important role in improving fi lm morphology of the 
perovskites. [ 25 ]  

 Various MAPbI 3- x  Cl  x   perovskites have been developed and 
used as light absorbing material for photovoltaic devices. The 
MAPbI 3- x  Cl  x   perovskite-based solar cell prepared by dual-
source vapor deposition displayed a short-circuit current ( J  sc ) 
of 21.5 mA cm −2 , open-circuit voltage ( V  oc ) of 1.07 V, fi ll factor 
(FF) of 0.67, and a power conversion effi ciency (PCE) as high 
as 15.4%. [ 17 ]  The solution-processed fabrication of hybrid per-
ovskites, by contrast, is more convenient for the mass produc-
tion of perovskite solar cells. Several groups have reported 
their results of MAPbI 3- x  Cl  x   based solar cells by a spin-coating 
method, [ 26–30 ]  among which the highest PCE of 19.3% was 
obtained by Yang and co-workers. [ 28 ]  MAPbI 3- x  Cl  x   based solar 
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  1.     Introduction 

 Perovskite, named after Russian geologist Perovski, initially 
referred to CaTiO 3  materials. Nowadays, all materials that have 
a generic chemical formula of ABX 3  and a cubic structure are 
defi ned as perovskites. Alternatively, the inorganic cation A 
in the perovskites can be replaced by suitable organic species, 
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cells have made a great progress the role of chlorine and 
exact composition of halide perovskites has been debated. [ 31 ]  
Bein and co-workers prepared MAPbI 3- x  Cl  x   by controlling the 
amount of methylammonium chloride (MACl) added into the 
MAI immersion solution. [ 30 ]  While the resulting devices with 
the structure of TiO 2 /perovskite/Spiro-MeOTAD/Au exhibited a 
high power conversion effi ciency up to 15%, the exact effect of 
chlorine is not clear since the chlorine content in the perovs-
kites is too small to measure. Some groups have studied the 
chlorine doping content in the MAPbI 3- x  Cl  x   perovskites by X-ray 
photoelectron spectroscopy (XPS) or SEM energy-dispersive 
X-ray spectroscopy (EDS). [ 26,32,33 ]  However, both EDS and XPS 
are not exactly measuring methods for obtaining the accurate 
chlorine doping content. Thus, it is necessary to fi nd a better 
method to measure the chlorine doping content accurately 
for exploring the exact effect of chlorine in the MAPbI 3- x  Cl  x   
perovskites. 

 In the present work, a two-step dipping method is pro-
posed for the fabrication of MAPbI 3- x  Cl  x   fi lms on poly(3,4-ethy
lenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). The 
obtained fi lms were regular crystalline grains with a uniform 
morphology and showed full coverage on the PEDOT:PSS sub-
strate. The bandgap of the MAPbI 3- x  Cl  x   materials were tuned 
by changing the PbCl 2  mole fraction in the precursor solution 
from 0.10 to 0.40, and the corresponding chlorine mole frac-
tion ( n  Cl /( n  Cl  +  n  I )) was successfully measured by a potentio-
metric titration method. This is the fi rst time to measure the 

accurate chlorine doping content in MAPbI 3- x  Cl  x   perovskites 
so far. The corresponding solar cells with an inverted structure 
of ITO/PEDOT:PSS/MAPbI 3- x  Cl  x  /C 60 /BCP/Ag were fabricated. 
The best device showed PCE,  V  oc ,  J  sc , and FF of 14.5%, 1.11 V, 
17.8 mA cm −2 , and 0.734, respectively.  

  2.     Results and discussion 

 To investigate the effect of doping ratio of chlorine on their 
optical and electronic properties, a series of MAPbI 3- x  Cl  x   per-
ovskites were synthesized with chlorine mole fractions of 0.10, 
0.20, 0.30, and 0.40 in the initial precursor solution. As the 
solubility of PbCl 2  in DMF is poor (this is the reason why we 
could not rise the chlorine mole fraction higher than 0.40 in the 
initial precursor solution), PbI 2  was used to facilitate the dis-
solution of PbCl 2  in  N , N -dimethylformamide (DMF). The total 
concentration of PbI 2  and PbCl 2  was 1.5  M  and used for all tests. 

 The X-ray diffractometer (XRD) peaks of all four MAPbI 3- x  Cl  x   
perovskites with different chlorine mole fractions were found 
at 14.16°, 28.50°, and 43.22°, which are ascribed to their (110), 
(220), and (330) lattice planes ( Figure    1  a). This result indi-
cates the tetragonal structure of these perovskites, which con-
forms to the previously reported results. [ 34 ]  The (110) plane 
diffraction peak of CH 3 NH 3 PbCl 3  was not observed at 15.68° 
while no PbCl 2  diffraction peaks were found in the XRD 
spectra (Figure  1 b), indicating that the reaction of PbCl 2  with 
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 Figure 1.    a) XRD pattern of ITO substrate, ITO/PEDOT:PSS and a series of MAPbCl  x  I 3- x   perovskite fi lms on ITO/PEDOT:PSS substrate fabricated with 
PbCl 2  mole fractions of 0.10, 0.20, 0.30, and 0.40 in the precursor solution. b) The simulated XRD pattern of PbCl 2 , PbI 2  and measured XRD pattern of 
MAPbCl  x  I 3- x   perovskite fi lms on ITO/PEDOT:PSS substrate. c) Zoom-in of the XRD pattern at (110) lattice plane in (a). Insert is the change of the cell 
volume as a function of PbCl 2  mole fraction in the precursor. d) Zoom-in XRD pattern at (220) lattice plane in (a).
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methylammonium cation was complete and a pure MAPbI 3- x  Cl  x   
phase was formed. Compared with the XRD pattern of MAPbI 3 , 
the diffraction profi le of MAPbI 3- x  Cl  x   perovskite showed a sim-
ilar pattern while it presents a slight difference in the lattice 
parameters. As seen from local XRD pattern (Figure  1 c,d), an 
obvious shift could be seen in the strong (110) and (220) peaks. 
Although the shift is small, it is fairly above the instrumental 
sensitivity and is not negligible. The data fi tting is shown in 
Table S1, Supporting Information, and these results indicate 
that MAPbI 3  was doped with a certain amount of chlorine. In 
addition, the sequential reduction of unit cell volume also indi-
cates the increased chlorine content in these perovskites. More-
over, SEM EDS results show that different PbCl 2  mole fractions 
in initial precursor solution result in different chlorine doping 
extent in MAPbI 3- x  Cl  x   fi lms. The chlorine content in the mixed 
halide MAPbI 3- x  Cl  x   fi lm increased obviously with the increase 
of the PbCl 2  mole fraction in precursor solution from 0.1 to 
0.4 (Figure S1, Supporting Information). 

  The XRD pattern showed that the chlorine doping content in 
our perovskites prepared by a two-step dipping method using 
the initial precursor solution of 0.30 or 0.40 chlorine mole 
fraction, is higher than that fabricated by a one-step method. 
As we know, it is diffi cult to get the accurate value of chlorine 
doping content in MAPbI 3- x  Cl  x   fi lms from the XRD pattern. 
Furthermore, it is also hard to get the accurate value by SEM 
EDS or XPS. Herein, the ingenious application of potentio-
metric titration method allows us to measure the chlorine con-
tent precisely. Since the chlorine content in the CH 3 NH 3 I 3- x  Cl  x   
perovskites is relatively small, extra chlorine 
was added in the solution for making it 
better to tell the second titration end point 
apart from the fi rst, i.e., titration end point 
of chlorine apart from iodine. To deduct the 
additional chlorine in the prepared solution, 
we carried out blank experiment three times. 
The titration curves of the blank experiment 
were shown in Figure S2, Supporting Infor-
mation. The three titrimetric results (1.079, 
1.081, 1.068 mL) showed that it was relatively 
precise with a small relative error (<1%). 
Figure S3, Supporting Information, shows 
the titration curves of the prepared sample 
solutions. The detailed chlorine mole frac-
tions of the perovskites fi lms fabricated with 
PbCl 2  mole fraction from 0.10 to 0.40 in the 

precursor are summarized in  Table    1  . Detailed calculation pro-
cesses could be found in the Supplementary Information. To 
verify the precision of the proposed titration method, a series 
of standard I/Cl mixed solutions were prepared. The chlorine 
mole fraction of the standard solutions was 0.0100, 0.0600, 
0.2000, and 0.2400, respectively. Applying the same method, 
we titrated each of the standard I/Cl mixed solution in turn. 
The titration curves of these samples were shown in Figure S4, 
Supporting Information, and the corresponding measured 
results were summarized in Table  1 . Data show that the results 
given by the proposed method are in well agreement with what 
we have prepared, which confi rmed the accuracy of the titra-
tion method we proposed. By the way, the perovskites formed 
by a one-step method were also fabricated in our experiments, 
and the perovskites were titrated by the same method as well. 
The chlorine mole fraction in the perovskites fabricated by the 
one-step method is 0.056 ± 0.015, which is close to the value 
that fabricated by the two-step method with a precursor solu-
tion containing 0.20 mole fraction of PbCl 2 . And similar results 
could also be found in the XRD pattern (Figure  1 c,d). The dif-
ference between our results and the reported ones may arise 
from different fabrication methods of the perovskite layer. In 
Angelis’s work, the low chlorine content may due to a high 
annealing temperature, [ 35 ]  as it is known that chlorine in per-
ovskite would react with MA +  to be MACl, which could diffuse 
out from bulk to interface easily at high temperature with long 
time. [ 33 ]  Furthermore, chlorine content up to 25.9% has been 
demonstrated without annealing the perovskite in Hodes’s 
work. [ 33 ]  Moreover, in most reported work that having low chlo-
rine content the MAPbI 3- x  Cl  x   layer was fabricated by a one-step 
method. Our study indicates that a higher chlorine content 
can be achieved in a two-step method. The reported work with 
the MAPbI 3- x  Cl  x   perovskite fabricated by the two-step method 
that same to us showed also high chlorine content in the 
perovskites. [ 29 ]  

  The visual absorption spectra of the perovskite fi lms showed 
a blue-shift in the bandgap with the increase of PbCl 2  mole frac-
tion in precursor solution ( Figure    2  a). Extrapolated from the 
absorption of direct transition at absorption edge, the bandgap 
of the MAPbI 3- x  Cl  x   perovskites was tuned from 1.54 eV (absorp-
tion edge at 801 nm) to 1.59 eV (absorption edge at 782 nm) 
with increase of PbCl 2  mole fraction in the precursor solution 
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  Table 1.    Measured chlorine mole fraction in the perovskites corre-
sponding to PbCl 2  mole fraction from 0.10 to 0.40 in the precursor, 
and comparison of prepared and measured chlorine mole fraction in 
standard I/Cl solutions. 

PbCl 2  mole fraction 
in the precursor

Measured chlorine 
mole fraction in 

perovskites

Prepared chlorine 
mole fraction

Measured chlorine 
mole fraction

0.10 0.012 ± 0.008 0.0100 0.006

0.20 0.073 ± 0.012 0.0600 0.059

0.30 0.185 ± 0.015 0.2000 0.193

0.40 0.220 ± 0.020 0.2400 0.233

 Figure 2.    a) Visible absorption spectra of the MAPbI 3- x  Cl  x   fi lms fabricated with PbCl 2  mole frac-
tions of 0.10, 0.20, 0.30, and 0.40 in precursor solution with a thickness around 300 ± 15 nm. 
b) The IPCE spectrum of the planar heterojunction solar cell fabricated with chlorine and 
without chlorine.
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from 0.10 to 0.40. The large background in absorption was then 
taken into consideration, which makes the application of regular 
absorption spectra for bandgap evaluation may be not good 
enough. Thus, we supplied the EQE data of the devices with 
chlorine and without chlorine in Figure  2 b. The EQE band edge 
of the device using 40% precursor solution was 775 nm while 
that of the device without chlorine was 796 nm. Both of absorp-
tion spectra and the EQE spectra demonstrated that the doped 
chlorine has increased the bandgap of the perovskites. It is found 
obviously that the EQE band edge shifts to short wavelength. 

  A series of devices with a layer structure of ITO/
PEDOT:PSS/MAPbI 3- x  Cl  x  /C 60 /BCP/Ag were constructed, 
where the MAPbI 3- x  Cl  x   perovskite was used as light har-
vester, PEDOT:PSS layer was used as hole transport material 
(HTM) and C 60  was used as electron transport material (ETM) 

( Figure    3  a) and its cross-sectional SEM image 
is shown in Figure  3 b. The MAPbI 3- x  Cl  x   per-
ovskite layer was prepared by PbI 2 /PbCl 2  
mixed precursor solution with 0.10, 0.20, 
0.30 or 0.40 PbCl 2  mole fractions with the 
thicknesses around 300 ± 15 nm. The photo-
voltaic parameters of the corresponding solar 
cells are summarized in  Figure    4  . It is clear 
that the device parameters were increased 
with the increase of chlorine doping content. 
 V  oc  was increased from 1.00 to 1.09 V with 
the increase of PbCl 2  mole fraction in the 
precursor solution from 0.10 to 0.40, which 
might be attributed to the increased bandgap 
of the MAPbI 3- x  Cl  x   perovskite with high chlo-

rine doping content mostly. Regarding to the increased voltage, 
it is our point of view that the increased bandgap is one of the 
reasons. However, it is obviously, the increased voltage is larger 
than the increased bandgap. The possible reason we believe is 
the improved carrier diffusion length and charge mobility in 
the MAPbCl 3- x  I  x   perovskites, [ 23 ]  which would decrease series 
resistance and the exciton recombination in the devices. Thus, 
it would not only have a positive effect on the  V  oc , but also on 
the photocurrent density and FF. The best device in the experi-
ment was based on the 0.40 mole fraction PbCl 2  precursor, and 
the corresponding current density–voltage ( J–V ) is shown in 
 Figure    5  a. The  J  sc ,  V  oc , FF, and PCE of the solar cell are 17.8 
mA cm −2 , 1.11 V, 0.734, and 14.5% by a forward scan mode 
(−0.5 to 1.5 V) and 18.0 mA cm −2 , 1.10 V, 0.707, and 14.0% 
by a reverse scan mode (1.5 to −0.5 V), respectively. The  J–V  
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 Figure 3.    a) Confi guration diagram of the MAPbI 3- x  Cl  x   perovskite hybrid solar cell in this work; 
b) The cross-sectional SEM image of the solar cell with a layer structure of ITO/PEDOT:PSS/
MAPbI 3- x  Cl  x  /C 60 /BCP/Ag. The thickness of the MAPbI 3- x  Cl  x   fi lm is around 300 ± 15 nm.

 Figure 4.    The photovoltaic parameters of the MAPbI 3- x  Cl  x   perovskite solar cells fabricated with different PbCl 2  mole fractions in the precursor solution. 
a)  V  oc  b)  J  sc  c) FF d) PCE.
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curves of the best cell obtained at different 
scanning rates from 100 to 500 mV s −1  are 
shown in Figure  5 b. The detected effi ciencies 
are very close, refl ecting that the solar cell 
reaches an equilibrium state and its output 
should be very close to the real value. Fur-
thermore, the steady photocurrent output 
measured under different bias potentials 
and continuous light illumination are shown 
in Figure  5 c. The equilibrium photocur-
rent densities generated at 0.850, 0.880, and 
0.900 V are 16.45, 16.33, and 15.57 mA cm −2 , 
respectively. Accordingly, the calculated solar 

conversion effi ciencies are 13.98%, 14.37%, and 14.01%, respec-
tively. To the best of our knowledge, this is the highest effi ciency 
reported so far for the MAPbI 3- x  Cl  x   perovskite in an inverted 
structure of PEDOT:PSS/MAPbI 3- x  Cl  x  . The MAPbI 3- x  Cl  x   
planar heterojunction solar cell also exhibited high incident 
photon-to-electron conversion effi ciency (IPCE) in a broad vis-
ible absorption range up to 775 nm (Figure  2 b). The highest 
IPCE reached 83%, which was obtained at 530 nm with an 
optical bandgap of 1.59 eV. The integration of the IPCE spec-
trum with an AM 1.5G solar photon fl ux yielded a current 
density of 17.8 mA cm −2 , which is consistent with the meas-
ured photocurrent density. The reproducibility of the perovs-
kite-based photovoltaics was well demonstrated by 15 separate 
devices, which were fabricated and characterized as described 
above. Their photovoltaic parameters are presented in Table S2, 
Supporting Information. 

    A comparison between the MAPbI 3- x  Cl  x   fi lms fabricated by 
two-step dipping method described in the present work and the 
conventional one-step spin-coating were conducted. As shown 
in  Figure    6  , the fi lm fabricated via two-step dipping method 
displayed a complete coverage with regular crystalline grains 
while the other showed a lower surface coverage. In addition, 
the perovskites fi lm fabricated by the two-step dipping method is 
smoother than that made by the one-step spin-coating method. 
Their average roughness is 45 and 105 nm, respectively, which 
was measured by atomic force microscope (AFM) (Figure S5, 
Supporting Information). The performance parameters of the 
corresponding solar cells fabricated using two-step deposition 
and one-step spin-coating method are summarized in  Table    2  . 
The devices fabricated with two-step dipping method showed a 
slightly lower  J  sc , but much higher  V  oc  and FF. The lower  J  sc  may 
be attributed to the lower crystallinity of the perovskite fabricated 
by two-step dipping method (Figure  1 ), which results in a higher 
series resistance ( R  s ) of the devices. The full coverage and high 
chlorine doping content of the perovskite fi lm reduce its leakage 
current [ 19,36 ]  and increase the bandgap, respectively, which 
results in the higher  V  oc . In addition, the high parallel resistance, 
resulted from the fully covered perovskite layer fabricated with 
the two-step dipping method on PEDOT:PSS fi lm in devices, 
accounts for the larger FF of the corresponding solar cell. 

     3.     Conclusions 

 A two-step dipping method for the fabrication of MAPbI 3- x  Cl  x   
( x  = 0.036 ± 0.024–0.660 ± 0.060) perovskite layer on a fl at 
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 Figure 5.    a) The current density–voltage ( J–V ) curves of the best solar 
cell fabricated with two-step dipping method under the simulation of AM 
1.5G, 100 mW cm −2 . b)  J–V  curves obtained at different scanning rates 
(100 to 500 mV s −1 ). c) The steady photocurrent output measured under 
different bias potentials and continuous light illumination.

 Figure 6.    The SEM images of the disparate perovskite layers fabricated by a) two-step dipping 
method and b) one-step spin-coating deposition.
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substrate (ITO/PEDOT:PSS) was demonstrated. The chlorine 
content was determined with a small absolute error (<0.020) 
using a quantitative analysis method: potentiometric titra-
tion. The bandgap of the perovskite can be tuned from 1.54 to 
1.59 eV by changing the chlorine doping content. The perovs-
kites fabricated by this two-step dipping method showed better 
morphology and coverage than that prepared using the conven-
tional one-step method, leading to a much higher  V  oc  and FF 
of the corresponding solar cell. The solar cell with the CH 3 N
H 3 PbI 2.34±0.06 Cl 0.66±0.06  perovskites as light harvester showed a 
PCE up to 14.5% and a  V  oc  as high as 1.11 V under AM1.5G 
illumination.  

  4.     Experimental section 
  Materials:  Methylamine (25% solution) and hydroiodic acid (45% 

solution) were purchased from Sinopharm Chemical Reagent Co., 
Ltd (Shanghai, China). Methylammonium iodide (CH 3 NH 3 I) was 
synthesized by the reaction of methylamine with hydroiodic acid as 
previously reported. [ 24 ]  Raw materials used to prepare CH 3 NH 3 I are 
methylamine (CH 3 NH 2 ) (25% in water, Sinopharm Chemical Reagent 
Co., Ltd.) and hydroiodic acid (HI) (45% in water, Sinopharm Chemical 
Reagent Co., Ltd.). Poly(3,4-ethylenedioxythiophene):poly(styrene 
sulfonate) (PEDOT:PSS) (Clevious P VP AI 4083), PbI 2  (99.9985%), 
PbCl 2  (99.99%), C 60  (99.9%) and 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) (98%) were purchased from H. C. Stark Company, 
Alfa Aesar, Aladdin, Puyang Yongxin Fullerene Technology Co. Ltd and 
Acros Organics, respectively. BCP was purifi ed by thermal gradient 
sublimation before use. All other materials were used without any 
further purifi cation. ITO (8 Ω sq −1 ) coated glass substrate was obtained 
from Huayulianhe Co., Ltd. 

  Potentiometric Titration:  First, we fabricated a series of perovskites 
using precursor solution with PbCl 2  mole fraction from 0.10 to 0.40 on 
ITO glass/PEDOT:PSS substrates. Then we loaded these perovskites with 
250 mL ultrapure water in a beaker. Though an approximately calculation 
(see the Supporting Information), each substrate has about 10 −6  mole 
iodine and 10 −7  mole chlorine. Since the solubility products ( K  sp ) of PbI 2  
and PbCl 2  are 7.1 × 10 −9  and 1.6 × 10 −5 , respectively, these perovskites 
can be well dissolved. After that, 0.01  M  AgNO 3  solution was used to 
titrate those perovskites solution by a ZDJ-4A automatic potentiometric 
titrator. During which 10.00 mL 1.000 × 10 −3   M  NaCl (primary standard) 
was added in the prepared solution since the inherent chlorine content 
in perovskite fi lms is too small to separate the titration end point of 
chlorine from iodine. The titration rate was 0.080 mL min −1 . The titration 
end points are determined by the instrument automatically. Based on 
Nernst equation, the Ag ± /Ag electrode potential changes because of 
the changing of Ag ±  concentration during the titration process. When 
a titration end point is reached, the potential ( E )–volume ( V ) curve 
would appear a turning point (the largest value of d E /d V ), which can be 
recorded by the instrument. 

  Device Fabrication:  The ITO coated glass substrate was cleaned 
in an ultrasonic bath with detergent, deionized water, acetone and 
isopropyl alcohol sequentially for 20 min. The substrate was then 
treated in an ultraviolet-ozone environment for 10 min and spin-coated 

with PEDOT:PSS (fi ltered through a 0.45 µm fi lter) at 500 rpm for 
9 s and 4000 rpm for 60 s. The PEDOT:PSS layer was dried in an oven 
at 140 °C for 20 min. The ITO/PEDOT:PSS substrate was then spin-
coated with a 1.5  M  PbI 2 /PbCl 2  precursor solution (dissolved at 85 °C 
and then cooled at room temperature before use) in DMF at 8000 rpm 
for 60 s at 20 °C and 20% humidity. The mole fractions of PbCl 2  ( n  Cl /
( n  Cl  +  n  I )) in the precursor solution were 0.10, 0.20, 0.30, and 0.40. The 
substrate was then air-dried, dipped into a preheated CH 3 NH 3 I solution 
(15 mg mL −1  in 2-propanol) for 60 s. Since the higher formation energy 
of chlorine incorporation into the perovskite matrix than that of iodine 
incorportation, [ 36 ]  we chose the temperature of CH 3 NH 3 I solution 70 °C. 
After that, the formed perovskite layer was rinsed with 2-propanol and 
heated at 75 °C for 20 min. C 60  (30 nm), BCP (8 nm), and Ag (100 nm) 
layers were sequentially deposited by thermal evaporation under vacuum 
(10 −6  mbar). The active area of the devices was 0.100 cm 2 . 

  Characterization:  All photovoltaic measurements were carried out in 
air. An Oriel 300 W solar spectrum simulator (Thermo Oriel 91160–1000) 
with an AM 1.5G light fi lter was corrected with a standard Si solar cell 
to 100 mW cm −2  illumination intensity and used to obtain the emission 
spectra. All current-–voltage curves were recorded on a measuring 
system (Keithley Model 4200) by applying an external potential bias 
on the cell. The incident-photo-to-current conversion effi ciency was 
recorded on a Keithley 2400 source meter under an irradiation of a 
150 W tungsten lamp with a 1/4 m monochromator (Spectral Product 
DK 240). The optical absorption spectra were scanned with a UV-3100 
spectrophotometer (Shimadzu, Japan). The crystallographic properties 
of MAPbCl  x  I 3- x   fi lms on the ITO/PEDOT:PSS substrates were investigated 
using a D/MAX-2000 X-ray diffractometer under monochromated Cu  K α 
irradiation ( λ  = 1.5418 Å) at a scan rate of 4° min −1 . Scanning electron 
microscope (SEM) images were captured with a fi eld emission scanning 
electron microscope (Hitachi S-4800) and atomic force microscope 
(SPI3800/SPA400 SPM, Seiko Instrument Inc.). The thickness of the 
fi lms was measured using a KLA-Tencor Alpha-Step Surface Profi ler. 
Potentiometric titration curves were captured by a ZDJ-4A automatic 
potentiometric titrator (Shanghai INESA Scientifi c Instrument Co., 
Ltd.),in which the input volume error can be accurately controlled 
in ±10 µL by a peristaltic pump.  
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