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mesoporous charge transfer layer, their 
application into the fl exible electronics 
would be limited due to their brittle-
ness and the high-temperature (i.e.,  T  > 
450 °C) sintering process which damages 
plastic substrates. Otherwise, solution-
processed planar heterojunction (SP-PHJ) 
PrSCs can be fabricated using low-tem-
perature processable interlayers without 
mesoporous metal oxides; this approach 
enables the fabrication of fl exible PrSCs 
on plastic substrates. [ 7–9 ]  Therefore, the 
development of a solution-processed and 
effi ciently charge-transporting interlayer 
material has been required recently to 
increase PCE of SP-PHJ PrSCs for the 
practical application of highly effi cient 
and fl exible PrSCs. In addition to con-
ducting polymers (e.g., poly(3,4-ethylen
edioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS), [ 7,9,15,16 ]  self-organized hole 
extraction layer (SOHEL) [ 9 ] ), several dif-
ferent hole transport materials (HTMs), 
including inorganic materials (graphene 
oxide, [ 17 ]  reduced graphene oxide, [ 18 ]  

NiO x  [ 15 ] ) and conjugated polymers (e.g., PolyTPD, [ 19 ]  P3HT, [ 20 ]  
poly(2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2′,5′-
di(thien-2-yl)thieno[3,2-b]thiophene) (DPP-DTT), [ 21 ]  PCP-
DTBT, [ 21 ]  and PCDTBT [ 21 ] ) have been used to increase the PCE 
in SP-PHJ PrSCs. 

 Among these materials, polymeric HTMs have been inten-
sively developed for highly effi cient SP-PHJ PrSCs because 
they can be fabricated by solution processing and exhibit better 
hole mobility compared to vacuum-processed small-molecule 
HTMs. [ 3 ]  

 In the fi rst few papers reporting SP-PHJ PrSCs, they were based 
on the PEDOT:PSS HTM [ 16 ]  because PEDOT:PSS is one of the 
most commonly used HTMs for organic photovoltaics [ 22–27 ] and 
organic light-emitting diodes (OLEDs). [ 28,29 ]  However, work 
function (WF) of PEDOT:PSS (≈4.9–5.2 eV) is highly dependent 
on the ratio of the polymeric acid, PSS relative to PEDOT [ 25,28 ]  
and therefore may not be suffi ciently high to perfectly match 
the valence band maxima (VBM) of perovskite materials (e.g., 
–5.43 eV for methylammonium lead iodide (MAPbI 3 )) for ohmic 
contact and consequential effi cient charge extraction. [ 9,15,19–29 ]  
Moreover, PEDOT:PSS is dispersed with a large particle size 
(≈60 nm) in solution; [ 30 ]  it precipitates slowly from the solution 
during storage and is diffi cult to redisperse from the aggregated 

 Organic–inorganic hybrid perovskite solar cells are fabricated using a water-
soluble, self-doped conducting polyaniline graft copolymer based on poly(4-
styrenesulfonate)- g -polyaniline (PSS -g- PANI) as an effi cient hole-extraction 
layer (HEL) because of its advantages, including low-temperature solution 
processability, high transmittance, and a low energy barrier with perovskite 
photoactive layers. Compared with conventional poly(3,4-ethylenedioxythiop
hene):poly(styrene sulfonate) (PEDOT:PSS) dispersed in water solution, PSS -
g- PANI molecules are dissolved in water because of the polymeric dopant 
covalently bonded with PANI, and can steadily remain as an initial solution 
during long-term storage and over a wide pH range to fabricate a HEL with 
fewer surface defects. The built-in potential and device characteristics are 
substantially improved because of the surface energy state of PSS -g- PANI 
below Fermi-energy level. Moreover, the PSS -g- PANI mixed with electron-
withdrawing perfl uorinated ionomer (PFI) exhibits a higher work function 
(5.49 eV) and deeper surface energy state below the Fermi level; thus, an 
ohmic contact at the HEL/methylammonium lead iodide perovskite inter-
face is obtained. Finally, the power conversion effi ciency was increased from 
7.8%% in the perovskite solar cells with PEDOT:PSS to 12.4%% in those with the 
PSS -g- PANI:PFI. 

  1.     Introduction 

 Power conversion effi ciency (PCE) of organic–inorganic hybrid 
perovskite solar cells (PrSCs) have rapidly increased for a short 
time [ 1–10 ]  because the perovskite photoactive layer exhibits out-
standing electronic properties, [ 11,12 ]  controllable band gap and 
absorption spectra, [ 13 ]  and high extinction coeffi cient. [ 5,14 ]  In 
early reports, PrSCs included mesoporous TiO 2  [ 1–4,6 ]  as a charge 
transfer layer or mesoporous Al 2 O 3  [ 5 ]  as the insulating scaf-
fold because these PrSCs were based on the structure of dye-
sensitized solar cells. Despite the high effi ciency of PrSCs with 
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solid. In addition, PEDOT:PSS can be dissociated into PSS salt 
and PEDOT at higher pH levels (pH > 9); thus, PEDOT:PSS 
is easily aggregated when the pH of its solution is varied. The 
aggregated particles of PEDOT:PSS in the solution would form 
serious defects in the fi lm morphology. Therefore, water-soluble 
conducting polymers with a high WF and fewer fi lm defects are 
essentially required for the fabrication of highly effi cient, fl exible 
SP-PHJ PrSCs. 

 Among various conducting polymers, polyaniline (PANI) 
has been used as an effi cient HTM in OLEDs [ 31–34 ]  and 
improves hole injection to the emitting layer, [ 35,36 ]  and exhibits 
high transmittance compared to that of PEDOT. [ 37 ]  A water-
soluble, self-doped conducting polyaniline graft copolymer, 
poly(4-styrenesulfonate) -g- polyaniline (PSS -g- PANI), can be 
a good material candidate as a HTM. [ 38 ]  Unlike dispersible 
PEDOT:PSS, soluble PSS -g- PANI can steadily remain as an ini-
tial solution without aggregation during long-term storage and 
over a wide pH range because the grafted polymeric dopant, 
PSS, is covalently bonded to the conducting polymer chain 
PANI. [ 39 ]  Moreover, the WF and conductivity of PSS -g- PANI can 
be tuned via the manipulation of the molecular ratio between 
the grafted PSS and the PANI during the synthesis process. [ 30 ]  

 In this study, we synthesized a self-doped conducting 
polymer, PSS -g- PANI, which is soluble in water and other 
polar solvents such as dimethyl formamide (DMF), and 
compared the bimolecular recombination in the device with 
PEDOT:PSS or PSS- g -PANI. In addition to the grafted PSS 
chains, we added an electron-withdrawing perfl uorinated 
ionomer (PFI) into the PSS -g- PANI solution to increase the 
WF of PSS -g- PANI:PFI layer. We investigated the WF of the 
PSS -g- PANI and PSS -g-  PANI:PFI hole-extraction layers 
(HELs) and their energy alignment with MAPbI 3 ; we then 
estimated the resulting energy barriers at the HEL/MAPbI 3  
interface to explain the increased built-in potential ( V  bi ) and 
corresponding open-circuit voltage ( V  oc ) in the device with 
PSS -g- PANI and PSS -g-  PANI:PFI. We also investigated the 
external quantum effi ciency (EQE) and short-circuit current 
density ( J  sc ) of the device with PSS -g- PANI and observed that 
these parameters were correlated with high transmittance at 
the spectral response of MAPbI 3  PrSC with PSS -g- PANI com-
pared to that with conventional PEDOT:PSS.  

  2.     Results and Discussion 

 We followed the previously reported reaction procedure to syn-
thesize PSS -g- PANI. [ 39 ]  The product, PSS -g- PANI, was obtained 
with 1:6 PANI-to-PSS feeding ratio, as shown in  Figure    1  . 
We investigated the current density versus voltage ( J – V ) 
characteristics of the MAPbI 3  device fabricated using PSS -g-
 PANI or PEDOT:PSS under various light intensities ranging 
100–1.5 mW cm –2  ( Figure    2  a,b). The PSS -g- PANI affects the 
shape of the  J – V  curve, which is strongly correlated with the 
recombination mechanism. At short circuit, the bimolecular 
recombination should be minimal for maximum carrier sweep 
out. [ 40 ]  Figure  2 c shows  J  sc  versus  I  plotted on a log–log scale 
and the fi tted power law based on the following equation 

   α( )∝ ≤α 1SCJ I   (1) 

 In principle, the observance of α = 1 indicates that all the 
charge carriers have been removed prior to recombination. The 
α values of 0.926 and 0.962 were observed in the devices with 
PEDOT:PSS and PSS -g- PANI, respectively. Because deviation 
from α = 1 is attributed to nongeminate recombination [ 41 ]  and 
space charge effects, [ 42,43 ]  the higher α of the device with PSS -
g- PANI implies that the bimolecular recombination is close to 
minimal, which is correlated with the increase in the shunt 
resistance and high collection probability in the device.   

 The  J–V  characteristics of the perovskite photovoltaic 
cells with an indium–tin oxide (ITO)/HEL(PEDOT:PSS or 
PSS -g- PANI)/MAPbI 3 /Phenyl-C61-butyric acid methyl ester 
(PCBM)/Al structure were obtained under the irradiation of 
air mass (AM) 1.5 global simulated sunlight at an intensity 
of 100 mW cm –2  ( Figure    3  ). We also investigated the device 
parameters summarized in  Table    1   for PrSCs with PEDOT:PSS 
and PSS -g- PANI. The MAPbI 3  perovskite device with PSS -g-
 PANI exhibited a higher  V  oc  (1.04 V) and  J  sc  (14.1 mW cm 2 ) 
than that with pristine PEDOT:PSS ( V oc    = 0.923 V;  J  sc  =  
11.8 mA cm –2 ). The device with PSS -g- PANI exhibited a PCE of 
9.7%, whereas the device with pristine PEDOT:PSS exhibited a 
PCE of 7.8%. We speculated that these device results stemmed 
from the low bimolecular recombination in the device using 
PSS -g- PANI HTM compared with that in the device using 
PEDOT:PSS, as shown in Figure  2 . However, the  V  oc  of the 
device with PSS -g- PANI was not the highest achieved among 
MAPbI 3  PrSCs; therefore, we used a perfl uorinated polymeric 
acid dopant (i.e., PFI) to match the energy level of PSS -g- PANI 
to that of MAPbI 3  perovskite. The WF of a conducting polymer 
mixed with PFI is increased [ 44 ]  according to previous density 
functional theory calculations; [ 28 ]  therefore, we mixed PFI with 
PSS -g- PANI solution to achieve a high-WF HEL. [ 38 ]  In addition, 
the PFI self-organizes at the surface of the PSS -g- PANI:PFI 
fi lms by single spin-coating of the mixed solution due to the 
fl uorinated moiety. [ 38,40 ]  The  J–V  and device characteristics of 
the perovskite photovoltaic cells with an ITO/PSS -g- PANI:PFI/
MAPbI 3 /PCBM/Al structure are investigated in Figure  3  and 
Table  1 . The  V  oc  (1.07 V),  J  sc  (14.9 mA cm –2 ), and fi ll factor (FF) 
(77.5%) of the device were also increased compared with those 
of the device fabricated using PSS -g- PANI; therefore, PCE was 
increased to 12.4% in the device with PSS -g- PANI:PFI.   

 We compared the ultraviolet (UV) photoemission 
spectroscopy (UPS) results of PEDOT:PSS, PSS -g- PANI, and 
PSS- g -PANI:PFI ( Figure    4  ) to investigate the energy level and 
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 Figure 1.    Chemical structure of poly(4-styrenesulfonate)- g -polyaniline 
(PSS- g -PANI).



FU
LL P

A
P
ER

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (3 of 7) 1500678wileyonlinelibrary.com

electronic structure of conducting polymer (i.e., PEDOT or 
PANI) fi lms with dopant polymers (i.e., PSS or PFI). We obtained 
the WF values of PEDOT:PSS (4.94 eV) and PSS -g- PANI 
(4.99 eV) from the secondary cutoff of the UPS spectra (left side 
of Figure  4 ). The WF values of PEDOT:PSS and PSS -g- PANI 

are similarly lower than the ionization energy (IE) of MAPbI 3  
perovskite (5.43 eV); consequently, energy level offsets are 
formed at their interface with MAPbI 3  perovskite. However, 
despite the similar WFs of PEDOT:PSS and PSS -g- PANI, the 
 V  oc  of the device with PSS -g- PANI was higher than PEDOT:PSS 
(Figure  3 ). To investigate the higher  V  oc  of PSS -g- PANI, we ana-
lyzed the electronic structure of PEDOT:PSS and PSS -g- PANI 
fi lms near the Fermi-energy level (right side of Figure  4 ). The 
density of fi lled (valence) states near the Fermi-energy level of 
PEDOT:PSS decreases with excess surface-enriched PSS mole-
cules; thus, the density of fi lled states of PEDOT:PSS at the sur-
face is downshifted to 0.25 eV below the Fermi-energy level. [ 45 ]  
In the case of self-doped PSS -g- PANI, the density of fi lled states 
near the Fermi-energy level is downshifted further to a deeper 
level than that of the conventional PEDOT:PSS (right side of 
Figure  4 ). In addition, we also compared the energy level and 
electronic structure of PSS- g -PANI:PFI. In previous research, 
the calculated IE of fl uorinated ionomer has been reported to 
be higher than that of hydrocarbon ionomer because fl uori-
nated moiety exhibits greater electron-withdrawing ability 
than hydrocarbon moiety and the oxidation of a fl uorocarbon 
ionomer is more diffi cult than that of hydrocarbon ionomer. [ 28 ]  
Because the density of fi lled states close to the Fermi-energy 
level of PSS- g -PANI:PFI is more suppressed by the stronger 
electron-withdrawing PFI than the PSS (right side of Figure  4 ), 
the surface energy state is signifi cantly downshifted below the 
Fermi-energy level and forms at a deeper level than that of PSS-
 g -PANI. As a result, PFI molecules can increase the surface 

Adv. Mater. Interfaces 2016, 3, 1500678

www.advmatinterfaces.dewww.MaterialsViews.com

 Figure 2.    The  J–V  characteristics of the device with a) PSS- g -PANI 
and b) PEDOT:PSS under various light intensities ranging from 100 to 
1.5 mW cm –2 . c) Measured  J  sc  of the device on the logarithmic scale and 
fi tted power law (line) yield α.
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 Figure 3.    The  J–V  characteristics of the device with PEDOT:PSS, PSS- g -
PANI, and PSS- g -PANI:PFI.

  Table 1.    The device characteristics of the device with PEDOT:PSS, PSS-
 g -PANI, and PSS- g -PANI:PFI.  

  V  oc  
[V]

 J  sc  
[mA cm –2 ]

FF 
[%]

PCE 
[%]

 R  sh  
[Ω cm 2 ]

 R  s  
[Ω cm 2 ]

PEDOT:PSS 0.923 11.8 73 7.8 1351 8.9

PSS- g -PANI 1.04 14.1 67.3 9.7 2969 13.1

PSS- g -PANI:PFI 1.07 14.9 77.6 12.4 37374 8.4



FU
LL

 P
A
P
ER

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1500678 (4 of 7)

WF and the surface energy state of PSS- g  -PANI:PFI 
simultaneously.  

 The electronic structures of HELs are summarized in 
 Figure    5   as schematic diagrams of the Fermi-energy levels 
and the surface energy states of PEDOT:PSS, PSS- g -PANI, and 
PSS- g -PANI:PFI. The WF of PSS- g -PANI is similar to that of 
PEDOT:PSS; however, the surface energy state of PSS- g -PANI 
is formed at a deeper level than that of PEDOT:PSS. Moreover, 
PSS- g -PANI:PFI shows the higher WF and the deeper surface 
energy state compared to PEDOT:PSS and PSS- g -PANI. As 
a result, the energy offset between the surface energy state of 
PSS- g -PANI:PFI and the VBM of MAPbI 3  (–5.43 eV) is perfectly 
eliminated and forms an ohmic contact at the interface. [ 9–38 ]  
Therefore, we expect that the  V  bi  and corresponding  V  oc  in the 
device approach their maximum values because the potential 
loss of photogenerated charge is minimized at the interface 
between PSS- g -PANI:PFI and MAPbI 3 . [ 44a ]   

 To compare the  V  bi  of the PSS- g -PANI:PFI/MAPbI 3  PrSCs 
with that of the conventional PEDOT:PSS/MAPbI 3 , we inves-
tigated the effect of the PSS- g -PANI:PFI by measuring the 
capacitance–voltage ( C–V ) characteristics in  Figure    6  a. The 
accumulated space charges inside the device can increase its 

capacitance. As the applied voltage increases, the capacitance 
tends to increase to a maximum and then decreases. The  V  bi  
is correlated with the voltage  V  peak  at the peak capacitance as [ 9 ] 

    
− ∝bi peak

BV V
k T

e   
(2)

 

 where  k  B  is the Boltzmann constant,  T  is the absolute tempera-
ture, and  e  is the magnitude of the electron charge. Because 
 V  peak  is directly correlated with  V  bi , a higher  V  peak  implies a 
higher  V  bi , and thus, consequently a higher  V  oc . The  V  peak  of 
PSS- g -PANI:PFI/MAPbI 3  PrSCs (1.01 V) was higher than that 
of their PEDOT:PSS/MAPbI 3  counterparts (0.85 V); this differ-
ence indicates that using PSS -g- PANI:PFI instead of conven-
tional PEDOT:PSS increases the  V  oc  of the device.  

 We also measured the net photocurrent density (i.e., the dif-
ference, Δ J , of photocurrent between under illumination and in 
the dark) in Figure  6 b. The compensation voltage  V  0  at which 
Δ J  = 0 is correlated with  V  bi  [ 9 ] 

    
= − ln( )0 bi

BV V
k T

e
A

  
(3)
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 Figure 4.    Ultraviolet photoelectron spectroscopy of PEDOT:PSS, PSS- g -
PANI, and PSS- g -PANI:PFI.
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 Figure 5.    Schematic diagrams of energy level of PEDOT:PSS, PSS- g -
PANI, and PSS- g -PANI:PFI.
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devices with PEDOT:PSS and PSS- g -PANI:PFI.
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 where  A  is a material parameter. The higher  V  0  of the PSS-
 g -PANI:PFI/MAPbI 3  device ( V  0  = 1.15 V) compared with that 
of the PEDOT:PSS/MAPbI 3  device (1.01 V) is owing to the 
increased forward diffusion of photogenerated carriers in the 
PSS- g -PANI:PFI/MAPbI 3  device. This increased carrier dif-
fusion in the PSS- g -PANI:PFI/MAPbI 3  device stems from 
the higher  V  bi  in the device than that in the PEDOT:PSS/
MAPbI 3  device. Therefore, the compensation voltage analysis 
also reveals a high  V  bi  and consequently a higher  V  oc  in the 
PSS- g -PANI:PFI/MAPbI 3  device compared with conventional 
PEDOT:PSS/MAPbI 3  device (Figure  3 ). The PrSCs based 
on PSS- g -PANI showed the enhanced  V  oc  compared with 
PEDOT:PSS due to the deepened surface energy state of PSS- g -
PANI (Figure  4 ); however, FF was reduced to 67.3% due to the 
partial dissolution of conducting polymers during PbI 2  deposi-
tion. PSS- g -PANI molecules are more soluble in polar organic 
solvents due to polar moieties in polymeric chain [ 39 ]  compared 
to phase-segregated insoluble PEDOT molecules under the 
PSS-rich surface layer of PEDOT:PSS. [ 25,28 ]  Therefore, series 
resistance ( R  s ) of the PrSCs based on PSS- g -PANI (13.1  Ω cm 2 ) 
was higher than that of device on PEDOT:PSS (8.9 Ω cm 2 ) due 
to the slight dissolution and morphological change of the PSS-
 g -PANI fi lm by polar solvent (DMF) of PbI 2 . However, FF of 
the PrSCs based on PSS- g -PANI:PFI was increased to 77.6% 
because the vertically phase-segregated and hydrophobic PFI-
rich surface layer [ 29 ]  of PSS- g -PANI:PFI could protect PSS- g -
PANI from dissolution by DMF. 

 We compared the transmittances of PEDOT:PSS, PSS-
 g -PANI, and PSS- g -PANI:PFI to investigate EQE and the  J  sc  
characteristics in the devices. The EQE spectra of the PSS-
 g -PANI:PFI/MAPbI 3  device exhibited 73% at the maximum, 
whereas that of the PEDOT:PSS/MAPbI 3  device showed 64% 
( Figure    7  ). The photocurrent integrated from the overlap of 
the EQE spectrum with the AM 1.5 G solar irradiation gives 
current density values of 14.78 and 12.26 mA cm –2  for the 
devices with PSS- g -PANI:PFI and PEDOT:PSS, respectively. 
The integrated photocurrent from EQE is consistent with 
the results of  J–V  characteristics in Figure  3  and Table  1 . The 
high  J  sc  of the devices with PSS- g -PANI:PFI is affected not 

only by well-aligned energy levels in the PSS- g -PANI:PFI/
MAPbI 3  device but also by the higher transmittance of PSS-
 g -PANI than PEDOT:PSS ( Figure    8  ). The MAPbI 3  solar cell 
exhibits the spectral response of the device from the visible 
to near-infrared (i.e., 300–800 nm) region in Figure  7 ; the 
transmittances of the PSS- g -PANI and PSS- g -PANI:PFI fi lms 
are substantially greater in this near-infrared region com-
pared with that of the conventional PEDOT:PSS. Therefore, 
the  J  sc  characteristics in the device with PSS- g -PANI and 
PSS- g -PANI:PFI were increased compared with conventional 
PEDOT:PSS.    

  3.     Conclusion 

 A water-soluble self-doped PSS grafted polyaniline copolymer 
(PSS- g -PANI) was used to achieve high PCE in SP-PHJ PrSCs. 
The PSS- g -PANI achieves a good energy level alignment with 
the VBM of MAPbI 3  and high transmittance at the spectral 
response of MAPbI 3 ; it consequently improves device charac-
teristics, such as the  V  oc  and  J  sc , of SP-PHJ MAPbI 3  PrSCs. 
Moreover, when the strong electron-withdrawing PFI was 
added to PSS- g -PANI, the PSS- g -PANI:PFI fi lm exhibited a 
higher WF and the more downshifted surface energy state 
below the Fermi-energy level due to greater electron-with-
drawing ability of PFI than hydrocarbon. As a result of the 
suffi ciently deep surface energy state of PSS- g -PANI:PFI for 
VBM of MAPbI 3  perovskite, the energy offset at the interface 
with the MAPbI 3  was eliminated and thereby resulting poten-
tial loss in the device at the interface was reduced. Moreover, 
the transmittances of the PSS- g -PANI and PSS- g -PANI:PFI 
fi lms are substantially greater in the absorption spectra of 
the device compared to that of the conventional PEDOT:PSS. 
Therefore, the PCE was increased from 7.8% in the MAPbI 3  
perovskite solar cell with PEDOT:PSS to 12.4% in that with 
PSS- g -PANI:PFI. We believe that our work provides a crucial 
insight into developing hole transporting interlayer in SP-PHJ 
PrSCs and furthermore important way to overcome the critical 
potential loss problem which is universally found in SP-PHJ 
PrSCs.  
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 Figure 7.    EQE spectra of the device with PEDOT:PSS and PSS- g -PANI:PFI.
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  4.     Experimental Section 
  Synthesis of PSS-g-PANI : First, di-tert-butyloxy dicarbonate, (BOC) 2 O 

(12.5 mmol) and triethylamine (12.5 mmol) were dissolved to a solution 
of p-aminostyrene (10.0 mmol) in dioxane (50 mL) and then the solution 
was mixed at 100 °C. Petroleum ether (150 mL) and deionized (DI) 
water (150 mL) were mixed in sequence after 15 h. The solid phase was 
separated, washed, and concentrated. BOC-aminostyrene (a white solid) 
was recrystallized in a yield of 50%. Second, P(SSNa-co-BOC-PMS) 
was copolymerized with sodium styrenesulfonate (SSNa) and BOC-
aminostyrene by a radical initiator of 2,20-azo- bis (isobutyronitrile) 
(AIBN). SSNa (24.2 mmol) and BOC-aminostyrene (0.484 mmol) were 
dissolved in dimethyl sulfoxide (DMSO) and then the temperature 
was increased to 80 °C. AIBN was added dropwise over 5 h under 
N 2  atmosphere. P(SSNa-co-BOC-PMS) was repeatedly precipitated, 
fi ltered, and washed with acetone, and dried in a vacuum at 60 °C for 
48 h. Finally, 0.6 g of P(SSNa-co-BOC-PMS) was added to 30 mL of HCl 
aqueous solution (1  M  ) and 0.1 g (1.07 mmol) of aniline was added 
to the mixture in sequence. The mixture was stirred and then chilled 
at 0 °C, then 20 mL of ammonium persulfate (244 mg, 1.07 mmol) in 
1  N  HCl aqueous solution was added dropwise. After stirring for a few 
hours, the solution was fi ltered and purifi ed by dialysis membrane. The 
product was precipitated by acetone and dried in a vacuum at 60 °C. 
PSS- g -PANI with the feeding ratio of PANI to PSS (1:6) was obtained. [ 30 ]  

  Device Fabrication : A solution of PSS- g -PANI was mixed with 5 wt% 
tetrafl uoroethylene-perfl uoro-3,6-dioxa-4-methyl-7-octene-sulfonic acid 
copolymer (PFI) (Sigma Aldich Co.) for PSS- g -PANI:PFI. PEDOT:PSS 
(Clevios PH), PSS- g -PANI, and PSS- g -PANI:PFI were spin-coated as a 
hole-extraction layer (30 nm thick) on top of ITO/glass. These layers 
were baked on a hotplate in air at 150 °C for 10 min. The substrates were 
moved to an N 2  glove box, then a PbI 2  layer was spin-cast from 17.2 wt% 
PbI 2  solution in anhydrous  N , N -dimethylformamide (Aldrich) with a 
spin-coating speed of 8000 rpm for 30 s, followed by thermal annealing 
70 °C for 10 min. CH 3 NH 3 I was deposited from 20 mg mL 1  CH 3 NH 3 I 
solution in anhydrous Isopropyl alcohol (IPA) with spin-coating speed 
of 3000 rpm for 30 s; the fi lm immediately darkened after the CH 3 NH 3 I 
solution was added. The coated fi lms were then placed on a hot 
plate set at 100 °C for 5 min. The PCBM layer was spin-coated from 
0.7 wt% PCBM (nano-C Inc.) solution in chloroform, then cathodes 
were thermally evaporated on the photoactive layer surface in a vacuum 
(2 × 10 −7  Torr). A 20 nm Al cathode layer was deposited at 1Å s –1  and 
an 80 nm Al cathode layer was deposited at 3 Å s –1  sequentially. The 
photoactive area (0.06 cm 2 ) was determined using metallic shadow 
masks. In the N 2  glove box, an UV-curable epoxy resin was used to 
encapsulate the devices with a glass lid. 

  Characterization : The current density–voltage characteristics ( J–V  
curves) were obtained using a Keithley 2400 source measurement unit 
under irradiation at AM-1.5 100 mW cm –2  generated using a Newport 
69907 solar simulator. 

 The WF of surface was measured using UPS. All measurements were 
conducted at room temperature.  
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