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cells (pero-HSCs) because of the supe-
rior optical and electrical properties of 
the perovskite materials [ 4,5 ]  and the low-
cost fabrication process and high power 
conversion effi ciencies (PCEs) of pero-
HSCs. [ 6,7 ]  Mesoporous structured (MS), [ 8 ]  
planar heterojunction (PHJ), [ 9 ]  and bulk 
heterojunction (BHJ) [ 10,11 ]  pero-HSCs have 
been invented to address one of the more 
fundamental issues, namely, the fact that 
the electron diffusion length is shorter 
than that of the holes ( L  eff, e− / L  eff, h+  < 1) 
in CH 3 NH 3 PbI 3  perovskite, [ 12 ]  for further 
boosting the PCEs of pero-HSCs. How-
ever, so far no solution has been found 
for the whole problem due to the poor 
electron-extraction effi ciency from the 
electron-extraction layer (EEL) to the elec-
trode. [ 13,14 ]  In fact, the electrical conduc-
tivities of a TiO  x   EEL in MS pero-HSCs 
and phenyl-C 61 -butyric acid methyl ester 
(PC 61 BM) EEL in PHJ pero-HSCs are 
several orders of magnitude lower than 
those of the hole-extraction layer (HEL) 
counterparts, [ 15–20 ]  resulting in an inferior 
electron-collection effi ciency, lower short-
circuit current density ( J  SC ), and lower fi ll 
factor (FF). [ 11,21 ]  On the other hand, it has 
been reported that the contact between 
the perovskite layer and the EEL was poor 

due to the rough surface of the solution-processed perovskite 
layer, [ 22,23 ]  which inevitably deteriorates the electron-extraction 
effi ciency, creates charge-carrier recombination, and simul-
taneously introduces large leakage currents. [ 24–26 ]  In order to 
circumvent these problems, studies have been focused on the 
interfacial modifi cation of the contact between the EEL and the 
cathode. Improved electron transport towards the cathode has 
been observed from pero-HSCs incorporated with a thin layer 
of thermal-evaporated LiF, bathocuproin (BCP), and fullerene 
(C 60 ), which was inserted between the PC 61 BM EEL and the elec-
trodes. [ 27 ]  Surprisingly, however, the manipulation of the inter-
face between the solution-processed CH 3 NH 3 PbI 3  perovskite 
layer and the PC 61 BM EEL has rarely been addressed. In this 
scenario, we employ a solution-processed ionomer, 4-lithium 
styrenesulfonic acid/styrene copolymer (LiSPS), to re-engineer 
the interface between the solution-processed CH 3 NH 3 PbI 3  per-
ovskite layer and the PC 61 BM EEL. The introduction of such 
highly ionic, electrically conductive LiSPS to optimize the car-
rier-transport pathway results in enhanced electron-collection 
effi ciency. Moreover, the LiSPS possesses a good wettability 
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  1.     Introduction 

 Economically and effi ciently harnessing solar energy via 
photovoltaic devices has been presented as one of the most 
promising solutions to the global energy crisis. [ 1–3 ]  Recently, 
new light has been shed on the burgeoning methylammo-
nium lead tri-iodide (CH 3 NH 3 PbI 3 ) perovskite hybrid solar 
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on the surface of organic–inorganic composites, which would 
facilitate the LiSPS ionomers to fi ll in the pin-holes of the solu-
tion-processed CH 3 NH 3 PbI 3 , resulting in a smoothened sur-
face of the CH 3 NH 3 PbI 3  perovskite. As a result, an enhanced 
 J  SC  of 20.90 mA cm −2 , an open-circuit voltage ( V  OC ) of 0.85 V, 
an enlarged FF of 77.80% and a correspondingly enhanced PCE 
of 13.83%, with a high device reproducibility and low photocur-
rent hysteresis were observed from these pero-HSCs.  

  2.     Results and Discussions 

  Figure    1   presents the PHJ pero-HSCs device confi guration of 
ITO/PEDOT:PSS/CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM/Al, where the 
indium tin oxide (ITO) acts as the anode, the CH 3 NH 3 PbI 3  
fi lm acts as the light absorber, the (poly(3,4-ethylenedioxythio-
phene):polystyrene sulfonate) (PEDOT:PSS) acts as the hole-
transport layer (HTL), PC 61 BM acts as the EEL, and Al acts 
as the cathode. The cross-sectional scanning electron micros-
copy (SEM) images of CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM and the 
chemical structure of LiSPS are also shown in Figure  1 . Each 
layer can clearly be seen in the cross-sectional SEM image of 
CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM. Pero-HSCs with a device struc-
ture of ITO/PEDOT:PSS/CH 3 NH 3 PbI 3 /PC 61 BM/Al were also 
fabricated as the control and characterized for comparison 
studies. 

  The LiSPS ionomer [ 28–31 ]  was selected to re-engineer the 
surface of solution-processed CH 3 NH 3 PbI 3  because of its high 
ionic (Li + ) electrical conductivity [ 32–34 ]  and the 
fact that the ionic nanodomains can act as 
physical crosslinkers in the ionomer, forming 
robust thin fi lms after solvent drying. [ 35 ]  
The high ionic electrical conductivity of the 
ionomer could facilitate charge carriers to 
be transported from the CH 3 NH 3 PbI 3  layer 
to the PC 61 BM EEL [ 36 ]  and the robust thin 
fi lms would allow the upper PC 61 BM EEL to 
be solution-processed without destroying the 
ionomer layer. Moreover, the LiSPS ionomer 
was selected because of its good wettability 
on the surface of organic–inorganic compos-
ites, [ 35 ]  which would facilitate the ionomer to 
fi ll in the pin-holes of the solution-processed 
CH 3 NH 3 PbI 3  layer, resulting in a good con-
tact between the CH 3 NH 3 PbI 3  layer and the 

PC 61 BM EEL. On the other hand, using a lightly sulfonated 
polystyrene (SPS) as the anion in the LiSPS ionomer, which 
possesses the relatively low p K  a  of sulfonic acid (ca. 1.0), [ 37 ]  will 
allow it to achieve a more complete neutralization by the Li +  
cations. The effect of ionic associations is much greater for sul-
fonate ionomers compared to other ionomers, such as organic 
carboxylic acids (p K  a  around 4–5). [ 38 ]  As a consequence, a more 
robust ionomer thin fi lm can be realized by using SPS as the 
anionic polymer. 

  Figure    2  a presents the current density versus voltage ( J – V ) 
characteristics of pero-HSCs with and without an incorpo-
rated LiSPS layer (represented as pero-HSCs W/ LiSPS and 
pero-HSCs W/O LiSPS, respectively). Under AM 1.5-simulated 
white illumination with a light intensity of 100 mW cm −2 , 
the pero-HSCs W/O LiSPS exhibited a  V  OC  of 0.85 ± 0.03 V, 
a  J  SC  of 15.33 ± 1.54 mA cm −2 , a FF of 72.40 ± 1.41%, and a 
corresponding PCE of 9.43 ± 1.21%. These device perfor-
mance parameters are comparable to previously reported 
values for pero-HSCs with a similar device structure. [ 39,40 ]  The 
pero-HSCs W/ LiSPS exhibited a  V  OC  of 0.85 ± 0.02 V, a  J  SC  
of 20.90 ± 0.91 mA cm −2 , a FF of 77.80 ± 0.80%, and a corre-
sponding PCE of 13.83 ± 0.35%. The fact that the  V  OC  values 
of the pero-HSCs W/ LiSPS and the pero-HSCs W/O LiSPS are 
almost identical indicates that the introduction of LiSPS on the 
surface of CH 3 NH 3 PbI 3  layer does not induce a dipole. [ 41 ]  How-
ever, the dramatically enhanced  J  SC  and FF with incorporated 
LiSPS resulted in a more than 45% augmentation of the PCE. 
The enhanced  J  SC  indicates that less of the separated electrons 
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 Figure 1.    Molecular structure of LiSPS (left), device structure of PHJ pero-HSCs incorporated with a LiSPS layer (middle) and cross-sectional SEM 
images of glass substrate/CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM (right).

 Figure 2.    a) The  J – V  characteristics of pero-HSCs under AM1.5 simulated illumination, b) the 
incident photon to current effi ciency (IPCE) spectra of pero-HSCs.
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are lost during the electron-extraction and 
-transport processes from the CH 3 NH 3 PbI 3  
layer though the LiSPS/PC 61 BM layer to the 
corresponding Al electrode. [ 20 ]  The enhanced 
FF indicates that more balanced charge car-
riers are collected at the electrodes and less 
charge-carrier recombination takes place 
after the introduction of the LiSPS interfacial 
layer. [ 11,24,26 ]  

  In order to understand the underlying 
physics of the high  J  SC  and large FF from 
the pero-HSCs W/ LiSPS, the series resist-
ance ( R  S ) and shunt resistance ( R  SH ) were 
estimated from the slope of the  J – V  curves 
under one sun illumination at open-circuit 
and short-circuit conditions, respectively. 
For solar cells, keeping the  R  S  as low as pos-
sible is of paramount importance because a 
larger  R  S  will decrease the  J  SC ,  V  OC , FF, and consequently the 
PCE. [ 42,43 ]  Contrarily to the  R  S , the  R  SH  must be as high as 
possible to avoid current loss at the junction and to maintain 
a high photocurrent as well as good solar cell performance. [ 44 ]  
The  R  S  from the pero-HSCs W/ LiSPS was 0.32 kΩ cm 2 , which 
is smaller than the 1.01 kΩ cm 2  that was obtained for the pero-
HSCs W/O LiSPS. The lower  R  S  for the pero-HSCs W/ LiSPS 
probably originated from a smaller contact resistance and a 
lower bulk resistance after introduction of the LiSPS interfa-
cial layer. The lower  R  S  also indicates that high currents can 
fl ow through the cells at low applied voltages. [ 45 ]  On the other 
hand, the  R  SH  from the pero-HSCs W/ LiSPS was 311.08 kΩ 
cm 2 , which is much larger than the 199.71 kΩ cm 2  obtained 
for the pero-HSCs W/O LiSPS. The larger  R  SH  indicates that 
the leakage currents are minimized, resulting in a high  J  SC  for 
the pero-HSCs W/ LiSPS. Moreover, such large  R  SH  and small 
 R  S  values, in particular, the reduced parasitic resistance at the 
CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM interface, [ 46 ]  resulted in a large 
FF for the pero-HSCs W/ LiSPS. 

 Figure  2 b presents the incident photon-to-electron conver-
sion effi ciency (IPCE) spectra of the pero-HSCs. The IPCE 
specifi es the ratio of extracted electrons to incident photons 
at a given wavelength. Both pero-HSCs W/O LiSPS and pero-
HSCs W/ LiSPS shared a typical IPCE pattern of PHJ pero-
HSCs, where the generation of the photocurrent started at 
1.56 eV, which is in good agreement with the bandgap of 
CH 3 NH 3 PbI 3 . [ 5,6 ]  The steep onset at 790 nm is probably related 
to the specifi c interaction of the perovskite with the fullerene 
molecules and the dip at 630 nm probably results from the 
reduced absorption of the perovskite layer due to the refl ection 
effect. [ 47,48 ]  Moreover, it was found that the pero-HSCs W/ LiSPS 
possessed an enhanced photoresponse in comparison with the 
pero-HSCs W/O LiSPS. The pero-HSCs W/ LiSPS showed a 
wide photoresponse from the visible to the near-infrared range, 
with an IPCE of over 80% for wavelengths ranging from 430 
to 560 nm and from 650 to 710 nm, whereas the pero-HSCs 
W/O LiSPS had an IPCE value below 60% over the whole 
spectral region. Integrating the overlap of the IPCE spectrum 
with the AM1.5G solar photon fl ux yielded photocurrent densi-
ties of 19.08 mA cm −2  and 13.51 mA cm −2  for the pero-HSCs 
W/ LiSPS and the pero-HSCs W/O LiSPS, respectively. These 

values are in good agreement with those obtained from the  J – V  
characteristics (Figure  2 a). 

 To further optimize the device performance of pero-HSCs, 
pero-HSCs with an LiSPS layer of different thicknesses were 
studied.  Figure    3  a,b presents the  J – V  characteristics and IPCE 
spectra of pero-HSCs with different LiSPS layer thicknesses. 
A  V  OC  of 0.85 V was observed for pero-HSCs incorporating a 
LiSPS layer with a thickness smaller than 30 nm. However, a 
dramatically decreased  V  OC  of 0.77 V was observed for pero-
HSCs incorporating a LiSPS layer that was larger than 30 nm. 
The decreased  V  OC  probably originated from the reduced car-
rier concentration due to the decreased electrical conductivity 
in thicker LiSPS layers. [ 34,49 ]  The FF initially increased from 
74.80% to 78.30% (which was the highest achieved) as the thick-
ness of the LiSPS layer increased from 5 nm to 20, and then 
decreased to 71.60% nm as the thickness of the LiSPS layer was 
further increased to 30 nm. A similar trend was also found for 
the  J  SC . The  J  SC  values initially increased from 16.63 mA cm −2  
to 20.90 mA cm −2  as the thickness of the LiSPS layer increased 
from 5 nm to 15 nm, and then decreased to 15.22 mA cm −2  
as the thickness of the LiSPS layer was further increased to 
30 nm, as shown in  Table    1  . The IPCE of the pero-HSCs was 
further investigated to verify the differences in  J  SC . All pero-
HSCs possessed a similar IPCE pattern from 375 nm to 800 nm. 
Integrating the overlap of the IPCE spectrum with the AM1.5G 
solar photon fl ux yielded the  J  SC  for each device. Table  1  sum-
marizes the integrated  J  SC  values. These integrated  J  SC  values 
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 Figure 3.    a)  J – V  characteristics and b) IPCE spectra of pero-HSCs with LiSPS layers of different 
thicknesses.

  Table 1.    Effect of LiSPS thickness on the device performance. 

Thickness of LiSPS 
[nm]

 V  OC  [V]  J  SC  * a)  
[mA cm −2 ]

 J  SC  # a)  
[mA cm −2 ]

FF [%] PCE [%]

0 0.85 15.33 13.51 72.40  9.43

5 0.84 16.63 15.47 74.80 10.49

10 0.85 18.98 17.73 77.70 12.54

15 0.85 20.90 19.67 77.80 13.83

20 0.84 20.61 19.25 78.30 13.60

30 0.77 15.22 13.51 71.60  8.36

    a)  J  SC * from  J – V  characteristics;  J  SC  #  from IPCE spectra.   
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were consistent with those observed from the  J – V  character-
istics (Figure  3 a). The dramatic differences found for the  J  SC  
of pero-HSCs with different thicknesses of the LiSPS layer are 
then probably related to the coverage of LiSPS on the surface 
of the CH 3 NH 3 PbI 3  layer and the variance in the electrical con-
ductivities of the LiSPS layer. If the thickness of the LiSPS layer 
is smaller than 10 nm, the CH 3 NH 3 PbI 3  layer is not completely 
covered by the LiSPS layer. As the thickness of the LiSPS layer 
is increased to more than 10 nm, the CH 3 NH 3 PbI 3  layer starts 
to become completely covered by the LiSPS layer. Such inter-
facial modifi cation lead to a higher performance of the pero-
HSCs. However, as the thickness is further increased, the elec-
trical conductivity of the LiSPS layer dramatically decreases, 
resulting in a deteriorated performance of pero-HSCs with a 
LiSPS layer of 30 nm or higher.   

  Figure    4   compares top-view SEM images of a pristine 
CH 3 NH 3 PbI 3  thin fi lm and a CH 3 NH 3 PbI 3  thin fi lm covered 
with a 15-nm LiSPS layer. As shown in Figure  4 a, pin-holes 
can be found on the surface of the CH 3 NH 3 PbI 3  thin fi lm. It 
should be noted that pinholes formed in the perovskite layer 
can compromise the effi ciency by introducing shunt paths in 
the device. [ 50 ]  In contrast, no obvious pinholes were observed in 
the CH 3 NH 3 PbI 3 /LiSPS thin fi lm (Figure  4 b), which indicates 

that the LiSPS layer has fi lled the pinholes in the CH 3 NH 3 PbI 3  
layer. Thus, the interface between the CH 3 NH 3 PbI 3  layer and 
the PC 61 BM EEL was thoroughly modifi ed by the LiSPS layer. 
Therefore, the trap-induced charge carrier recombination was 
decreased and the fi lled-in perforations by LiSPS resulted in a 
reduced leakage current, consequently, enhancing the photo-
current of the pero-HSCs W/ LiSPS. [ 51 ]   

  Figure    5   shows the atomic force microscopy (AFM) topo-
graphical images of a pristine CH 3 NH 3 PbI 3  thin fi lm, a 
CH 3 NH 3 PbI 3  thin fi lm partially covered by a LiSPS ultrathin 
layer, and a CH 3 NH 3 PbI 3  thin fi lm completely covered by a 
LiSPS ultrathin layer. The pristine CH 3 NH 3 PbI 3  thin fi lm 
shows a relatively large root-mean-square (RMS) rough-
ness ( R q) of 10.5 nm; the partially covered CH 3 NH 3 PbI 3  thin 
fi lm shows a smaller  R q of 3.2 nm; the completely covered 
CH 3 NH 3 PbI 3  thin fi lm shows the smallest  R q of 1.0 nm. These 
results indicate that the LiSPS ultrathin layer can signifi cantly 
smoothen the rough surface of the CH 3 NH 3 PbI 3  thin fi lm. In 
addition, from the phase images it can be seen that both the 
pristine CH 3 NH 3 PbI 3  thin fi lm and the completely covered 
CH 3 NH 3 PbI 3  thin fi lm show a one-phase pattern, whereas 
the partially covered CH 3 NH 3 PbI 3  thin fi lm shows a two-
phase pattern. These results indicate that the pin-holes of the 
CH 3 NH 3 PbI 3  thin fi lm can be fully fi lled by the LiSPS iono-
mers. In consequence, by using a LiSPS ultrathin layer, the 
contact between the CH 3 NH 3 PbI 3  layer and the PC 61 BM EEL is 
optimized due to the reduced amount of pinholes.  

 Impedance spectroscopy (IS) was further used to estimate the 
electrical conductive properties of the LiSPS layer.  Figure    6  a pre-
sents the Nyquist plots of Al/PC 61 BM/ITO and Al/LiSPS/ITO 
diodes, where the thickness of PC 61 BM was 100 nm in accord-
ance with that in the pero-HSCs, and the thicknesses of the 
LiSPS layer were 5 nm, 10 nm, 15 nm, 20 nm, and 30 nm. In the 
above diodes, the ITO and high-work function Al were used to 
form the ohmic contact for minimization of the sheet  resistance. 
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 Figure 4.    Top view SEM images of a) a pristine CH 3 NH 3 PbI 3  thin fi lm and 
b) a CH 3 NH 3 PbI 3 /LiSPS thin fi lm.

 Figure 5.    a–c) Tapping-mode AFM height images and d–f) corresponding AFM phase images of a pristine CH 3 NH 3 PbI 3  layer (a,d), a CH 3 NH 3 PbI 3  
layer partially covered by LiSPS (b,e), and a CH 3 NH 3 PbI 3  layer completely covered by LiSPS (c,f).
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The PC 61 BM showed a large charge-transfer resistance ( R  CT ) 
of 2.6 × 10 4  Ω, whereas the  R  CT  of the 30-nm LiSPS layer was 
much lower (3.4 × 10 3  Ω). The inset in Figure  6 a shows an 
enlarged Nyquist plot for the LiSPS layer with a thickness from 
5 nm to 20 nm. Interestingly, as the thickness increases from 
5 nm to 15 nm, the  R  CT  decreased eccentrically, which is prob-
ably due to unique polymer chain movements in the ultrathin 
layer or the  complicated interaction between the polymer chain 
segment and the counter ions. [ 52,53 ]  The elec-
trical conductivities of PC 61 BM with a thick-
ness of 100 nm and LiSPS with  different 
thicknesses were further estimated. The 
correlation between the estimated electrical 
conductivities of the LiSPS layer and the  J  SC  
values of pero-HSCs W/ LiSPS are shown 
in Figure  6 b. The  strikingly similar trends 
indicates that the electrical conductivity of 
the LiSPS interfacial modifi cation layer plays 
an important role in the electron extrac-
tion and transport processes and therefore 
in the  J  SC  and PCE of pero-HSCs W/LiSPS. 
By inserting such a highly electrically con-
ductive LiSPS interfacial layer, optimized 
contact between the CH 3 NH 3 PbI 3  layer and 
the PC 61 BM EEL is realized, which is more 
favorable for electrons being directly trans-
ported form the CH 3 NH 3 PbI 3  layer to the 
PC 61 BM EEL through the highly electrical 
conductive LiSPS layer rather than through 
the tunneling effect. [ 54 ]   

 To further investigate the role of the LiSPS 
interfacial modifi cation layer in enhancing the 
PCE, the light-intensity dependence of  J  SC  and 
 V  OC  were further investigated. In solar cells, 
if the mean drift length of the electron or the 
hole (or both) is smaller than the thickness of 
the photo active layer, geminate recombina-
tion needs to be considered. [ 55 ]  Typically, the 
charge drift length in the CH 3 NH 3 PbI 3  layer is 
around 100 nm, [ 11 ]  which is smaller than the 
 thickness (300 nm) of the CH 3 NH 3 PbI 3  layer. 
The recombination kinetics can be  illustrated 

by investigating the variations in the  J  SC  and 
 V  OC  values as a function of the light intensity. 
 Figure    7  a represents the steady-state light 
intensity dependence of  J  SC  for pero-HSCs 
with and without LiSPS. Both pero-HSCs 
show a power-law dependence of  J  SC  on the 
incident light intensity, indicating no sig-
nifi cant energy barrier in the pero-HSCs. [ 56 ]  
However, the pero-HSCs W/O LiSPS exhib-
ited a slightly non-linear dependence of  J  SC  on 
the light intensity with a coeffi cient  α  = 0.93. 
The pero-HSCs W/ LiSPS, however, exhibited 
a near-linear dependence of  J  SC  on the light 
intensity with a coeffi cient  α  = 0.97 according 
to the power-law fi t: [ 57 ]   J  SC  ∝  I α  , where  I  is 
the light intensity. The approximately linear 
dependence of  J  SC  on the light intensity for 
pero-HSCs indicates that the nongeminate 

recombination in pero-HSCs is weak. This observation is con-
sistent with previous reports. [ 58,59 ]  The smaller deviation from 
 α  = 1 in the pero-HSCs W/ LiSPS as opposed to that for the 
pero-HSCs W/O LiSPS indicates that almost all the charge car-
riers have been removed prior to charge recombination, which 
might be due to the high electrical  conductivity of the LiSPS 
layer. Figure  7 b represents the  steady-state light- intensity 
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 Figure 6.    a) Nyquist plots of Al/PC 61 BM/ITO and Al/LiSPS/ITO diodes, b) estimated electrical 
conductivity of the LiSPS layer, and  J  SC  of pero-HSCs W/ LiSPS versus the LiSPS layer with dif-
ferent thicknesses.

 Figure 7.    Light intensity dependence of a)  J  SC  and b)  V  OC . c)  J – V  characteristics of pero-HSCs 
measured in the dark.
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dependence of  V  OC  for the pero-HSCs with 
and without LiSPS. The relation between 
 V  OC  and the light intensity can be described 
as  V  OC  ∝ S  ln( I ), [ 57 ]  where  S  is the slope. Both 
pero-HSCs  exhibited a semi-logarithmic plot 
of  V  OC  as a function of the light intensity. The 
 V  OC  of pero-HSCs W/O LiSPS was strongly 
dependent on the light intensity, with a 
slope,  S  of 2.48  k  B  T / q  (ca. 0.062), where  k  B  
is the Boltzmann constant,  q  is the elemen-
tary charge, and  T  is the temperature in 
Kelvin. The pero-HSCs W/ LiSPS possessed 
a slope of 1.52  k  B  T / q , which is smaller than 
that of the pero-HSCs W/O LiSPS. A smaller 
slope implies a reduced trap-assisted charge 
 carrier recombination in the pero-HSCs 
W/ LiSPS. [ 60,61 ]  The decreased charge carrier 
recombination in the pero-HSCs W/ LiSPS 
probably originated from the enlarged shunt 
resistance due to the passivated trap states by 
the LiSPS ionomer.  

 Figure  7 c exhibits the  J – V  characteristics of pero-HSCs in 
the dark. Under a reverse bias of −1 V, the pero-HSCs W/O 
LiSPS showed a large dark current density of 0.17 mA cm −2 , 
which was about 100 times larger than that of the pero-HSCs 
W/ LiSPS (2.3 × 10 −3  mA cm −2 ). Such huge difference in dark 
current indicates that the LiSPS interfacial layer plays a crucial 
role in perforating and passivating the trap states within the 
perovskite layer. [ 62 ]  As a result, a high  J  SC  is observed for the 
pero-HSCs W/ LiSPS. 

  Figure    8  a shows the net photocurrent–effective applied 
voltage ( J  ph – V  eff ) characteristics of pero-HSCs, with 
 J  ph  =  J  L  −  J  D , where  J  L  and  J  D  are the current density under 
illumination and in the dark, respectively. The  V  eff  =  V  0  −  V , 
where  V  0  is the voltage at which  J  ph  = 0 and  V  is the applied 
voltage. At a large reverse voltage ( V  eff  ≥ 1.2 V),  J  ph  was satu-
rated for pero-HSCs with and without LiSPS, suggesting that 
all of the photogenerated excitons were dissociated into free 
charge carriers and being collected by the electrodes. [ 63,64 ]  In 
this case, the saturation current density,  J  sat , was limited by 
the absorbed incident photo fl ux and charge transport within 
the pero-HSCs. It was found that the CH 3 NH 3 PbI 3  layer with 
and without added LiSPS layer possessed identical absorp-
tion properties. However, the pero-HSCs W/O LiSPS and the 
pero-HSCs W/ LiSPS showed a  J  sat  of 15.38 mA cm −2  and 
20.85 mA cm −2 , respectively. Thus, the increased  J  sat  can be 
attributed to the effective charge-carrier transport and col-
lection for the pero-HSCs W/ LiSPS. [ 65 ]  In the low effective 
voltage range, namely  V  eff  < 0.1 V, the  J  ph – V  eff  characteristics 
of the two pero-HSCs showed distinct differences. The pero-
HSCs W/O LiSPS showed a smaller value of  J  ph / J  sat  than that 
of the pero-HSCs W/ LiSPS. For example, at the maximum 
power output condition of  V  eff  = 0.08 V, the  J  ph / J  sat  values 
were 62.3% and 83.4% for the pero-HSCs W/O LiSPS and the 
pero-HSCs W/ LiSPS, respectively. As the ratio of  J  ph / J  sat  is 
essential for the exciton-dissociation effi ciency and charge-
carrier collection effi ciency, a decreased  J  ph / J  sat  indicates 
either that the charge-carrier collection effi ciency is reduced 
or that the exciton-dissociation effi ciency is reduced. [ 63 ]  If 

the charge-carrier collection effi ciency is reduced, non-gem-
inate recombination rather than exciton-dissociation will be 
dominant in the photocurrent generation process, which 
results in a low FF. The superior  J  ph – V  eff  characteristics of the 
pero-HSCs W/ LiSPS clearly demonstrate that the LiSPS layer 
can suppress the geminate recombination even at low effec-
tive voltage, where the maximum power output condition of 
solar cells generally takes place. [ 66 ]   

 In order to further understand the underlying device 
performance of the pero-HSCs W/O LiSPS and the pero-
HSCs W/ LiSPS, photoluminescence (PL) studies of pristine 
CH 3 NH 3 PbI 3 , CH 3 NH 3 PbI 3 /PC 61 BM, and CH 3 NH 3 PbI 3 /
LiSPS/PC 61 BM thin fi lms were conducted. Figure  8 b dis-
plays the PL spectra of different thin fi lms. A typical PL peak 
at around 775 nm was observed in the pristine CH 3 NH 3 PbI 3  
thin fi lm. However, a more striking PL-quenching effect was 
observed from the CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM thin fi lm 
compared to that of the CH 3 NH 3 PbI 3 /PC 61 BM thin fi lm, and 
no additional PL could be observed from either CH 3 NH 3 PbI 3 /
PC 61 BM or CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM thin fi lms. Such sig-
nifi cant PL quenching indeed confi rms that effi cient electron 
extraction takes place in the CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM thin 
fi lms, resulting in high PCEs for the pero-HSCs W/ LiSPS. 

 To further investigate the electrical properties of the LiSPS 
interfacial layer, further impedance spectroscopy (IS) was car-
ried out to study the internal series resistances ( R  S ) of the pero-
HSCs W/O LiSPS and the pero-HSCs W/ LiSPS. The IS anal-
ysis enabled us to monitor the detailed electrical properties of 
the LiSPS interfacial modifi cation layer, which cannot be deter-
mined by direct current measurements. [ 67 ]  In solar cells, the  R  S  
is the sum of the sheet resistance ( R  SHEET ) of the electrodes and 
the charge-transfer resistance ( R  CT ) at the interface between the 
charge-extraction layer and the electrode, and the  R  CT  at the 
interface between the charge-extraction layer and the light-
absorbing layer. In this specifi c study, as all device architectures 
were the same, the difference in the  R s could only result from a 
difference in the  R  CT  at the interface between the CH 3 NH 3 PbI 3  
layer and the PC 61 BM EEL, that is, the difference between the 
CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM and the CH 3 NH 3 PbI 3 /PC 61 BM 
structures.  Figure    9   shows the Nyquist plots of pero-HSCs with 
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 Figure 8.    a) Photocurrent density–effective voltage ( J  ph – V  eff ) characteristics of pero-
HSCs. b) Photoluminescence spectra of pristine CH 3 NH 3 PbI 3 , CH 3 NH 3 PbI 3 /PC 61 BM, and 
CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM.
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and without LiSPS layer under one sun illumination and at an 
applied voltage close to the  V  OC  of each pero-HSC. From the 
plots,  R  CT  values of 700 Ω and 400 Ω could be calculated for the 
pero-HSCs W/O LiSPS and the pero-HSCs W/ LiSPS, respec-
tively. The large  R  CT  value for the PC 61 BM/CH 3 NH 3 PbI 3  indi-
cates an inferior contact at the interface. The small  R  CT  value 
observed for the pero-HSCs W/ LiSPS, however, is related to 
the introduction of a LiSPS layer between the CH 3 NH 3 PbI 3  
layer and the PC 61 BM EEL. The high ionic electrical conductive 
nature of LiSPS is responsible for the enhanced charge transfer 
properties in the pero-HSCs W/ LiSPS.  

  Figure    10   shows a histogram of the photovoltaic parameters 
of the pero-HSCs W/O LiSPS and pero-HSCs W/ LiSPS. Over 
200 PHJ pero-HSCs devices were fabricated and character-
ized. The reproducibility of  V  OC ,  J  SC , FF, and PCE was higher 
in the pero-HSCs W/ LiSPS compared to those of pero-HSCs 
W/O LiSPS. The average PCE was 9.43% with a relatively larger 
standard deviation of 1.21% for the pero-HSCs W/O LiSPS. On 
the other hand, the average PCE of pero-HSCs W/ LiSPS was 
13.82% with a standard deviation of 0.35%, which is extremely 
small compared to reported values. [ 68 ]  A narrow confi dence 
interval of 13.82 ± 0.04% with a confi dence level of 95% was 
estimated according to t-distribution calculations. [ 69 ]   

 Recent studies have revealed that the origin of photocurrent 
hysteresis can be trap states on the surface and grain bounda-
ries of the perovskite materials. [ 70 ]  The passivation of such trap 
states by organic materials can effectively eliminate the noto-
rious photocurrent hysteresis. [ 71 ]  In order to investigate the 
photocurrent hysteresis in the pero-HSCs with and without 
LiSPS, we carried out  J – V  measurements with different scan 
directions (reverse scans: from a positive to a negative bias, 
and forward scans: from a negative to a positive bias) and dif-
ferent scan rates (i.e., different delay time after each 50 mV 
voltage step), as shown in  Figure    11  . Previous studies have 
reported that large deviations were observed using different 
scan directions and/or delay times in pero-HSCs. [ 71 ]  For pero-
HSCs W/O LiSPS, the deviations between different scan direc-
tions or delay times are also typically large. [ 71 ]  The best device 
performance was generally observed for reverse scans and the 
shortest or the longest delay times. However, for the pero-
HSCs W/ LiSPS, the deviations between the different scan 
directions or delay times were dramatically decreased, which 
indicates that the introduction of LiSPS to re-engineer the sur-
face of the CH 3 NH 3 PbI 3  layer might passivate the trap states 
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 Figure 9.    Nyquist plots of pero-HSCs W/O LiSPS and pero-HSCs W/ 
LiSPS.

 Figure 10.    Histograms of photovoltaic parameters for pero-HSCs W/O LiSPS and pero-HSCs W/ LiSPS: a)  V  OC , b)  J  SC , c) FF, and d) PCE (the total 
number of devices was 200).
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originating from the poor contact between the CH 3 NH 3 PbI 3  
layer and the PC 61 BM EEL, resulting in the elimination of the 
notorious photocurrent hysteresis to a certain degree. [ 62 ]    

  3.     Conclusion 

 An ultrathin ionomer layer, LiSPS, was applied to re-engineer 
the interface between the CH 3 NH 3 PbI 3  layer and the PC 61 BM 
EEL in PHJ pero-HSCs. The optimized contact between the 
CH 3 NH 3 PbI 3  layer and the PC 61 BM EEL via the modifi cation 
with a LiSPS layer resulted in a reduced charge-carrier recom-
bination. By fi lling the perforations in the CH 3 NH 3 PbI 3  layer 
with the LiSPS layer a reduced leakage current was obtained 
and the higher electrical conductivity of the LiSPS layer con-
tributed towards more effi cient charge carrier collection. As a 
result, the pero-HSCs incorporated with LiSPS possessed a  J  SC  
of 20.90 mA cm −2 , a FF of 77.80%, a  V  OC  of 0.85 V, and a PCE of 
13.83% with high device reproducibility and low photocurrent 
hysteresis. Thus, utilization of an ionomer to re-engineer the 
interfacial layer of solution-processed CH 3 NH 3 PbI 3  provides an 
effi cient and simple way to approach highly reproducible and 
effi cient pero-HSCs.  

  4.     Experimental Section 

  Materials : PEDOT:PSS and PC 61 BM were purchased from Clevious 
and 1-Material Inc., respectively, and used as received without further 
purifi cation. Lead( II ) iodide (PbI 2 ), anhydrous  N , N -dimethylformamide 
(DMF), ethanol (99.5%), hydroiodic acid (99.99%), and methylamine 
were purchased from Sigma-Aldrich and used as received without 
further purifi cation. Methylammonium iodide (MAI) and LiSPS were 
synthesized in our labs. [ 28–31 ]  

  Perovskite Film Preparation : PbI 2  was fi rst dissolved in DMF and 
then stirred at 70 °C for 12 hours to form a PbI 2  DMF solution with 
a concentration of 400 mg mL −1 . The PbI 2  DMF solution was then 
stored stably overnight to obtain a clear yellowish supernatant solution. 
The MAI ethanol solution was prepared by directly dissolving MAI into 
ethanol with a concentration of 35 mg mL −1 . The CH 3 NH 3 PbI 3  thin fi lms 
were prepared by a two-step solution deposition method. A PbI 2  DMF 
solution (from a PbI 2  DMF supernatant solution at 70 °C) was fi rstly 
spin-cast on top of the pre-warmed (ca. 70 °C) substrates, followed by 
thermal annealing at 70 °C for 10 min, and then cooled down to room 
temperature. After this a MAI ethanol solution was spin-coated on top of 
the PbI 2  layer, followed by thermal annealing at 100 °C for 2 h to convert 
PbI 2  and MAI into a dark purple CH 3 NH 3 PbI 3  thin fi lm. 

  LiSPS Thin Film Preparation : The LiSPS was fi rstly dissolved in toluene 
with a concentration ranging from 0.5 mg mL −1  to 5 mg mL −1 . After stirring 
at 75 °C overnight, LiSPS fi lms with different thicknesses were spin-coated 
from the solutions with different concentrations at 6000 rpm for 30 s. 
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 Figure 11.     J – V  characteristics of pero-HSCs W/O LiSPS and pero-HSCs W/ LiSPS under forward scan (from negative bias to positive bias) and reverse 
scan (from positive bias to negative bias) with different delay times of 5 ms, 10 ms, 50 ms, and 100 ms. The pero-HSCs W/O LiSPS under a) forward 
scan and b) reverse scan, the pero-HSCs W/ LiSPS under c) forward scan and d) reverse scan.
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  Thin Film Characterization : Top-view and cross-sectional SEM images 
were obtained using a fi eld-emission scanning electron microscope 
(JEOL-7401). The AFM images were obtained using a NanoScope NS3A 
system (Digital Instrument) to observe the surface morphologies of 
the various thin fi lms. The PL spectra of CH 3 NH 3 PbI 3 , CH 3 NH 3 PbI 3 /
PC 61 BM, and CH 3 NH 3 PbI 3 /LiSPS/PC 61 BM thin fi lms were performed by 
Picoharp 300 after preamplifi cation. The fi lm thicknesses were measured 
by a Dektak 150 surface profi lometer at a scan rate of 0.06 mm s −1  
and further confi rmed by SEM. Cyclic voltammetry was carried out 
on a Gamry Reference 3000 instrument to measure the oxidation 
and reduction potentials of LiSPS. A saturated silver chloride (AgCl) 
electrode was employed as the reference electrode, a glassy carbon 
electrode and a platinum wire were used as the working and counter 
electrode, respectively. The CV curves were measured in an ethanol 
solution containing 0.1  M  tetrabutylammoniumhexafl uorophosphate 
under nitrogen atmosphere. The concentrations of LiSPS ranged from 
0.50 to 1.0 mmol L −1 . The potentials were calibrated with respect to 
those of the Ag/AgCl electrode. The CV spectra are shown in Figure S1 
in the Supporting Information. The energy levels of LiSPS are shown in 
Scheme S1 in the Supporting Information. 

  Pero-HSCs Fabrication : The PHJ pero-HSCs were fabricated on pre-
cleaned ITO-coated glasses. The pre-cleaned ITO substrates were 
treated with UV-ozone for 20 minutes under ambient atmosphere. After 
that, a 40-nm thick fi lm of PEDOT:PSS was spin-cast on top of the ITO 
substrates, followed by thermal annealing at 150 °C for 10 min under an 
ambient atmosphere. After this, a CH 3 NH 3 PbI 3  thin fi lm was deposited 
on top of the PEDOT:PSS layer by the two-step solution-deposition 
method described above. The thickness of the CH 3 NH 3 PbI 3  thin fi lm 
was measured to be around 300 nm. Then, an ultrathin layer of LiSPS 
was spin-coated from a toluene solution on top of the CH 3 NH 3 PbI 3  
thin fi lms without further thermal annealing. The thickness of the LiSPS 
layer was tuned by changing the concentration of the LiSPS solution and 
the spinning rate. The thickness of the LiSPS layer was measured to be 
5 to 30 nm. Then, a 100-nm thick PC 61 BM layer was spin-cast from a 
chlorobenzene solution on top of either the CH 3 NH 3 PbI 3  or the LiSPS/
CH 3 NH 3 PbI 3  layer. Finally, a 100-nm thick aluminum (Al) layer was 
thermally deposited on top of the PC 61 BM layer in vacuum at a base 
pressure of 6 × 10 −6  mbar through a shadow mask. The device area was 
defi ned to be 0.16 cm 2 . 

  Pero-HSCs Characterization : The  J – V  characteristics of the pero-
HSCs were obtained using a Keithley model 2400 source measuring 
unit. A Newport Air Mass 1.5 Global (AM1.5G) full-spectrum solar 
simulator was applied as the light source. The light intensity was 
100 mW cm −2 , which was calibrated by utilizing a monosilicon 
detector (with a KG-5 visible color fi lter) from National Renewable 
Energy Laboratory to reduce the spectral mismatch. The IPCE spectra 
of pero-HSCs were measured through a solar cell quantum effi ciency 
measurement system in use at the European Solar Test Installation 
(ESTI) for cells and mini-modules: a 300 W steady-state xenon lamp 
provided the source light; up to 64 fi lters (8 to 20 nm width, range 
from 300 to 1200 nm) were available on four fi lter-wheels to produce 
the monochromatic input, which was chopped at 75 Hz, superimposed 
on the bias light and measured via the usual lock-in technique; the 
bias light was necessary to put the device under examination close 
to the operating irradiance condition. After collecting the IPCE data, 
the software also integrated the data with the AM1.5G spectrum 
and resulted in the calculated  J  SC  values. The Nyquist plots were 
extracted from impedance spectroscopy performed on an HP 4194A 
impedance/gain phase analyzer, under one sun illumination, with an 
oscillating voltage of 10 mV and frequency of 1 Hz to 1 MHz. During 
the recording of the impedance spectra the pero-HSCs were held at 
a voltage that was close to their respective open-circuit potentials 
obtained from the  J – V  curves.  
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