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of the perovskite fi lms by superhydrophobic insulating layers, 
which dramatically enhances resistance of perovskite solar cells 
to water-caused damage without further encapsulation. 

 The tunneling junctions applied in silicon solar cells, which 
resulted in the most effi cient silicon solar panels in the world, 
are comprised of an insulating oxide or a thin-layer of amor-
phous silicon (HIT structure) inserted between the intrinsic 
silicon and the heavily-doped silicon layer or indium-tin-oxide 
(ITO) layer. The tunneling junctions have been shown to sup-
press the charge recombination at contacts and passivate the 
surface to increase device effi ciency. [ 8 ]  The inserted insulating 
layer can selectively conduct one type of charges while block the 
other type, which spatially separates photogenerated electrons 
and holes to reduce their recombination, because the charge 
selection electrodes or charge transport layers have energy-
matching electronic states for one type of charges to tunnel into 
but not for the other type. [ 9 ]  The oxide or amorphous silicon 
layers are generally deposited by relatively high temperature 
vacuum process, which is however not compatible for perovs-
kite solar cells. Encouragingly, we found that the low tempera-
ture solution-coated polymeric insulating layers could play the 
same function, which potentially makes it low-cost and simple 
to be applied.  Figure    1  a shows the structure of the devices in 
this study where the tunneling junction locates at the cathode 
side. An insulating polymer is inserted between the perovskite 
and the electron collecting fullerene (C 60 ) layers, and the pro-
posed energy diagram in Figure  1 b is also shown to illustrate 
the function of insulating layer in transporting electrons and 
blocking holes in the perovskite layer. Photogenerated electrons 
at conduction band minimal (CBM) of the perovskite layer can 
tunnel to the excited electronic states in C 60 , followed by their 
relaxation to the lowest unoccupied molecular orbital (LUMO) 
of C 60 , because there are energy-matching unoccupied states in 
C 60  for electrons to tunneling into. On the contrary, these are 
no energy-matching states in C 60  which could allow the holes to 
tunnel into. Therefore, the tunneling rate of holes from perovs-
kite to C 60  will be very low. The thin insulating layer thus allows 
the transport of photogenerated electrons in perovskite to C 60  
layer by tunneling, and also blocks the photogenerated holes 
back into the perovskite layer. Therefore, the insulating tun-
neling layer causes a spatial separation of the photogenerated 
electrons and holes, which reduces their recombination at the 
contact of the perovskite and electron transport layers.  

 The perovskite fi lms in this study were made by the interdif-
fusion method. [ 10 ]  Poly(triaryl amine) (PTAA) was chosen as the 
hole transporting layer because of the much larger perovskite 
grain size formed on the non-wetting surface of PTAA. [ 5 ]  The 
PTAA fi lm was doped by 1.0 wt% 2,3,5,6-Tetrafl uoro-7,7,8,8-tet-
racyanoquinodimethane (F4-TCNQ) to increase its conductivity, 

  Organolead trihalide perovskite (OTP) materials have drawn 
tremendous attention in the past years because of their great 
promise to fabricate next generation of low-cost and highly effi -
cient solar cells. [ 1,2 ]  The power conversion effi ciency (PCE) of 
perovskite solar cells has rocketed in the last few years, which 
has been ascribed to the excellent optoelectronic properties and 
unique defects physics that originates the low carrier recom-
bination in perovskite polycrystalline thin fi lms. [ 3 ]  Charge 
recombination in the grain interior can be negligible due to 
the absence of deep traps in OTP grains which also enables 
a carrier diffusion length signifi cantly longer than the optical 
attenuation length in their single crystals. [ 2,4 ]  Even in poly-
crystalline perovskite thin fi lms, the carrier diffusion lengths 
can still be much longer than the light penetration length, 
thanks to the enlarging grains and improving crystallinity of 
the perovskite fi lms with recent rapid improvement in mate-
rial morphology controlling. [ 5,6 ]  The enlargement of grains also 
signifi cantly reduces carrier recombination at perovskite grain 
boundaries (GBs), which is facilitated by the advance of passi-
vation techniques to further reduce recombination at GBs and 
fi lm surface. [ 7 ]  Now that the photogenerated carriers can fl ow 
through perovskite fi lms with negligible charge recombination, 
minimizing the charge recombination at the contacts becomes 
increasingly important to achieve highly effi cient perovskite 
solar cells. 

 Inspired by the success of applying tunneling contacts in sil-
icon solar cells, in this paper, we report an insulating tunneling 
layer inserted between the perovskite and the electron collection 
layer in perovskite solar cells can reduce charge recombination. 
Many insulating polymers, including commercial plastic foam 
which is broadly used for packaging, can form a tunneling con-
tact at the cathode side. The tunneling contact allows the trans-
port of electrons from perovskite to cathode, while block holes 
into the perovskite layer. Devices with these insulating materials 
exhibited an increased PCE of 20.3% under 1 sun illumination. 
This simple nonlattice-matching structure enables the capping 

Adv. Mater. 2016, 28, 6734–6739

www.advmat.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adma.201600969


6735wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

which was found important in increasing perovskite device fi ll 
factor. [ 11 ]  Three insulating polymers, polystyrene (PS), Tefl on, 
and polyvinylidene-trifl uoroethylene copolymer (PVDF-TrFE), 
were randomly chosen for the tunneling materials in this study. 
The molecular structures are shown in Figure S1 of the Sup-
porting Information. The details of device fabrication can be 
found in the Experimental Section. The insulating polymers 
spun on the perovskite fi lms could form a conformal tunneling 
layer, as verifi ed by the high resolution transmission electron 
microscopy (TEM) cross-section image of the devices. As shown 
in Figure  1 c, the spun PS layer with a thickness of 1–2 nm 
conformably covers the perovskite layer. The scanning electron 
microscopy (SEM) images of a perovskite fi lm before and after 
depositing PS insulating layer were shown in Figure S2 of the 
Supporting Information, which reveals a good coverage of the 
perovskite fi lm by PS at micrometer scale. 

  Figure    2  a shows the photocurrent curves of perovskite devices 
with different insulating polymers inserted and that of the con-
trol device with 20 nm  [ 6 ] -phenyl-C61-butyric acid methyl ester 
(PCBM) to replace the insulating polymer layer. The control 
device has a short-circuit current density ( J  SC ) of 21.1 mA cm −2 , 
an open-circuit voltage ( V  OC ) of 1.07 V, a fi ll factor (FF) of 
74.9%, and a PCE of 16.9%, which represent a typical perfor-
mance of PCBM passivated perovskite devices. [ 11 ]  In a striking 
contrast, the devices with polymer tunneling contacts exhibited 
an increased  J  SC  and FF. The devices with PS, PVDF-TrFE, and 
Tefl on tunneling layer showed higher  J  SC  of 22.9, 22.9, and 

22.8 mA cm −2 , respectively. Meanwhile, the FFs for devices 
with inserted PS, PVDF-TrFE, and Tefl on tunneling contacts 
were also increased to 79.6%, 77.6%, and 75.6%, respectively. 
The performances of perovskite devices with different tun-
neling layers were also summarized in  Table    1  . It should be 
mentioned that the  V  OC  of the perovskite devices with tun-
neling contacts fabricated from different batches slightly varied 
between 1.05 and 1.11 V. Statistic  V  OC  distributions of 50 sam-
ples in Figure S3 of the Supporting Information show that the 
devices with tunneling contacts have a higher average  V  OC  of 
1.07 V, compared with 1.05 V of the control devices. The statis-
tics of PCE in Figure  2 b , J  SC , FF distributions in Figure S3 of 
the Supporting Information demonstrate the reliability and the 
repeatability of the performance enhancement by the tunneling 
contacts. The universal performance enhancement by different 
insulating polymers and no change of trap density measured by 
thermal admittance spectroscopy belittle the possibility of chem-
ical bonding formation between perovskite and the insulating 
polymers, because chemical reaction should be sensitive to the 
chemical structure of the polymers. It indicates the polymer only 
physically contact to the perovskite and act as tunneling layer. It 
was interesting that the PS plastic foam, which is broadly used 
for packaging, worked as well to get a PCE more than 19.0%. 
A picture of the PS plastic foam used in this study is shown 
in Figure  1 c. The perovskite device with PS from dissolved 
foam as the tunneling layer exhibited a  J  SC  of 22.9 mA cm −2 ,
a  V  OC  of 1.07 V, a FF of 80.3%, and a PCE of 19.6%. The device 
performance is even slightly higher than those of the devices 
with other three polymers with higher purity. The release of 
constraint of high material purity for highly effi cient perovskite 
devices might make perovskite solar cells even more competi-
tive in the future market.   

 Since the tunneling probability strongly depends on tun-
neling-layer thickness, the thickness of the tunneling layer 
should signifi cantly infl uence the electron extraction effi ciency 
and thus device effi ciency. [ 12 ]  Figure  2 c shows the photocurrent 
curves of perovskite devices with PS layers of different thick-
nesses which were tuned by varying the concentration of PS 
solution in the spin-coating process. As shown in Figure  2 c, for 
PS solution with a concentration of 0.02%, the device showed 
a  J  SC  of 20.8 mA cm −2 , a  V  OC  of 1.05 V, a FF of 75.1% and a 
PCE of 16.4%, which is comparable to that of the PCBM-pas-
sivated devices. This can be explained by the fact that the PS 
layer formed from the solution with such low PS concentration 
is barely continuous, and thus the device resembles the con-
trol device without PS layer. When the PS concentration was 
increased to 0.1%, 0.5%, and 1.0%, the photocurrents were 
signifi cantly increased to 22.0, 22.8, and 22.9 mA cm −2 , respec-
tively. The best devices were made by 1.0% PS solution, exhib-
iting a  V  OC  of 1.10 V, a  J  SC  of 22.9 mA cm −2 , a FF of 80.6%, 
and a PCE of 20.3% from the photocurrent scanning. For these 
devices, the PS layer thickness was estimated to be 1–2 nm 
from the high resolution TEM shown in Figure  1 c. Further 
increasing PS layer thickness severely reduced the  J  SC ,  V  OC , and 
FF to 20.0 mA cm −2 , 1.03 V, and 49.0%, respectively, because 
the increased tunneling layer thickness reduced electron tun-
neling rate. Figure  2 d show the average external quantum effi -
ciency (EQE) spectrum of devices with PS and PCBM as the 
contact layer. Figure  2 e shows the steady photocurrent and 
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 Figure 1.    a) The device structure of perovskite solar cells and b) the 
energy diagram that illustrates the principle of suppressing surface 
charge recombination by the insulating layer. The insulating layer sup-
presses charge recombination by separating the excess electrons and 
holes in the electron transport layer and perovskite layer, respectively; 
c) A transmission electron microscopy cross-section image of a 19.6% 
effi ciency device revealing the presence of 1–2 nm PS layer between per-
ovskite and electron transport layer. The scale bar is 5 nm. The PS layer 
was made from commercial PS plastic foam, the picture of which was 
also shown on the right.
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PCE measured at the maximum power output point (0.94 V) 
of the most effi cient device. The steady photocurrent, stabilized 
PCE measured at the maximum power point agrees well with 
that measured from  J – V  scanning, excluding the existence 
of photocurrent hysteresis in our devices and confi rming the 
accuracy of our device effi ciency characterization. The absence 
of photocurrent hysteresis of these devices is also confi rmed 
by changing the photocurrent scanning directions (Figure S5, 
Supporting Information). We recently demonstrated that ion 
migration at grain boundaries plays a dominant role in causing 
the photocurrent hysteresis. [ 13 ]  Any material which can block 
the ion migration channel at grain boundaries is expected to 
eliminate the photocurrent hysteresis. 

 The insulating polymer may serve as a water-resistant layer 
to protect the perovskite fi lm from water damage. The specu-
lation stemmed from the observation that the perovskite 
devices with insulating polymers generally showed a better 
stability in air (Figure  2 f), while the control devices without 
insulating polymers always degraded to yellow color in sev-
eral days. [ 14 ]  To confi rm it, we chose a hydrophobic insulating 
fl uoro-silane, Trichloro(3,3,3-trifl uoropropyl)silane, as a tun-
neling layer to make water-resistant devices. The fl uoro groups 
make the material to be extremely hydrophobic. [ 15 ]  In addition, 
it has been reported fl uoro-silane could undergoes a cross-
linking process with the aid of tiny amount of moisture. [ 15,16 ] 

  Figure    3  a illustrates the cross-linking process of this material. 
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 Figure 2.    a) Current density–voltage ( J – V ) characteristics of the devices with different insulating tunneling contacts. The control device has 20 nm 
PCBM to replace the insulating layer; b) The statistics of PCE distribution for perovskite devices with PCBM (50 samples) and tunneling contact 
(50 samples). c)  J – V  of the devices with PS layers of different thicknesses. The voltage scanning direction in the  J–V  measurement was from negative 
bias to positive bias; d) Average EQE of 10 devices with a tunneling layer, and average EQE of 10 control devices with a PCBM contact layer. The EQE 
curves of the devices could be found in the Supporting Information; e) Steady-state measurement of  J  SC  and PCE for the best device with a PS tunneling 
layer. f) Stability test of a perovskite device with PS tunneling layer. The legend in the fi gure represents the air exposure time after the device was tested 
after being fabricated. The average humidity of atmosphere was ≈40%.
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When fl uoro-silane was deposited on top of the perovskite 
fi lms, tiny amount of H 2 O that exists in the perovskite fi lms 
will trigger the hydroxylation of silanes to form silanols. Then 
the silanols will automatically undergoes a cross-linking pro-
cess by forming Si–O–Si (siloxane) bonds, which makes this 
insulating layer robust to protect the underneath perovskite 
fi lms from water attacking. The devices with the fl uoro-silane 
layer also showed a good effi ciency of 18.9% (Figure  2 a), which 
is comparable to the performance of devices with other types 
of  tunneling contacts. Encouragingly, the hydrophobic polymer 
protected devices showed much better resistance to water 
damage. As shown by the photos in Figure  3 b,c, the perovskite 
device with fl uoro-silane layer without further encapsulation 
showed negligible color change after it was soaked in water for 
3 min, while the control device with 20 nm PCBM changed to 
yellow color after it was immersed in water for less than 5 s. 

The operation of the unencapsulated device in water was also 
demonstrated in Figure  3 d, showing a  V  OC  of 1.09 V which 
is slightly higher than that of the device measured under one 
sun condition (Figure  2 a). The slight variation in  V  OC  might be 
caused by the optical effect of the water or glass beaker which 
slightly change the light illumination intensity to increase 
device  V  OC . The stable operation of the perovskite devices in 
water indicates the very good conformal coating of the nano-
meter thick insulting layer onto perovskite layers. Improving 
the moisture stability of perovskite solar cells has drawn great 
research attention recently. [ 17 ]  The demonstration of stable 
device operation in water represents a major progress in stabi-
lizing the perovskite solar cells in addition to the improved sta-
bility in air or moisture, though atomic conformal coverage of 
the perovskite by the polymer without any pin-holes is still chal-
lenging to achieve over very large device area with spin-coating.  

 The performance enhancement in our devices is primarily 
ascribed to the function of tunneling layer in extracting elec-
trons and blocking holes. To demonstrate that, conductive 
atomic force microscopy (c-AFM) measurement was con-
ducted to characterize the local dark-current and photocurrent 
of perovskite samples with or without PS tunneling layer at 
nanoscopic level. The samples for dark-current measurements 
have the structure of ITO/PTAA: F4-TCNQ/perovskite/with or 
without PS. Since both PTAA and the Pt-coated AFM conduc-
tive tip have a high work function as well, the measured cur-
rent is essentially a hole current. As shown in  Figure    4  a,b, the 
local dark current reduced after coating the PS layer, proving 
the function of PS in blocking holes. The uniform reduc-
tion of hole current across the whole mapping area indicates 
a conformal coating of PS on the perovskite fi lm. The sam-
ples for photocurrent measurement had the structure of ITO/
PTAA:F4-TCNQ/perovskite/with or without PS/C 60 . In the 
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  Table 1.    Performance of devices with different insulating tunneling layers.  

Tunneling 
contacts

 J  SC  
[mA cm −2 ]

 V  OC  
[V]

FF 
[%]

PCE 
[%]

0.02% PS 20.8 1.05 75.1 16.4

0.1% PS 22.0 1.07 73.0 17.2

0.5% PS 22.8 1.09 76.5 19.2

1.0% PS 22.9 1.10 80.6 20.3

2.0% PS 20.0 1.03 49.0 10.1

PVDF-TrFe 22.9 1.06 77.6 18.8

Tefl on 22.8 1.05 75.6 18.1

PS plastic foam 22.9 1.07 80.3 19.6

Fluoro-silane 22.7 1.05 79.3 18.9

Control (PCBM) 21.1 1.07 74.9 16.9

 Figure 3.    a) Schematic diagram showing the cross-link process of fl uoro-silane layer on the perovskite fi lm. b) A picture of the perovskite device with 
fl uoro-silane layer. The picture was taken after dipping the device in water for 1–2 min. c) A picture of the perovskite device without tunneling layer. 
The picture was taken after dipping the device in water for 5 s. d) A picture showing the perovskite device with fl uoro-silane layer had a 1.09 V photo-
voltage output in water.
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 measurement, the c-AFM tips contacted C 60  surface to map the 
photocurrent of samples illuminated by a white light source 
with an intensity of 20 mW cm −2 . Since there is an electron-
accepting layer, electrons can be collected by C 60  and conduct to 
the tip. Figure  4 c,d shows the photocurrent mapping results of 
the perovskite samples without or with the PS tunneling layer, 
respectively. The samples without PS tunneling layer showed a 
photocurrent ranging from 0 to 0.8 pA with a very good repro-
ducibility. After inserting a PS contact, the local photocurrent 
through most grains increased to >4 pA, directly proving the 
function of PS tunneling layer in enhancing the photocurrent 
output. The function of the tunneling layer is also confi rmed 
at macroscopic level using the single-carrier devices with or 
without PS tunneling layer. The electron only devices have the 
structure of ITO/C 60 /perovskite/with or without PS/C 60 /Al, and 
the hole only devices have the structure of ITO/with or without 
PS/perovskite/Au, which are shown in the insets of Figure  4 e,f.  

 The tunneling layer spatially separates photogenerated electrons 
and holes at the perovskite/polymer interface by transporting elec-
trons and blocking holes, which should lead to the reduction of 
the carrier surface recombination. To verify it, we compared the 
carrier recombination lifetimes of devices with or without PS con-
tact by transient photovoltage spectroscopy (TPV). As shown in the 
Figure  4 g, carrier recombination lifetime is longer in the device 
with PS tunneling contact, compared with the control device 
(PCBM passivated) at all the light intensity range. The carrier life-
time of the control device under one sun illumination is 0.5 μs 
which corresponds to the typical TPV lifetime of the PCBM pas-
sivated devices. [ 18 ]  The device with PS contact have a much longer 

carrier lifetime of 1.6 μs under one sun illumination, demon-
strating the suppressed carrier recombination in devices with the 
tunneling contacts. The increased carrier lifetime extends the car-
rier diffusion length to increase device  J  SC  and FF. Meanwhile, the 
suppressed carrier recombination is also benefi cial to the increase 
of  V  OC  as observed in the devices with tunneling contacts. 

 In conclusion, we demonstrated that inserting a tunneling 
layer between perovskite and electron transport layer could 
signifi cantly increase device performance by suppressing car-
rier recombination at the cathode contact. The tunneling layer 
can also serve as an encapsulation layer to prevent perovskite 
fi lm from damage caused by water or moisture. This method 
is simple because it does not need lattice matching between 
the buffer layer and perovskite. The low temperature solu-
tion process makes it compatible with many types of perovs-
kite materials, and may be applied for anode contact as well. 
The freedom to choose any insulating layer for contact enables 
more device designs and manufacturing.  
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 Supporting Information is available from the Wiley Online Library or 
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