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  1.     Introduction 

 Recently, the research of the organometal trihalide perovskite 
solar cells have advanced by leaps and bounds, especially in 
the fi eld of pursuing cost-effective high-effi ciency solar power 
conversion. [ 1 ]  Relying on pivotal advantages of wide absorption 
range, [ 2 ]  high extinction coeffi cient, [ 3 ]  and long electron-hole 
diffusion length, [ 4 ]  the organometal trihalide perovskites have 
been regarded as the most promising materials for solar energy 
conversion. [ 3a ,   5 ]  To date, the power conversion effi ciency (PCE) 
of perovskite solar cells (PSCs) has skyrocketed from pristine 
≈10% with solid-state organic hole transport materials  [ 1 ,   3b ]  to 
the highest of 20.1%, [ 6 ]  which showed incredible momentum 
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of development and potential value of 
application. The typical PSC structures 
are composed of fi ve functional layers 
as shown in  Scheme    1  . Upon light illu-
mination, both free carriers (electrons 
and holes) and weakly bound excitons 
should been generated in CH 3 NH 3 PbI 3  
with interchange being possible between 
the two populations at ambient tempera-
ture because of the low exciton binding 
energy. [ 7 ]  The free electrons are injected 
to conduction band (CB) of electron trans-
port materials (ETM) such as TiO 2  or ZnO 
within ps or fs, and then transport to con-
ducting oxide electrode (fl uorine-doped tin 
oxide (FTO) or indium tin oxide (ITO)), 
while the free holes transfer simultane-
ously to hole transport materials (HTM, 
such as spiro-OMeTAD, PTAA, [ 8 ]  CuI, [ 9 ]  
CuSCN, [ 10 ]  etc.) and cathode (Au, Ag, and 
C [ 11 ] ) successively. The perovskites are 
well known to behave ambipolar charac-
teristics, [ 12 ]  implying that the HTM layer 

is unnecessary sometimes. [ 13 ]  Aforementioned charge injec-
tion and transformation process were previously investigated 
by transient fl uorescence spectroscopy and photoconductance 
measurements. [ 14 ]  Typically, there are seven recombination 
pathways ( a–g ) in PSC, among which the electron quenching 
( a ), trapping ( b , c ), and recombining with the perovskite ( d ) and 
HTM ( e ) strongly rely on the quality of ETM and perovskites, 
while the other process  g  and  f  relate directly to the coverage of 
ETM on the TCO surface and perovskite on the ETM, respec-
tively. Hence, it is essential to accelerate the electron transport 
in ETM and decrease the above recombination processes for 
improving the photovoltaic performance of PSCs.  

 Although TiO 2  is the most widely used electron trans-
port layer (ETL) material for PSCs, [ 15 ]  the low mobility 
(0.1–1 cm 2  V −1  s −1  [ 16 ]  which is even less than CH 3 NH 3 PbI 3  
(20–30 cm 2  V −1  s −1  [ 17 ]  makes it not an ideal material. There-
fore, searching for electron transport material which has 
higher electron mobility and conductivity is substantial to 
improve the electron transfer process of PSC, such as the 
usage of ZnO, [ 18 ]  AZO, [ 19 ]  Y-TiO 2,  [ 20 ]  and Nb-TiO 2.  [ 21 ]  Compos-
iting with graphene [ 22 ]  is another method to improving perfor-
mance by providing superfast electron tunnel and reducing 
series resistance. SnO 2,  [ 23 ]  whose electron mobility is about 
100–200 cm 2  V −1  s −1 , [ 24 ]  higher one and two magnitude than 
CH 3 NH 3 PbI 3  and TiO 2 , must be one of the promising ETL 
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materials for PSC. Herein, the SnO 2  nanocolloid (3 nm in 
size) solution prepared through precursors refl ux was spin-
coated onto the clean FTO glass as ETL for CH 3 NH 3 PbI 3  
planar PSC demonstrating the champion effi ciency of 14.69% 
( J  sc  = 21.19 mA cm −2 ,  V  oc  = 1023 mV, and FF = 0.678) is 
obtained which measured with a metal mask (area: 0.1256 cm 2 ) 
under one sun illumination (AM 1.5G 100 mW cm −2 ). Further-
more, the photovoltaic performance of PSC based on SnO 2  ETL 
(14.69%) is signifi cantly superior to that of TiO 2  (PCE: 13.37%).  

  2.     Results and Discussion 

 The compact SnO 2  ETL was implemented by spin-coating the 
as-synthesized SnO 2  colloidal solution composed of less than 
3 nm nanoparticles (Figure S1, Supporting Information) on 
a clean FTO conducting glass and sintered at 500 °C for 1 h 
to remove organics and improve crystallinity. The resulting 
SnO 2  compact layer was used directly as ETL or followed with 
TiCl 4  treatment of different times before the perovskite depo-
sition. The CH 3 NH 3 PbI 3  absorber was deposited by one-step 
spin-coating of a PbCl 2  and CH 3 NH 3 I mixture dissolved in 
dimethylformamide (DMF) and annealing at 95 °C for 2 h. The 
monolithic cell fabrication is completed by spin coating typical 
organic HTM named spiro-MeOTAD and then sputtering an 
Au cathode. 

  2.1.     Structure of Device 

 The SnO 2 -based planar PSC device had a sandwich-like con-
fi guration with the SnO 2  layer, perovskite layer, HTM layer, 
and Au as thick as 100, 200, 150, and 100 nm, respectively. The 
typical cross-sectional SEM image of the planar PSC ( Figure    1  a) 
and its energy dispersive spectroscopy mapping of Pb, I, and C 
clearly shows the vertical distribution of Pb and I corresponds 
to perovskite. XRD patterns (Figure  1 b) conform to the mix-
ture of the perovskites depositing on SnO 2  compact layer. Four 
characteristic peaks could be identifi ed (27°, 34°, 38°, and 52°) 
and are assigned to the (110), (101), (200), and (211) facet of 
SnO 2  (JCPDS Card No. 71-0652), shown as black curve. The 

other characteristic peaks estimated at 14.2°, 
28.5°, 31.8°, 43.2°, and 58.8° (red curve) are 
indexed to the (110), (220), (310), (330), and 
(440) planes of the CH 3 NH 3 PbI 3  phase. [ 4,25 ]  
Although chlorine anion has been provided 
by PbCl 2  in precursor, which can be released 
by gaseous CH 3 NH 3 Cl (or other organic 
chlorides), [ 26 ]  instead of occupying the lat-
tice of CH 3 NH 3 PbI 3  phase, [ 27 ]  the EDS result 
(Figure S2, Supporting Information) shows 
there is no chlorine signal in the perovskite 
fi lm. Hence, the chlorine anion of perovs-
kite precursor merely infl uences the growth 
of the CH 3 NH 3 PbI 3  [ 27,28 ]  and improves dif-
fusion length of electron and hole (or the 
weakly bound exciton). [ 7a ,   29 ]    
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 Scheme 1.    A schematic diagram of device structure for mesoporous and planar PSCs (except 
perovskite/PCBM structure). The compact and/or mesoporous electron transport materials 
are considered as the electron transport layer (ETL). The electron and hole transfer processes 
are indicated by arrows.

 Figure 1.    a) The color-enhanced cross-sectional SEM micrograph and 
energy dispersive spectroscopy (EDS) mapping of typical PSC based on 
SnO 2 -coated FTO. Here the scale bar corresponds to 500 nm. b) XRD 
patterns of SnO 2 -coated FTO (black) and coating with perovskite (red).
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  2.2.     Photovoltaic Performance of PSCs 

 The current density–voltage ( J – V ) characteristics of the PSCs 
with different times of TiCl 4  treatment (0–3) were investigated 
in dark and under simulated one sun illumination (AM 1.5G). 
The active area of the all solar cells was determined by a metal 
mask (0.1256 cm 2 ). The average values of the photovoltaic 
performance parameters are further displayed in  Table    1   and 
their statistical distribution shown in Figure S3 (Supporting 
Information).  J – V  curves of the typical SnO 2  ETL based planar 
PSCs are shown in  Figure    2  a. It is noteworthy that the average 
PCEs of SnO 2  ETL treated with TiCl 4  for once (SnO 2 –TiCl 4 (1)) 
or twice (SnO 2 –TiCl 4 (2)) are 11.06% and 13.38%, respec-
tively, which are signifi cantly higher than that of without 
TiCl 4  treated SnO 2  (5.12%). The enhancement came mainly 
from the improvement in the short-circuit density ( J  sc ) from 
18.8 to 20.0 mA cm −2 , open circuit voltage ( V  oc ) from 647 mV to 
997 mV and fi ll factor (FF) from 0.418 to 0.670, respectively. 
The incident photon-to-electron conversion effi ciency (IPCE) 
or external quantum effi ciency of these SnO 2 -based devices are 
presented in Figure  2 b, which reveal that IPCE values of TiCl 4  
treatment based devices are higher than that of SnO 2  cell in the 
whole wavelength from 400 to 780 nm. The maximum values 
from IPCE spectra are 81.8%, 84.4%, 86.2%, and 85.6% for the 
four typical devices, whose change is excellent agreement with 
the measured  J  sc . The obvious generation of photocurrent starts 
at 780 nm coincides to the bandgap of the CH 3 NH 3 PbI 3 .   

 To elucidate the effects of TiCl 4  treatment on the photo-
voltaic performance, the surface morphology of perovskite, 
series resistances ( R  s ), and shunt resistances ( R  sh ) are further 
discussed as follows.  Figure    3  a is the SEM image of the SnO 2  
sample without TiCl 4  treatment showing pinholes and infertile 
perovskite coverage and pinholes that result in less perovskite 
coverage. However, after the TiCl 4  treatment for twice (SnO 2 –
TiCl 4  (2)), the perovskite particles form smooth and uniform 
fi lm where only bits of pinholes formed and the coverage ratio 
of perovskite raised (Figure  3 c). The reason why TiCl 4  treat-
ment could aggrandize the perovskites’ coverage was investi-
gated through a contact angle measurement by dropping a drop 
of DMF on FTO–SnO 2  and FTO–SnO 2 –TiCl 4 (2). Figure  3 b,d 
shows the photographs of DMF contact angle for FTO–SnO 2  
and FTO–SnO 2 –TiCl 4 (2) samples indicating the enhance-
ment of wettability induced by TiCl 4  treatment resulting in the 
smaller contact angle for the latter which helps to form smooth, 
conformal perovskites fi lms and hence improve the surface 
coverage. To exclude the effect of TiCl 4  treatment toward the 

phase purity of perovskites, XRD characterization was per-
formed which proved that the TiCl 4  treatment only infl uenced 
the surface coverage owing to the uniform XRD patterns shown 
in Figure S4 (Supporting Information).  

 Imperfect surface coverage of perovskite on SnO 2 -coated 
FTO leads to the direct contact of HTM and ETM which results 
in the current leakage as shown in Scheme  1 , process  f . Large 
particle and uniform fi lm reduce the quenching and trapping at 
surface of perovskite (process  a  and  b ). In addition, TiCl 4  treat-
ment can decrease surface defect of SnO 2  which was verifi ed 
to improve the performance of DSSC [ 30 ]  due to the decreased 
recombination process  c . Similarly, coating SnO 2  with TiO 2  
layer which has more positive conduction band can impede 
recombination between conduction band of SnO 2  and valance 
band of CH 3 NH 3 PbI 3  (process  d ). Such a staggered energy 
band alignment and thin thickness hamper imperceptibly the 
injection and transport of photogenerated electrons. The  J – V  
curves measured in dark show the onset of the dark current 
for SnO 2  cell is from very low bias (≈300 mV), while the others 
with TiCl 4  treatment shift to ≈700 mV bias (Figure  2 a). Such 
dramatic shift of bias implies a decline in the recombination 
between CH 3 NH 3 PbI 3 , HMT, and ETL (process  d  and  f ) as well 
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  Table 1.    The average values of photovoltaic parameters and maximum 
PCE for 30 devices, which are extracted from measuring current density–
voltage curves at simulated one sun illumination (100 mW cm −2 , AM 
1.5G).  

Cell  J  sc  
[mA cm −2 ]

 V  oc  
[mV]

FF PCE 
[%]

Maximum 
PCE [%]

SnO 2 18.8 647 0.418 5.12 6.52

SnO 2 –TiCl 4 (1) 19.5 963 0.589 11.06 12.73

SnO 2 –TiCl 4 (2) 20.0 997 0.670 13.38 14.69

SnO 2 –TiCl 4 (3) 19.7 974 0.606 11.60 12.35

 Figure 2.    a) The  J – V  curves of typical planar perovskite solar cells based 
on a SnO 2 -based ETM layer with or without TiCl 4  treatment measured 
under illumination (solid) or in dark (hollow). b) Incident photon-to-cur-
rent conversion effi ciency (IPCE) of typical perovskite solar cells.
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as by surface traps (process  c ) for the TiCl 4  treated SnO 2  sam-
ples. Hence, the signifi cant improvement of 350 mV (about 
increase of 54%) in  V  oc  for SnO 2 –TiCl 4 (2) solar cell compared to 
that of SnO 2  is ascribed to the amelioration of recombination in 
processes  c ,  d , and  f , which are responsible for the signifi cant 
enhancement of the power conversion effi ciency (from 5.12% 
to 13.38%, Table  1 ). Very exciting, the champion power conver-
sion effi ciency of PSC based on SnO 2 –TiCl 4 (2) ETL is 14.69% 
accompanying with  J  sc ,  V  oc , and FF being 21.29 mA cm −2 , 
1023 mV, and 0.678, respectively (Figure S5, Supporting 
Information). 

 Both forward and reverse bias sweep were used to evaluate 
the hysteresis behavior of PSCs. [ 31 ]  Figure S6 (Supporting 
Information) shows the  J – V  curves of perovskite solar cells 
based on SnO 2 –TiCl 4 (2) which were performed from for-
ward bias to short circuit (FB-SC) and from short circuit to 
forward bias (SC–FB) with different scan rates from 1.00 to 
0.15 V s −1 . The detailed performance parameters obtained 
from these  J – V  curves are further displayed in Table S1 in the 
Supporting Information. For the SC–FB measurement, the 
PCEs decreases from 14.19% to 11.25% (with scan rate varia-
tion from 1.00 to 0.15 V s −1 ) showing strong scan rate depend-
ence. The key factor is the decrease of FF (from 0.693 to 0.565). 
However, the PCEs of FB-SC possess small range of oscillation 
(from 14.66% to 14.38%). Such results reveal the unapparent 
hysteresis of  J – V  curves for the both SC–FB and FB–SC under 
fast scan rate condition which is similar to the previous planar 
PSCs. [ 31b ,   32 ]  As hysteresis behavior possibly comes from unbal-
anced charge transportation and collection, [ 33 ]  perovskite's fer-
roelectricity, [ 34 ]  ion migration, or defects, [ 31b ]  the steady-state 
power output at a given constant forward bias is another impor-
tant parameter to evaluate the power conversion effi ciency. As 
shown in  Figure    4  a, the device exhibits FB–SC performance 

with  J  sc  = 20.54 mA cm −2 ,  V  oc  = 1027 mV, 
FF = 0.683 and PCE = 14.38%, and SC–FB 
performance with  J  sc  = 20.48 mA cm −2 ,  V  oc  = 
973 mV, FF = 0.565 and PCE = 11.25% at a 
scan rates of 0.15 V s −1 . Figure  4 b shows the 
steady-state current measured at forward 
bias 800 mV and stabilized power output 
under simulated AM 1.5G sunlight of 
100 mW cm −2 . The PCE rises to the max-
imum value with 13.53% at 80 s and then 
shows a negligible decrease after 500 s illu-
mination which is 94% of the PCE at FB–SC 
scan direction. For comparison, the stabilized 
power output at forward bias 450 mV of the 
PSC based on SnO 2  (without TiCl 4  treat-
ment) is 5.20%, which is 92% of the PCE at 
FB–SC scan direction (Figure S7, Supporting 
Information).  

 To elucidate the FF variation of the various 
PSCs, the series resistance ( R  s ) and the shunt 
resistance ( R  sh ) are extracted from the  J – V  
curves.  Figure    5  a,b presents the  R  s  and  R  sh  of 
SnO 2  nanocolloid based PSCs with different 
treatment times (0–3) of TiCl 4 . It is con-
spicuous that the additional TiCl 4  treatment 
results in the decrease of  R  s  from 12.9, 10.8 

to 9.8 Ω cm 2  for the SnO 2 , SnO 2 –TiCl 4  (1), and SnO 2 –TiCl 4 (2) 
cell, respectively. On the contrary, the  R  sh  increases by one order 
of magnitude for the SnO 2 –TiCl 4 (2) cell compared with the sole 
SnO 2  fi lm thanks to the reduced recombination resulting from 
the increasing perovskite coverage. However, there is a sharp 
increase of  R  s  for the SnO 2 –TiCl 4 (3) cell, which was 50% more 
than that of the SnO 2 –TiCl 4 (2) cell, meanwhile the  R  sh  of SnO 2 –
TiCl 4 (2) and SnO 2 –TiCl 4 (3) cells are in the same order of mag-
nitude. Such result is ascribed to the thicken TiO 2  coating via 
TiCl 4  treatment above twice (Figure S8, Supporting Informa-
tion). Consequently, there was no doubt that average fi ll factor 
(FF) increased obviously about 60% from 0.418 (sole SnO 2 ) to 
0.670 (SnO 2 –TiCl 4 (2)) but decreased to 0.606 for SnO 2 –TiCl 4 (3) 
cell.  

 Generally, the amelioration of surface coverage of perovskite 
will improve the absorbance of devices. The onset absorption 
of perovskite deposited on the four samples starts at ≈780 nm 
(Figure S9a, Supporting Information) which conforms to the 
IPCE (Figure  1 b), and the absorbance is enhanced through 
TiCl 4  treatment. This variation tendency accords with the ten-
dency of  J  sc  mainly. However, the light absorption effi ciency 
of the four cells may not have signifi cant difference because 
of high extinction coeffi cient of perovskite hence the trans-
mission is less than 30% for all samples range from ≈780 nm 
(Figure S9b, Supporting Information). Furthermore, the light 
absorption can be enhanced by refl ection of sputtered Au layer 
which further decreases the discrepancy in light absorption of 
the four samples. In a word, the small variation of absorbance 
affects  J  sc  weakly. It is noteworthy that the almost three time 
enhancement of power conversion effi ciency for the SnO 2 –
TiCl 4 (2) cell (13.38%) compared to the SnO 2  cell (5.12%) is 
mainly ascribed to the signifi cant augments of  V  oc  (54%) and 
FF (60%) and a slight rise of  J  sc  (6%).  
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 Figure 3.    Top-view SEM images of perovskite fi lms coated on a) FTO–SnO 2  and c) FTO–SnO 2 –
TiCl 4 (2). Here the scale bar corresponds to 5 µm. b) DMF contact angles of SnO 2  and d) SnO 2 –
TiCl 4 (2) samples by putting a drop of DMF on the substrates with syringe needle of 0.26 mm.
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  2.3.     Comparison of SnO 2  and TiO 2  

 As shown in  Figure    6  a, as the CB of SnO 2  is about 0.5 eV 
more negative than that of TiO 2 , [ 35 ]  thus suggests that the 
photogenerated electrons injection from the CH 3 NH 3 PbI 3  to 
SnO 2  could be faster than the TiO 2  counterpart. In addition, 
the signifi cant higher electron mobility of SnO 2  would help 
to extract and transport photogenerated electrons from the 
CH 3 NH 3 PbI 3  absorber effi ciently to collecting electrode. To 
study the process of electron-hole’s actions, the samples of the 
independent perovskite fi lm, SnO 2 /Perovskite, SnO 2 –TiCl 4 (2)/
Perovskite, and TiO 2 –TiCl 4 (2)/Perovskite were prepared on 
blank glass for photoluminescence (PL). The PL measurements 
were performed to evaluate whether SnO 2  fi lm effi ciently 
extract photogenerated electron from the perovskite absorber. 
Figure  6 b shows the steady-state PL spectra of SnO 2 /perovs-
kite, SnO 2 –TiCl 4 (2)/perovskite, TiO 2 –TiCl 4 (2)/perovskite as 
well as the independent perovskite deposited on blank glass. 
Obviously, the CH 3 NH 3 PbI 3  perovskite fi lm shows a consider-
ably greater degree of PL quenching when on SnO 2 –TiCl 4 (2) as 
compared to TiO 2 –TiCl 4 (2), proving SnO 2  enhanced electron 

injection, collection, and transport effi ciency, which follows nat-
urally from the negative conduction band and increased elec-
tron mobility. At the same time, SnO 2 /perovskite shows slight 
greater degree of PL quenching than SnO 2 –TiCl 4 (2)/perovs-
kite. Furthermore, Figure  6 c further presents the time-resolved 
photoluminescence (TRPL) curves of these samples, of which 
the fi tted time constants  τ  e  (associate with the electron-hole life-
time of perovskite) are 39.81, 2.87, 1.73, and 1.34 ns, respec-
tively. The steady-state PL and TRPL results elucidated that the 
SnO 2  layer is more likely to accelerate light-induced charge sep-
aration, which is highly consistent with the energy levels and 
electron mobility of SnO 2  in contrary to TiO 2 . Although a thin 
TiO 2  layer coated on SnO 2  perhaps mildly affect charge action, 
SnO 2 –TiCl 4 (2) still shows excellent ability as well as SnO 2  to 
extract and transport photogenerated electrons from the perovs-
kite absorber effi ciently.  

 To elucidate the effect of TiO 2  and SnO 2  electron extracting 
and transporting layer on the PSC photovoltaic performance, 
the two cells based on SnO 2 –TiCl 4 (2) and TiO 2 –TiCl 4 (2) 
ETL are investigated. The average  J  sc  of SnO 2 –TiCl 4 (2) cell 
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 Figure 4.    a) The  J – V  curves and photovoltaic parameters were per-
formed from forward bias to short circuit (FB–SC) and from short circuit 
to forward bias (SC–FB) at a scan rate of 0.15 V s −1  for the PSC based 
on SnO 2 –TiCl 4 (2). b) Steady-state current measured at forward bias 
800 mV and stabilized power output under simulated AM 1.5G sunlight 
of 100 mW cm −2 .  Figure 5.     a) Series resistances ( R  s ) and b) Shunt resistances ( R  hs ) of the 

PSCs based on various SnO 2  electron collection layer.
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(20.0 mA cm −2 ) is much higher than that of TiO 2 –TiCl 4 (2) 
counterpart (18.9 mA cm −2 ; Table S2 and Figure S10, Sup-
porting Information). The increase (1.1 mA cm −2 ) in  J  sc  must 
be ascribed to the enhanced injection process of the photogen-
erated electrons from perovskite to CB of electron transport 
materials (ETM) and fast electron transportation process. The 
SnO 2 –TiCl 4 (2) cell shows an enhancement of PCE (13.37%) 
than that of the TiO 2  counterpart (12.33%) with weakly 
enhanced  V  oc  and FF. Meanwhile, the two cells based on SnO 2 –
TiCl 4 (2) and TiO 2 –TiCl 4 (2) ETL show same scan rate depend-
ence (Figure S11 and Table S3, Supporting Information). 
As shown in  Figure    7  a, the TiO 2 –TiCl 4 (2) cell exhibits FB-SC 
performance with  J  sc  = 19.22 mA cm −2 ,  V  oc  = 986 mV, FF = 
0.687 and PCE = 12.65%, and SC-FB performance with  J  sc  = 
19.23 mA cm −2 ,  V  oc  = 934 mV, FF = 0.532 and PCE = 9.56% at 
a scan rates of 0.15 V s −1 . In contrast with the SnO 2 –TiCl 4 (2) 
cell, it shows similar hysteresis behavior. In the same time, the 
stabilized power output at forward bias 800 mV of the TiO 2 –
TiCl 4 (2) cell is 11.83% (Figure  7 b) which is 94% of the PCE at 
FB-SC scan direction. Both  J  sc  of FB-SC and SC–FB scan direc-
tion and stabilized power output of the SnO 2 –TiCl 4 (2) cell are 
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 Figure 6.    a) Schematic diagram illustrating the energy levels of the con-
duction band (CB) and valence band (VB) of TiO 2 , SnO 2 , and perovskite 
(CH 3 NH 3 PbI 3 ). The solid (TiO 2 –TiCl 4 (2)/perovskite), dot (SnO 2 –TiCl 4 (2)/
perovskite), and dash (SnO 2 /perovskite) arrows scheme electron injec-
tion and transport process of electron. b) Photoluminescence (PL) 
spectra (excitation at 406.2 nm) (inset is the magnifi ed spectra) and 
c) time-resolved photoluminescence (TRPL) (excitation at 406.2 nm and 
emission at 760 nm) of the bare perovskite fi lm and on top of TiO 2 –
TiCl 4 (2), SnO 2 –TiCl 4 (2) and SnO 2 .

 Figure 7.    a) The  J – V  curves and photovoltaic parameters were per-
formed from forward bias to short circuit (FB–SC) and from short cir-
cuit to forward bias (SC–FB) at a scan rates of 0.15 V s −1  for the PSC 
based on TiO 2 –TiCl 4 (2). b) Steady-state current measured at forward bias 
800 mV and stabilized power output under simulated AM 1.5G sunlight 
of 100 mW cm −2 .
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higher than the values of the TiO 2 –TiCl 4 (2) counterpart. Hence, 
the enhancement of the photocurrent and photovoltaic perfor-
mance for SnO 2 –TiCl 4 (2) cell benefi ts from the improvement of 
extraction of photogenerated electrons by SnO 2 .    

  3.     Conclusion 

 In summary, reproducible and high-effi ciency CH 3 NH 3 PbI 3  
perovskite solar cells based on compact SnO 2  nanocolloid 
electron transportation layer are reported for the fi rst time. 
The TiCl 4  treatment is found to form smooth and uniform 
fi lm, promote the perovskite surface coverage, and reduce the 
recombination which directly contribute to the photovoltaic 
performance of the planar PSCs. Consequently, a champion 
effi ciency of 14.69% ( J  sc  = 21.19 mA cm −2 ,  V  oc  = 1023 mV, and 
FF = 0.678) is achieved for the twice TiCl 4  treated SnO 2  ETL 
which measured with a metal mask under one sun illumina-
tion (AM 1.5G 100 mW cm −2 ). Compared to the typical TiO 2 , 
the present SnO 2  ETL facilitates the separation and transpor-
tation of photogenerated electrons/holes from the perovskite 
absorber effi ciently due to the negative conduction band and 
high electron mobility, which results in signifi cant enhance-
ment of the photovoltaic performance than that of TiO 2  ETL 
(champion effi ciency of 13.37%). The current study not only 
reveals that the SnO 2  can be an appropriate electron extraction 
and transportation material for the effi cient perovskite solar 
cells, but also points out that the other materials with high elec-
tron mobility, conductivity, and appropriate energy band will 
have great potential to boost the power conversion effi ciency in 
mesoporous or planar perovskite solar cells.  

  4.     Experimental Section 
  Materials Synthesis : SnO 2  colloidal solution was prepared via 

precursors refl ux. 11.39 mL SnCl 4  (Aldrich) was dropped in mixed 
solution consists of 3.41 mL acetylacetone and 12.54 mL  n -butanol and 
kept stirring for 15 min. Then 1.27 g  para -toluene-sulfonic acid (dissolved 
in 6 mL deionized water) was added to the solution and refl uxed at 60 °C 
for 12 h. CH 3 NH 3 I was synthesized by blending methylamine (33 wt% in 
methanol) and hydroiodic acid (57 wt% aqueous) with a molar ratio of 
1.5:1 in ice-water bath for 2 h, then crystallized by spin steaming and 
purify by recrystallization with diethyl ether. It was dried in vacuum and 
stored in N 2  atmosphere. 

  Cells Fabrication : Briefl y, FTO glass (8 Ω sq −1 ) was prepatterned with 
4  M  HCl and zinc powder and cleaned with deionized water, alcohol, and 
acetone successively via ultrasonic process. A compact SnO 2  electron 
transportation layer was formed by spin-coating of SnO 2  nanocolloidal 
solution (dilute with ethanol, v/v 1:3) at 2000 rpm for 60 s and annealing 
at 500 °C for 1 h in ambient air. The same spin-coating and annealing 
process was for TiO 2  electron transportation layer with the mere 
difference by replacing the SnO 2  nanocolloidal solution with titanium 
diisopropoxide bis(acetylacetonate) (dilute with ethanol, v/v 1:9). The 
TiCl 4  treatment was performed by soaking the SnO 2  or TiO 2 -coated 
FTO glass into 0.04  M  TiCl 4  aqueous solution for 30 min at 70 °C, and 
then sinter at 520 °C for 30 min before perovskite deposition. This TiCl 4  
treatment process was repeated if needed. The perovskite layer was 
deposited by spin-coating of perovskite precursor solution (0.245 g PbCl 2  
and 0.415 g CH 3 NH 3 I dissolved in 1 mL dimethylformamide (DMF)) at 
5000 rpm for 60 s and then followed annealing at 95 °C for 2 h. Then a 
hole-transport material solution consisting of 73.2 mg 2,2′,7,7′-tetrakis-
( N , N -di- p -methoxyphenyl-amine)-9,9′-spirobifl uorene (spiro-MeOTAD), 

28.8 µL 4- tert -butylpyridine ( t -BP), 17.5 µL bis(trifl uoromethane)
sulfonimide lithium salt (Li-TFSi) solution (520 mg in acetonitrile) and 
1 mL chlorobenzene was spin-coated onto the surface of perovskite 
at 5000 rpm for 60 s. Finally, an ≈100 nm Au layer was deposited by 
magnetron sputtering. 

  Characterization : The photovoltaic performance of PSCs were 
recorded using a Keithley 2400 source meter with scan rate of 
0.075 V s −1  under one sun AM 1.5G (100 mW cm −2 ) illumination with a 
solar light simulator (Oriel, Model: 91192) which calibrated with a NREL 
standard Si solar cell. And the active areas of all solar cells were defi ned 
by 0.1256 cm 2  metal mask. The incident photon-to-current conversion 
effi ciency (IPCE) spectra were recorded on a Keithley 2000 multimeter as 
a function of wavelength from 380 to 850 nm on the basis of a Spectral 
Products DK240 monochromator. 

 The phase purity of the samples was characterized by powder X-ray 
diffraction (XRD) on a Bruker D8 Advance X-ray diffractometer using 
Cu Kα radiation ( λ  = 1.5418 Å). The absorption spectra were tested 
by UV-3600. The crystalline structure, morphologies, and elements 
distribution the of the samples were examined by Field emission 
scanning electron microscope and energy dispersive spectroscopy (FE-
SEM and EDS mapping, JSM-6330F), transmission electron microscope 
(TEM, JEOL-2010 HR), and high-resolution transmission electron 
microscope (HRTEM). Contact angles were measured by contact angle 
system from Dataphysics (OCA20). A drop of DMF was added by syringe 
needle of 0.26 mm. Photoluminescence (PL) (excitation at 406.2 nm) 
and time-resolved photoluminescence (TRPL) (excitation at 406.2 nm 
and emission at 760 nm) were measured with Edinburgh Instruments 
LTD (FLSP920).  
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