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 Perovskite-sensitized solar cell with a record power-conver-
sion effi ciency (PCE) of 15% was reported using a sequential 
deposition process. [ 16 ]  This method allows much better con-
trol over the perovskite morphology within the nanoporous 
host and so consequently it is of great interest. However, the 
 V  oc  obtained is generally lower than 1 V, limiting the further 
boost of the effi ciency. In fact,  V  oc  up to 1.1 V could be practi-
cally obtained by using an Al 2 O 3  scaffold to replace the TiO 2  
mesoporous structure. Here, we investigate the morphology 
of the perovskite active layer. We provide a variety of control-
lable perovskite morphologies by employing different fabrica-
tion approaches conducted in the ambient atmosphere. We cor-
relate the morphology to the solar cell performance. A bilayer 
structure, which has a combination of the strengths of the 
mesoscopic and planar structure is identifi ed to be essential 
for realizing high-performance perovskite solar cells with high 
reproducibility. 

  Figure   1  presents the scanning electron microscopy (SEM) 
images of the PbI 2  and the resultant CH 3 NH 3 PbI 3  fi lms, fab-
ricated on the FTO/mp-TiO 2 . The PbI 2 , which is deposited on 
the substrate by spin coating from the  N , N -dimethylforma-
mide (DMF) solution, will infi ltrate into the nanopores of the 
mp-TiO 2  network. In addition, a typical continuous capping 
layer of thickness 100–150 nm will be conformably formed on 
the top due to the excessive solvent. This capping layer is com-
posed of platelet-shaped PbI 2  crystals that are between 50 and 
150 nm in diameter and fully covers the mp-TiO 2  surface, as 
shown in Figure  1 a. Once the PbI 2  fi lm is brought into con-
tact with the CH 3 NH 3 I solution, the conversion of the PbI 2  
into the 3D perovskite, CH 3 NH 3 PbI 3  is facilitated through the 
insertion of the CH 3 NH 3 I into the layered-PbI 2  framework. 
Figure  1 b is the representative CH 3 NH 3 PbI 3  morphology after 
the dipping of the PbI 2  fi lm in a solution of the CH 3 NH 3 I 
(10 mg mL −1  in 2-proponal). The consumption of the PbI 2  and 
the expansion of the interlayer distance along the  c -axis during 
the crystal growth result in a more porous and high surface 
roughness CH 3 NH 3 PbI 3  upper layer, which is composed of a 
great number of tetragonal-shaped discrete crystals that are ran-
domly distributed and poorly interconnected. The grain size of 
the CH 3 NH 3 PbI 3  in the mesoporous host is limited by the pore 
size of the mp-TiO 2 , while the dimensions of the CH 3 NH 3 PbI 3  
crystals on the top surface vary between 50 and 200 nm. The 
crystal formation process, which is relatively unconstrained in 
the 2-proponal, is responsible for forming the fi lm character-
ized with much porosity and a high surface roughness. Cor-
respondingly, the exposure of the mp-TiO 2  is unavoidable. As 
illuminated in  Figure   2 a, the feature of this morphology is 
such that some of the hole-transporting material (HTM) comes 
in contact with the CH 3 NH 3 PbI 3  in a nanoscale domain, as is 

  Advances in photovoltaics (PV) technologies assure to expe-
dite the large-scale implementation, which requires either sig-
nifi cantly higher energy conversion effi ciencies or exceedingly 
lower fabrication costs. Although the mainstream silicon-based 
solar cell technology is considered as a long-term player and 
has dominated the PV market over the last 30 years; opportu-
nities still exist for technologies that offer innovative concepts 
and advanced materials. [ 1–3 ]  A recent rapid emergence of a new-
comer in the PV fi eld is the hybrid organic–inorganic halide 
perovskite solar cell, the conversion effi ciency of which has 
advanced from 3.8% reported in 2009 to a confi rmed extremely 
high effi ciency of 17.9% in the early 2014, [ 4,5 ]  due to fantastic 
features such as their high absorption coeffi cient, low nonra-
diative carrier recombination rate, and long-range balanced car-
rier transport length. [ 5–7 ]  Furthermore, such organic–inorganic 
systems can be prepared and fabricated from an inexpensively 
low temperature solution process, [ 8 ]  thereby creating the oppor-
tunity for cost-effective manufacture and offering the potential 
for physical fl exibility. [ 9 ]  

 Critical to the solution process is the morphology of the 
perovskite active layer, since the perovskite crystal formation 
largely depends on the interfacial energy, solution concen-
tration, precursor composition, solvent choice, and deposi-
tion temperature. [ 9–13 ]  Most recently, efforts have been done 
to increase the surface coverage by varying processing condi-
tions, [ 12–14 ]  incorporating additives, [ 15 ]  and using the mixed 
solvent of  γ -butyrolactone and dimethylsulphoxide followed by 
toluene drop-casting. [ 11 ]  Despite the resulting improvement of 
the cell effi ciency, where a high surface coverage is no longer 
an issue, still large deviations for effi ciency are observed due to 
nonuniform fi lm thickness. Besides the poor fi lm uniformity, 
issues also arise from little understanding of the same funda-
mental properties of the perovskite, which is especially true 
for the device structure. Indeed, the device structure evolution 
that develops from the mesoscopic to the planar architectures 
increases the diversity of approaches that gave reasonable per-
formances. Ongoing improvement in the performance of the 
device requires identifying the optimum morphology with a 
reliable structure to achieve high-performance solar cells. 
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the case for the mesoscopic solar cell, by penetrating into the 
mesoporous structure through the porous upper layer. The 
evidence of the infi ltration of the HTM into the mesoporous 
scaffold was reported earlier. [ 17 ]  In order to closely intercon-
nect the discrete CH 3 NH 3 PbI 3  crystals, external factors should 
be applied during the crystal formation. The spin coating of 
the CH 3 NH 3 I (30 mg mL −1 ), instead of the immersion pro-
cess, is used to densify the CH 3 NH 3 PbI 3  upper layer. In this 
way, the upper layer morphology transitions from a continuous 
PbI 2  layer into a continuous CH 3 NH 3 PbI 3  layer, composed of 
well-connected perovskite crystals ranging from 50 to 200 nm 
is shown in Figure  1 c. The spreading fl ow 
due to the centrifugal force during the spin 
coating plays a substantial role in driving 
the discrete CH 3 NH 3 PbI 3  crystals to be suf-
fi ciently connected. However, the complete 
conversion of the PbI 2  to the CH 3 NH 3 PbI 3  is 
hindered, which is observed from the XRD 
measurement (Figure  1 e). To completely 
transform the PbI 2  into the CH 3 NH 3 PbI 3  and 
further densify the perovskite upper layer, 
the following procedure is proposed: the PbI 2  
fi lm is fi rst immersed in the CH 3 NH 3 I solu-
tion with a concentration of 8.5 mg mL −1 , fol-
lowed by the spin coating of a 20 mg mL −1  
CH 3 NH 3 I solution. The fi lm fabricated from 
this two-steps process still shows obvious 
PbI 2  peak at 12.56°, with intensity smaller 
than that of the fi lm obtained from the spin 
coating process. Because the fi lm from dip-
ping process has no obvious peak of PbI 2 , 
the appearance of the PbI 2  is probably due 
to degradation of the perovskite fi lm during 
the spin coating, which is conducted in the 
ambient atmosphere without controlling the 
moisture. For the spin-coated fi lm, complete 

conversion of the PbI2 to the CH3NH3PbI3 is hindered, 
because the nucleation and growth of the perovskite is termi-
nated due to the formation of a relatively continuous capping 
layer on the surface and the perovskite fi lm is dissolved by the 
moisture during the spin coating process. The resulting mor-
phology of the two-steps fi lm is shown in Figure  1 d. The immer-
sion process produces the large crystals and the spin coating 
process densifi es the large crystals and fi lls the gaps with small 
crystals (these small crystals are formed during the spin coating 
process). In addition, from the cross-sectional SEM image 
(Figure  3 a), the perovskite formed in the mp-TiO 2 , as is the case 
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 Figure 1.    The top-view SEM images of a) PbI 2  fi lm fabricated from the spin coating of the DMF solution; b) CH 3 NH 3 PbI 3  fi lm fabricated from the 
immersion of the PbI 2  in the CH 3 NH 3 I/2-proponal solution (10 mg mL −1 ); c) CH 3 NH 3 PbI 3  fi lm fabricated from the spin coating of the PbI 2  from the 
CH 3 NH 3 I/2-proponal solution (30 mg mL −1 ); d) CH 3 NH 3 PbI 3  fi lm fabricated from the immersion of the PbI 2  in the CH 3 NH 3 I/2-proponal solution 
(8.5 mg mL −1 ), followed by the spin coating of the as fabricated fi lm from the CH 3 NH 3 I/2-proponal solution (20 mg mL −1 ). e) X-ray diffraction spectra 
of mesoporous TiO 2  fi lms infi ltrated with different CH 3 NH 3 PbI 3  fi lms with different morphologies fabricated from different formation processes. The 
peak at 12.56° is related to the PbI 2 .

 Figure 2.    The schematic of the perovskite solar cells with a) a mesoporous structure; b) a 
bilayer structure. c) The  J – V  curves of the perovskite solar cells with different morphologies; 
d) light harvesting effi ciency of the perovskite solar cells with different morphologies. The B 
(mesoscopic), C (bilayer-like), and D (bilayer) are corresponding to the morphologies shown 
in Figure  1 b–d, respectively.
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in the Figure  1 b,c is characterized by the mesoporous structure; 
on the contrary, the upper perovskite layer is extremely compact 
and has 100% surface coverage. Consequently, the interface 
between the perovskite and HTM is more like the “planar-het-
erojunction”, which, along with the “distributed junction” of the 
interface between the mp-TiO 2  and perovskite, forms a bilayer 
structure, as illuminated in Figure  2 b. For the device with the 
morphology shown in Figure  1 c, although full surface coverage 
is obtained, it is not totally compact and hereafter regarded as a 
“bilayer-like” structure.    

 In order to elucidate the relation between the morphology 
and the photovoltaic performance, devices are fabricated and the 
current–voltage ( J – V ) characteristics are measured under simu-
lated standard AM1.5G illumination (100 mW cm −2 ). The  J – V  
curve of a typical device based on the “mesoscopic” structure 
(Figure  1 b) is shown as the black trace in Figure  2 c, from which 
the  J  sc ,  V  oc , FF, and PCE are determined to be 15.9 mA cm −2 , 
940 mV, 66%, and 9.9%, respectively. A typical device based 
on the “bilayer-like” structure (Figure  1 c) is shown as the blue 
trace, with PCE = 6.2%,  J  sc  = 11 mA cm −2 ,  V  oc  = 1040 mV, and 
FF = 54%. Signifi cant improvement of the  V  oc  is observed but 
the rising series resistance calculated from the  J – V  curve slope 
at the open-circuit condition gives rise to the lower FF, prob-
ably arising from the unreacted PbI 2 . Meanwhile, the  J  sc  is also 
found decreased, suggesting insuffi cient light absorption and 
ineffi cient carrier collection. As expected, the solar cell based on 
the bilayer morphology (Figure  1 d) shows a  J  sc  of 18.5 mA cm −2 , 
 V  oc  of 1058 mV, and FF of 73.7%; the conversion effi ciency is 
successfully increased up to 14.4%. The highest-performing 
device based on the bilayer structure achieves a conversion 
effi ciency of 15.2%, with  J  sc ,  V  oc , and FF of 19.2 mA cm −2 , 
1060 mV, and 74.5% respectively. The  J – V  curve of the best cell 
is shown in Figure  3 c. The results above clearly suggest that the 
bilayer structure has a distinct advantage over the mesoporous 
structure—its  V  oc  is about 100–150 mV greater than that of the 
solar cell with the mesoporous structure, combined with the 

pronounced improvement of the  J  sc  and FF, 
leading to a remarkable high effi ciency solar 
cell. 

 It is worth noting that a relatively high 
concentration of the CH 3 NH 3 I is used for 
the spin coating process.  Table    1   depicts the 
photovoltaic parameters of the devices pre-
pared by using the different concentrations 
of the CH 3 NH 3 I. The cell with 40 mg mL −1  
shows a high  V  oc  of up to 1110 mV. Lowering 
the concentration will slightly decrease the 
 V  oc , accompanied by an increase in the photo-
current. The concentration of the CH3NH3I 
has a large impact on the grain size of the 
perovskite. The lower the concentration, the 
larger the grain size. [ 18 ]  A large grain size 
will favor the photocurrent due to the light 
scattering. The optimized concentration is 
20–30 mg mL −1 , where the highest FF is 
obtained. The impressively high  V  oc , which 
was previously demonstrated by using the 
dielectric Al 2 O 3  scaffold system with the 
ability to exhibit exceptionally few funda-

mental energy losses [ 19 ]  can also be obtained by using the 
anatase mp-TiO 2  system in our case only by using a bilayer 
structure even without judicious selection of the perovskite 
lead halide-based absorber or control over band offsets. [ 20–22 ]  
Another recent study that used a rutile nanoparticle TiO 2  
reached a similar result (1110 mV) with a planar heterojunc-
tion structure; [ 23 ]  we thus can postulate that the planar-heter-
ojunction (the interface between the HTM and perovskite) in 
the bilayer structure plays a role in the enhancement of the  V  oc , 
which will be discussed later.  

 To shed light on the role of the morphology in the light 
absorption, the light-harvesting effi ciency of the perovskite 
absorber is measured according to the methodology of Snaith 
and co-workers. [ 8 ]  The results are shown in Figure  2 d. The light-
harvesting effi ciencies at the short wavelength range (<550 nm) 
are almost the same for different morphologies, since most of 
the light within the spectrum can be totally absorbed by the 
underlying perovskite layers that are almost identical in all 
cases. The difference among the light absorption at the long 
wavelength arises mainly from the different morphologies of the 
upper layers, for example, the roughness, the surface coverage, 
and the density of the absorbing materials. In principle, a full 
surface coverage and high surface roughness active layer can 
give rise to more light absorption. [ 14,24 ]  The unexpected decrease 
of the light absorption in the “bilayer-like” device (Figure  1 c) is 
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  Table 1.    Characteristics of the cells with different CH3NH3I concentra-
tion used during spin coating.  

CH 3 NH 3 I in 2-proponal  V  oc  
[mV] 

 J  sc  
[mA cm −2 ] 

FF 
[%] 

PCE 
[%] 

15 mg mL −1 1032 18.8 65 12.6

20 mg mL −1 1058 18.5 73.7 14.4

30 mg mL −1 1060 18.3 72.3 14

40 mg mL −1 1100 16.4 59 10.7

 Figure 3.    a) Cross-sectional SEM image of a bilayer perovskite device; b) illumination of quasi-
Fermi level down shift in an energy band diagram of the bilayer structure. c) Current–voltage 
curve of the best performance perovskite solar cell with a bilayer structure.
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partly attributed to the incomplete transformation of the PbI 2  
into the CH 3 NH 3 PbI 3 , which could clearly be observed from the 
color of the sample. However, this effect on the light absorp-
tion of the “bilayer structure” device is thought to be insignifi -
cant due to the small amount of the PbI 2  formed during the 
spin coating. Additionally, the device with a bilayer structure 
(Figure  1 d) has higher absorption than that of the device with a 
mesoporous structure (Figure  1 b) due to the high density active 
material and 100% full surface coverage. However, the differ-
ence in the light-harvesting effi ciency between the bilayer and 
the mesoporous structures does not account for the difference 
in the photocurrent shown in Figure  2 c, it is believed that the 
recombination loss also contributes to the difference of the  J  sc . 

 We now discuss the  V  oc  case. Apparently, the perovskite upper 
layer plays a key role to determine the device performance. The 
origin of the  V  oc  improvement could be easily directed to a more 
compact and uniform upper layer. In the mesoporous structure 
shown in Figure  2 a, it is possible for the HTM to be directly 
contacted with the exposed mp-TiO 2  so that the recombination 
between electrons in the TiO 2  conduction band and holes in 
the HTM is unavoidable. The 100% full surface coverage of the 
mp-TiO 2  with perovskite crystals densely interconnected can 
effectively help avoid the undesired recombination, which rep-
resents one of the major problems that deteriorates the device 
performance by increasing the shunt saturation current and 
reducing the photogenerated charge carriers. To some extent, 
this situation is further manifested by totally removing the 
upper layer in the case of a thick mp-TiO 2 , for instance, 600 nm, 
so that the  V  oc  suffers from a considerable decrease due to the 
dramatical increase in the recombination rate. In addition, the 
surface roughness is expected to have an effect on the  V  oc . We 
perform AFM analysis of different morphologies as shown in 
 Figure    4  . The root mean squares (RMS) are determined to be 
21, 40, 26, and 22 nm for the PbI 2  fi lm, and CH 3 NH 3 PbI 3  fi lms 
shown in Figure  1 b–d, respectively. The smaller the RMS of the 
upper layer, the higher the  V  oc . The same tendency is also true 
and widely reported in other types of solar cells. For example, 
in the silicon-based thin fi lm solar cell, the  V  oc  suffers from 
a pronounced loss when a highly texturing substrate is used, 
due to the increased local creation of defective material such as 
cracks or porosity. [ 24 ]  In our case, the high RMS of the perovs-
kite upper layer will increase the possibility of short-circuiting 
the device existing between the silver elec-
trode and the perovskite absorber, in the case 
that the HTM cannot fully cover the perovs-
kite fi lm. In other words, a high roughness 
perovskite upper layer requires a thick HTM 
in order to eliminate the short-circuiting. On 
the contrary, a thin HTM layer is preferred to 
assure a reasonable FF due to the low con-
ductivity of the spiro-MeOTAD.  

 From the direct and inverse photoemission 
spectroscopy studies, the  V  oc  obtained for the 
CH 3 NH 3 PbI 3  mesoscopic solar cell should be 
equal to 1.0 V. [ 25 ]  However, the  V  oc  obtained 
in our device is 1.11 V, indicating that there 
are other mechanisms, beyond the reduced 
recombination rate discussed above. As we 
know, the  V  oc  is determined by the potential 

difference between the quasi-Fermi level of the electron ( E  fn ) 
in the n-type material and the quasi-Fermi level of the hole 
( E  fp ) in the p-type material under illumination. [ 19 ]  The split-
ting of the quasi-Fermi level is thus believed to play a critical 
role in improving the  V  oc  up to 1110 mV. This is illuminated in 
 Figure    3  b. On the side of the mp-TiO 2 /perovskite, it is similar 
to the sensitized solar cell that the quasi-Fermi level is deter-
mined by the mp-TiO 2 , since the underlayer is mesoporous 
structured, electrons will quickly inject into the mp-TiO 2 . How-
ever, on the side of perovskite/HTM with a planar heterojunc-
tion, the photogenerated holes have to transport to the HTM, 
and they will accumulate in the perovskite upper layer, due to 
the high capacitance of the perovskite material. [ 26 ]  The unex-
pected accumulation of the hole will downshift the quasi-Fermi 
level to the valence band of CH 3 NH 3 PbI 3 . The downshift of the 
 E  fp  increases the potential difference, and thereby improves the 
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 Figure 5.    Current density–voltage curves of the bilayer structure perovskite solar cell with a) dif-
ferent dwell time; b) scan directions. Dwell time is the time required to measure the current at 
a given voltage. Reverse scan defi nes a measure from the open-circuit to the short-circuit and 
forward scan is vice-versa.

 Figure 4.    The atomic force microscopy (AFM) images of a) PbI 2  fi lm; 
b) CH 3 NH 3 PbI 3  fi lm shown in Figure  1 b; c) CH 3 NH 3 PbI 3  fi lm shown 
in Figure  1 c; d) CH 3 NH 3 PbI 3  fi lm shown in Figure  1 d. The scale bar in 
 z -direction is 500 nm div –1 .
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 V  oc . Furthermore, in the sensitized solar cell with a mesoporous 
structure, the electrons and holes injection process is accompa-
nied by the fundamental energy loss. However, for the devices 
with a continuous upper perovskite layer in a bilayer structure, 
the exciton binding energy is still suffi ciently low for thermal 
dissociation of excitons into free carriers, the charge transfer 
energy loss can be avoided, and as a result, the voltage output is 
also expected to be high. 

 The anomalous hysteresis was shown to be a major issue 
in evaluating the perovskite solar cell. In order to accurately 
characterize the cell effi ciency, we measured the “bilayer 
structure” high-effi ciency device by changing the scanning 
directions and the dwell time, which referred to the time 
required to measure the current at a given voltage.  J – V  results 
are shown in  Figure    5  . The  J – V  of the forward and reverse 
scans are well coincident, while varying the dwell time can 
induce a considerable error of the cell effi ciency. However, the 
deviation is so small that the cell effi ciency decreases from 
14.7% to 14.4% when the dwell time increases from 30 to 
300 ms.  

 To investigate the reproducibility of the results, 24 cells with 
the mesoporous structure and 40 cells with the bilayer structure 
are fabricated. Histograms of the cell-performance characteris-
tics are shown in  Figure    6  . It is clearly shown that the devices 
with mesoporous structure have very large  V  oc  and effi ciency 
fl uctuations, which relates to the morphology variation even 
that the fabrication is conducted carefully to make sure the 
processes are kept the same at all times. On the contrary, the 
reproducibility of the devices with the bilayer structure per-
forms extremely well, more than 95% of the devices have the 
 V  oc  in excess of 1.0 V, and 80% of the devices have the effi ciency 
larger than 12%. The relatively large deviations of the PCE com-
pared with the  V  oc  mainly comes from the FF, which may result 
from the variation in the thickness of the HTM. The extremely 
small derivation of  V  oc  indicates the perovskite upper has a 

large area of uniformity and a reliable repeat-
able morphology.  

 In summary, we presented a variety of 
controllable morphologies for the perovs-
kite solar cells, and identifi ed how the mor-
phology of the perovskite absorbing layer 
affects the performance of perovskite solar 
cells. Consequently, we show that a bilayer 
structure, which is composed of a compact 
upper layer and a mesoporous structured 
underlayer, has a distinct advantage over the 
mesoporous structure not only in the con-
version effi ciency, but also in the reproduc-
ibility. Our comparative study of the bilayer 
and mesoporous structures tells us about the 
optimum morphology that is required for 
effi cient solar cells, of which we demonstrate 
with high effi ciencies of up to 15.2% and  V  oc  
of up to 1110 mV. The origin of the improve-
ment  V  oc  is attributed to the suppressing of 
the recombination as well as the shift of the 
quasi-Fermi level. Furthermore, the 80% high 
yield also paves the way for the possibility of 
mass production in the future, even though 

the fabrication process is conducted in the ambient atmosphere 
without controlling moisture.  
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