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1. Introduction

In the past few years, perovskite solar cell 
(PSC) became an interesting subject to 
study due to recent rapid progress on its 
device performance. In spite of achieving 
an impressive power conversion effi-
ciency (PCE) of 25.2% for single junction 
perovskite based solar cells and certi-
fying by the National Renewable Energy 
Laboratory,[1] developing an air-processed 
high-efficiency PSC is still challenging 
for future commercialization.[2–6] The 
fabrication process for high-efficiency 
PSCs needs to perform under highly con-
trolled atmospheric conditions in the N2-
filled glove boxes with only trace levels of 
oxygen and water.[7] Therefore, the depo-
sition in a vacuum environment under 
controlled atmospheric conditions, will 
greatly increase the preparing cost and 
not suitable for large-scale manufacturing. 
One of the key factors towards large-scale 
high-efficiency PSCs is controlling the 
growth conditions of the perovskite layer 

using interface engineering between perovskite absorber and 
mp-TiO2.[8–11] In recent decades, carbon-based materials have 
been widely explored as important materials in both theoret-
ical and experimental types of research.[12–15] The utilization of 
carbonaceous materials as ETL in the solar cells has improved 
interface defect passivation, resistances and UV stability of 
perovskite solar cells.[16,17]

The crystallization of an excellent perovskite layer with full 
surface coverage and no defects in its grain structure is affected 
greatly by an enhancement in nucleation at mesostructured 
interfacial sites.[18] High pore-filling of the mp-TiO2 layer pre-
vents perovskite crystals from decomposition into PbI2. Recent 
researches demonstrated that tuning the porosity of TiO2 film 
was effective for PSCs to achieve high performances.[19–22] 
Increasing the porosity of TiO2 layer can promote an easy 
and complete infiltration of perovskite into the TiO2 layer. 
Many research groups have been reported different methods 
of controlling the mesoporous networks of mp-TiO2.[20–28] The 
facile method of controlling the porosity of mp-TiO2 by the 
carbon sphere as a template for fabrication of porous TiO2 
hollow sphere and nanoparticle-based photoanodes is used 

Crystallization and nucleation of the perovskite layer in the mesoscopic 
perovskite solar cells (PSCs) depend on the nucleation sites of the electron 
transport layer (ETL). The porosity optimization of TiO2 film as an efficient 
ETL plays an important role in the performance improvement of PSCs. In the 
present study, nontoxic carbon spheres synthesized with uniform morphology 
and controllable size under hydrothermal conditions and used as a template 
to generate the tunable porous TiO2 films. Furthermore, the effect of porosity 
modification of TiO2 on the formation of perovskite films with large grain size 
is studied in an ambient atmosphere with humidity higher than 50%. The 
best TiO2 film is produced with carbon spheres 8 wt% (C8), which results 
in the formation of a pinhole-free, and compact-packed perovskite layer. 
The fully air processed PSC device with the ETL made of C8 film exhibits 
an efficiency of 16.66% with reduced hysteresis, which is much superior in 
performance compared to the standard cell (11.72%). It is believed that this 
porosity optimization of TiO2 layer is a simple practical strategy for improved 
stability of fully air processed efficient perovskite solar cells and usable for 
the fabrication of reproducible compact perovskite layers in uncontrolled 
laboratories.
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in dye-sensitized solar cells (DSSC) for light scattering and 
improving dye absorption.[29–31] Although dye and perovskite 
based solar cells can borrow some technologies from each 
other, we cannot exactly judge this facile method of control-
ling the mp-TiO2 porosity by carbon sphere templates can be 
an effective strategy for the efficiency improvement of fully 
ambient processed PSCs. However, to our knowledge, there has 
been no report on the use of carbon sphere templates to change 
the mesoporous networks of mp-TiO2 film in PSC and its effect 
on the formation of a pinhole-free perovskite layer and its sta-
bility which is important for commercial applications.

In this study, we present the effect of porosity modifica-
tion of TiO2 layer on the fully ambient processed formation 
of compact perovskite films in detail, and found that a higher 
infiltration of perovskite in mp-TiO2 film results in forming 
high-quality perovskite films with large grain size and smooth 
surface, which can effectively suppress charge recombination 
in the interface by decreasing the contact barrier between the 
TiO2/CH3NH3PbI3 interfaces, and improve the transport of car-
riers in the PSCs.

Here, we fabricated the CH3NH3PbI3 layer using the atmos-
pheric pressure vapor-assisted solution processing (AP-VASP) 
method by exposing the PbI2 film to CH3NH3I vapor in the 
oven (Figure  1a). Using this technique under fully ambient 
air processed conditions can largely improve the coverage of 
a compact perovskite layer with uniform grain structure up 
to micrometers on the surface of ETL.[32–34] Although the best 
optimal power conversion efficiency of 13.5%, was achieved 
using AP-VASP method for the CH3NH3PbI3-based perovskite 
solar cells in the world, a higher degree of reproducibility and 
easily generating of an interconnected perovskite crystals size 
can attain under the air processing condition of humidity 
ambient atmosphere more than 50%.

The combination effect of PbI2 and MAI in the crystalliza-
tion and morphology of mesoscopic CH3NH3PbI3 based PSCs 
discussed in previous reports.[35–40] In the conventional solu-
tion processes, the porous structure of TiO2 hindered the dif-
fusion of CH3NH3I into the pore channel of TiO2 filled by 
PbI2, resulting in relatively small amounts of unreacted PbI2 
remaining in the finally obtained perovskite solar cell.[41–43] 
Therefore, the crystallization process maybe results in some 
large crystals on the TiO2 surface but poor coverage due to 
the localized nucleation of the perovskite layer which tends to 
obstruct the continual diffusion of MAI to react with PbI2.[44,45]

The fast combination of PbI2 and MAI at the outside cap-
ping layer, leading to a small contact area between perovskite 
and TiO2 layer. In addition, it seems most of PbI2 is converted 
to the perovskite, but some amounts of unreacted PbI2 maybe 
remained in the interface of the TiO2/perovskite layer. The 
residual PbI2 has a detrimental effect on carrier separation and 
blocks the transformation of electrons from CH3NH3PbI3 to TiO2 
inducing a decrease in PCE of PSCs.[46–48] In comparison with 
solution methods, in the VASP methods, the over-rapid inter-
calating reaction rate between PbI2 and MAI can reduce.[49–51]  
Therefore, under the slow MAI evaporation, more nuclei are 
generated on the substrate and grains will continuously grow in 
a depressed rate by forming an extremely uniform and flat film 
with no pinhole and uncovered area on the surface.

In the present work, by porosity optimization of TiO2 layer, 
more easy mass migration caused more MAI diffusion in PbI2 
lattice and excellent pore filling. While a standard ETL is used, 
irregular size of grains is still observed (see Figure  1b), sug-
gesting insufficient nucleation before crystallization of the perov-
skite layer. The porosity modification process assisted by the MAI 
flow during the AP-VASP approach promotes a large number of 
nuclei before crystallization results in a pinhole free, denser, and 
flat perovskite film formation without the presence of PbI2 impu-
rities. The growth of the perovskite deep inside the PbI2 layer to 
reach and contact with TiO2 results in obtaining a pure perov-
skite layer with larger crystals and more electron injection.[46,48]

2. Results and Discussion

In this section, the characterization of carbon spheres and 
modified TiO2 pastes by carbon paste will be firstly explained. 
The effects of the carbon sphere template removal on the pore 
morphology were then investigated. In the end, the modi-
fied mp-TiO2 paste was used to build perovskite solar cells 
according to the procedure described in the experimental sec-
tion (Supporting Information).

2.1. Characterizations of Carbon Spheres

Morphology and narrow size distribution of synthesized carbon 
spheres were investigated by transmission electron micros-
copy (TEM) and field emission scanning electron microscopy 
(FESEM) observations. Figure 2 demonstrates typical TEM and 
FESEM images of obtained carbon spheres. Synthesized carbon 
spheres have a regular and perfect shape with an average 
diameter of about 85 ± 5 nm.

Adv. Mater. Interfaces 2019, 1900939

Figure 1.  a) Preparation process for depositing CH3NH3PbI3 layer by AP-
VASP method, and b) Schematic illustration of perovskite growth on pure 
and modified TiO2 layer; Size of particles and thickness of layers are not 
in scale.
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From the X-ray diffraction (XRD) result, we found that 
carbon spheres with graphite like structure show the wide dif-
fraction patterns around 2θ  ≈ 23° and ≈43.1°, which can be 
indexed as preferred (002) and (100) orientation of graphitic 
planes,[52–54] respectively.

The experimental analysis of elemental mapping (MAP) pat-
tern, energy dispersive X-ray spectroscopy (EDX), and thermo-
gravimetric analysis (TGA) of the samples are shown in Figure 3. 
It can be seen that carbon spheres are composed of carbon and 
oxygen which amount of carbon is higher than that of oxygen 
(Figure 3a,b). Oxygen peak can be appeared due to incomplete 
decomposition of sucrose, adsorption of water on the surface of 
carbon spheres. It is apparent from the TGA curve (Figure 3c), 
in a one-step between 35 and 700 °C, all of the carbon templates 
burned out. An initial decrease of 6 wt% in the weight may be 
related to the moisture content of carbon spheres.

2.2. Modification of TiO2 Layer with Different Porosity

All pastes were synthesized according to those reported else-
where;[55] the preparation details can be found in the Sup-
porting Information. The morphology and composition of the 
mp-TiO2 pastes using the carbon sphere in different contents 
are shown as FESEM images in Figure 4. The average diameter 
of TiO2 nanoparticles is in the range of 15–20 nm for all pre-
pared pastes.

To clarify the relationship between pore size distribution and 
rate of doped carbon, the average size percentages of resultant 
pores in the different mp-TiO2 layers were calculated using 
digimizer software from FESEM image of Figure  4 and dem-
onstrated in Figure 5. As one can see, by increasing the weight 
ratios of carbonaceous templates in the pastes, larger pores in 
those films were observed. Although the average size of the 
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Figure 2.  a) TEM, b) FESEM, c) particle size distribution, and d) XRD pattern of amorphous carbon nanospheres.

Figure 3.  a) MAP pattern, and b) Corresponding EDX spectrum of carbon spheres on top of the Aluminum substrate. The peak of Al comes from the 
Aluminum substrate used in the measurements. c) Thermo gravimetric analysis (TGA) of prepared carbon spheres.
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TiO2 nanoparticles in all pastes was in the same range, the 
overall sizes and shapes of pores were random.

It can be seen that the pastes made of 8  wt% (C8) carbon 
spheres exhibit better porosity distribution with greater 

homogeneity and smooth surfaces compared to other porous 
TiO2 pastes. When the carbon content is more than 10 wt%, the 
larger pores appeared (≈136 nm) and their relative percentage 
increases with adding more carbon spheres. Therefore, the 
resultant TiO2 layers are not mesoporous and some trap exhib-
ited especially in the grain boundaries of fabricated perovskite 
layers.

When very large voids were produced, the TiO2 layer tends to 
crack which could increase the unfavored electron–hole recom-
bination because of the contact between the conductive glass 
and the perovskite layer.

The above results demonstrated that the preparation of a 
good porous TiO2 thin film after sintering is highly relative 
to the enhancement of sufficient carbon spheres to the TiO2 
paste. The pores with uniform size distribution in the C-TiO2 
paste (content carbon spheres) as effective light scattering 
centers extend the light traveling distance, thereby improve 
the optical absorption of the ETL. The pores in the scale of 
tens of nanometers shown in the cross-section image revealed 
in Figure S1 in the Supporting Information, also confirm 
the highly porous property of optimized TiO2 paste (C-TiO2), 
which is beneficial for the fully pore-filling of perovskite. Due 
to reducing the cell performance of devices made of less homo-
geneous TiO2 films with very rough surfaces, more increase in 
carbon contents (>8 wt%) did not exhibit any further improve-
ment effects.

The Fourier transform infrared (FT-IR) spectrum of a typical 
C-TiO2 paste without sintering was similar to that recorded for 
pure paste (Figure S1c, Supporting Information). An increase 
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Figure 4.  The FESEM images at a very low magnification of the surfaces of modified TiO2 pastes obtained from a) 0 wt%, b) 2 wt%, c) 4 wt%,  
d) 8 wt%, e) 10 wt%, and f) 20 wt% of carbon spheres after sintering at 450 °C for 30 min.

Figure 5.  Pore size distribution of modified TiO2 pastes obtained by 
Digimizer from FESEM images of a) C2, b) C4, c) C8, d) C10, and e) C20 
after sintering at 450 °C for 30 min.
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in the different peak intensities is assigned as mixing of carbon 
spheres on the TiO2 surface.

The TGA curves of pure and modified TiO2 paste were char-
acterized by a continuous weight loss of materials from room 
temperature to near 700 °C. The TGA curve of TiO2 paste 
showed an initial large step weight loss (Δm = 64.66%) between 
35 and 210 °C which was considered due to the elimination 
of water and α-terpineol (can be removed at 125 °C) as a sol-
vent. First stage weight loss value for C-TiO2 paste in the TGA 
curve is also attributed to the burning of carbon spheres. As 
the carbon spheres amount was increased in C-TiO2 paste the 
amounts of surface adsorbed water and hydroxyl groups also 
increased which was identified by FTIR. It has been proven 
carbon content in the modified paste and efficient mixing of 
carbon spheres and TiO2 paste. The broad peak observable 
in the second step of pure TiO2 paste (has Δm  = 9.85%) can 
be explained by the decomposition of the ethyl cellulose. It 
is possible to see that carbon burning in C-TiO2 paste causes 
some alteration in the weight loss in this stage. Those occur-
ring between 310 and 490 °C (4.23 wt% loss) also correspond 
to the crystallization from the amorphous phase into anatase 
and decrease of carbons. The TGA of modified TiO2 paste 
reveals that the solvent and binder and carbon templates (totally 
removed mass percentage of 85.34%) burn out completely only 
at 530 °C.

TGA curves exhibited that decomposition temperature for 
both of them is rather the same because of the small amounts 
of carbon spheres into TiO2 paste. The increase in thermal sta-
bility of C-TiO2 originates as a result of interactions between 
homogeneously mixed carbon spheres and TiO2 particles. This 
interaction undoubtedly restricts the thermal motion of TiO2 
particles which enhances the rigidity of TiO2 layer and more 
energy needs for the movement of particles.

When the calcination temperature reaches 300 °C, TiO2 
nanoparticles have not been compactly connected with each 
other yet, the carbonaceous sphere templates start to burn and 
decrease in the size while retaining their spherical profiles 

during calcination. In this stage, due to the expansion of gas 
generated by carbon spheres the hollow void spheres formed 
in the bigger size than the diameter of carbon spheres. So 
TiO2 nanoparticles at the edges of pores are tightly packed but 
in the later stage ethyl cellulose will be burned out and TiO2 
nanoparticles connect to each other and size of hollow spheres 
become smaller. Annealing at 450 °C for 30 min, ensure excel-
lent binding between the TiO2 particles and the conversion of 
any remaining amorphous TiO2 to anatase phase.

2.3. Deposition of Perovskite on Modified C-TiO2 Layers

In the present study, we fabricated a compact and pin-hole free 
perovskite film with full coverage on the TiO2 layer via atmos-
pheric pressure vapor assisted solution process (AP-VASP) 
method.[32–34] Details of CH3NH3PbI3 deposition using AP-
VASP method can be found in Supporting Information.

Figure 6a–d shows the FESEM images and grain size distri-
butions for MAPbI3 deposited on the pure (C0) and modified 
TiO2 layers with varied proportions of carbon spheres 4 wt% 
(C4), 8 wt% (C8), and 10 wt% (C10), respectively. As shown in 
Figure 6, the morphology of perovskite changes drastically on 
different TiO2 layers; the average grain size of the perovskite 
crystals increases substantially from 525 nm for a standard cell 
to 750 nm for the modified cell as the carbon sphere contents 
increase from 0 to 8 wt%. For the perovskite film fabricated on 
C8 TiO2 layer, we can clearly observe high uniformity and 100% 
coverage of the perovskite film. A further increase in the TiO2 
film porosity to C10 resulted in observe small and large pores 
inside the perovskite film which is indicative of the nonhomo-
geneous and incomplete coverage of the surface with perovskite 
films and difficulty of obtaining devices with good PCE from 
these layers.

The FESEM images of deposited CH3NH3PbI3 films on both 
TiO2 and C8-TiO2 films show rather homogeneous surfaces 
with no indications of pinhole defects. Fine-tuning porosity 
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Figure 6.  The FESEM images of deposited perovskite layer on the surfaces of modified TiO2 pastes obtained from a) 0 wt%, b) 4 wt%, c) 8 wt%, and 
d) 10 wt% of carbon spheres content.
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optimization of C-TiO2 films results in very well penetration of 
MAI into the pores of TiO2 and creating a uniform, continuous, 
and homogeneous compact CH3NH3PbI3 film with a complete 
surface coverage of larger grain sizes (Figure 6). Perovskite film 
with larger grain size causes to mitigate the possibility of trap 
states or carrier blocking at grain boundaries.

Steady-state photoluminescence (PL) measurements of 
perovskite deposited on the TiO2 layers with different carbon 
spheres contents were performed (Figure 7a). The PL intensi-
ties show an order C10> C0 > C2 > C4> C8, indicating that the 
quenching of PL of perovskite occurred when it was deposited 
in the TiO2 films due to electrons injecting from perovskite into 
these ETLs. The C8 film shows the most PL quenching com-
pared to the other films due to its better effect of pore filling 
than the others that lead to the improved interconnection on 
the C8/CH3NH3PbI3 interface. The corresponding bandgap 
(Eg = 1.61 eV) determined from the PL spectra is in good agree-
ment with previous studies.[40,56,57]

To investigate further the charge extraction process at 
the perovskite/ETL interface, affecting their corresponding 
photovoltaic performances, we measured transient PL decay 
for perovskite layers deposited on glass, pure and modified 
TiO2 films using the time correlated single photon counting 
(TCSPC) technique with excitation at 635  nm and probe at 
770 nm. The PL transient profiles shown in Figure 7b were well 
fitted with a bi-exponential decay function with a fast compo-
nent τ1 and a slow component τ2 (Figure S2, Supporting Infor-
mation). The fitted time coefficients (τi), and the corresponding 
relative amplitudes (Ai) for each sample are listed in Table  1. 
The average PL lifetimes (τPL) were determined with an inten-
sity-averaged approach according to the following equation[58]

2∑
∑τ

τ
τ

=
A

A
PL

i i

i i 	
(1)

in which Ai and τi are the amplitudes of each component 
and the corresponding fitted time coefficients, respectively. 
Assuming that all PL quenches are due to the effect of electron 
extraction, the interfacial electron extraction time (τe) at the 

interface between CH3NH3PbI3 and mp-TiO2 can be predicted 
using the following equation

e

1 1 1

PSK/ETL PSKτ τ τ
= −

	
(2)

in which τPL and τPSK/ETL are the PL lifetimes for CH3NH3PbI3 
only deposited on glass and those with CH3NH3PbI3 deposited 
onto varied mp-TiO2 layers, respectively. τPL was determined 
to be 133.68  ns but decreased to 6.79, 9.36, 12.75, 16.31, and 
63.84  ns when CH3NH3PbI3 layer was in contact with the 
mp-TiO2 of C8, C4, C2, C0, and C10, respectively.

The electron extraction time (τe) in the CH3NH3PbI3/
mp-TiO2 interface shows the order τe (C8) < τe (C4) < τe 
(C2) < τe (C10). The trend of electron extraction rate coef-
ficients (1/τe) shows the order τe (C8) > τe (C4) > τe (C2) > 
τe (C10), indicating that C8 is the most efficient ETL com-
pared to all ETLs. This order is consistent with the trend of 
their photovoltaic results reported in Figures  3 and  4, indi-
cating the superior electron-extracting characteristic of the 
C8 layer as an efficient ETL responsible for the high-perfor-
mance CH3NH3PbI3 based solar cells. The C8 ETL possessed 
a stronger electron extraction capability than the pure and 
other modified ETLs, which is consistent with the trend of PL 
quenching in Figure 7a.

Adv. Mater. Interfaces 2019, 1900939

Figure 7.  a) The Photoluminescence (PL) spectra, and b) transient PL decay profiles of CH3NH3PbI3 deposited on glass and varied C-TiO2 ETLs. 
Transient PL decays were obtained using the TCSPC technique with excitation at 635 nm and probe at 770 nm.

Table 1.  The photoluminescence fitted time coefficients, corresponding 
amplitudes of each component in the bi-exponential decay function, and 
the interfacial electron extraction times (τe) at the interface of deposited 
CH3NH3PbI3 on modified mp-TiO2 layers fabricated on glass substrates 
with excitation at 635 nm and probe at 770 nm.

τ1 [ns] A1 τ2 [ns] A2 τe [ns]

Perovskite 54.6 24% 143.2 76% −

perovskite/C10 14.0 36% 48.0 64% 63.84

perovskite/C0 7.16 48% 17.35 52% 16.31

perovskite/C2 7.18 56% 14.46 44% 12.75

perovskite/C4 4.21 60% 11.29 40% 9.36

perovskite/C8 3.76 59% 8.24 41% 6.79



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900939  (7 of 11)

www.advmatinterfaces.de

2.4. Device Performance

The PSC devices were fabricated according to a layer-by-layer 
procedure detailed in the Supporting Information. Figure 8a,b 
shows the schematic representation of a fabricated device and 
side-view of a standard device, respectively.

As can see in Table  2, the obtained performance of the C8 
device is much greater than that of the C0 device (PCE of 
11.72%) and is also greater than that reported elsewhere for 
the best efficiency of a device fabricated using the AP-VASP 
method in ambient air condition.[33]

The higher FF of samples made of modified TiO2 films from 
C2 to C8 in Figure 9 is attributed mainly to the better infiltra-
tion of deposited perovskite on the modified TiO2 layer, larger 
CH3NH3PbI3 grains and uniform covering the entire substrate, 

which improve light-harvesting properties. It shows that the 
modification on the surface reduces the loss of photoexcited 
carriers being extracted from the device due to the suppression 
of surface electron recombination. The increase in short circuit 
current density is also evidenced for better light absorption and 
light scattering of the optimized TiO2 layer.

Higher charge concentration in the interface of TiO2 and 
perovskite absorber for a certain number of injected electrons 
leads to retarding the recombination in PSC and getting high 
Voc and PCE. In C10 samples, the big voids in mesoporous 
TiO2 films would cause direct contact between the electron 
transporting layer and hole transporting layer, leading to poor 
device performance. Thus, the addition of further carbon 
spheres causes the efficiency of C10 to be lower than that of the 
standard device.

The extent of discrepancy between the Jsc obtained from 
the J–V curve and the Jsc calculated based on IPCE data, in 
Figure  9f, might be due to differences in the morphology of 
deposited CH3NH3PbI3 layer on different ETLs and/or discrep-
ancy in interfacial contacts.

Enlarging the interfacial contact between perovskite and 
TiO2 by effective pore-filling suppresses the charge accumula-
tion caused by ion migration and diminishes the possibility of 
hysteresis. The J–V characteristics of the CH3NH3PbI3 based 
solar cells prepared with varying porosity of TiO2 film in for-
ward and reverse scans are shown in Figure 10. Obviously, the 
hysteresis effects have been significantly relieved compared 
with the standard devices without porosity modification of ETL. 
The hysteresis behavior in the J–V characteristics of perovskite 
solar cells substantially reduced due to good pore filling, large 
CH3NH3PbI3 crystal, and better ion migration in the presence 
of modified TiO2 layer.

In order to describe the hysteresis behavior of devices, a J−V 
hysteresis index (HI) has been introduced to numerically esti-
mate the difference of current densities between forward and 
reverse sweep scan of devices.[59–61] The observed hysteresis can 
be quantified by calculating the HI as follows

J V J V

J V
hysteresis index

(0.8 ) (0.8 )

(0.8 )
RC oc FD oc

RC oc

=
−

	
(3)
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Figure 8.  a) Schematic representation of the fabricated device structure; Spiro-OMeTAD used as a hole-transport layer (HTL) and a silver electrode is 
evaporated on top as a counter electrode. The active area of the cells was fixed at 9 mm2 (3 mm × 3 mm) using a metal mask and b) The corresponding 
side-viewed FESEM image of standard solar cell with the scale bar indicating 200 nm. Size of particles and thickness of layers are not in scale.

Table 2.  Photovoltaic parameters of perovskite solar cells fabricated 
with varied porosity of mesoporous TiO2 layer measured under simu-
lated AM-1.5G illumination with active area of 0.09 cm2.

a)ETL JSC [mA cm−2] VOC [V] FF [%] PCE [%]

C0 b)Average 17.96 ± 0.24 0.98 ± 0.00 60.59 ± 0.29 10.73 ± 0.11

c)Best 20.15 0.973 59.77 11.72

C2 b)Average 18.91 ± 0.30 0.99 ± 0.00 64.35 ± 0.67 12.11 ± 0.15

c)Best 21.73 0.979 61.4 13.06

C4 b)Average 20.55 ± 0.30 1.00 ± 0.00 65.06 ± 0.67 13.34 ± 0.15

c)Best 22.19 1.024 65.49 14.90

C8 b)Average 21.82 ± 0.23 1.02 ± 0.00 69.68 ± 0.71 15.60 ± 0.12

c)Best 23.66 1.046 67.33 16.66

C10 b)Average 14.39 ± 0.25 0.86 ± 0.00 61.12 ± 0.45 7.58 ± 0.13

c)Best 14.79 0.95 59.61 8.35

a)The devices were fabricated using the CH3NH3PbI3 layers prepared via a two-step 
AP-VASP method onto the different electron-transporting layers (ETLs) detailed in 
the Experimental Methods, Supporting Information; b)The average values shown 
in parentheses with the uncertainties representing one standard deviation were 
obtained from 25 devices fabricated under the same experimental conditions; c)The 
best photovoltaic performances are reported for each type of C-modified devices.
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where JRS (0.8 Voc) and JFD (0.8 Voc) represent the current den-
sity at 80% of Voc voltage value for the reverse (from Voc to zero) 
and forward (from zero to Voc) voltage scans, respectively. The 
value of the HI presents the extent of hysteresis, a HI value of 
zero reflects a device without hysteresis while higher values 
of HI indicate a more pronounced hysteresis. The solar cell 
parameters values, along with the calculated hysteresis index 
of standard and modified devices are summarized in Table  3 
depending on the scan direction.

It has been already suggested in the previous literatures 
that the origin of observed hysteresis could be related to the 
grain size of the perovskite layer.[59–61] The increase of average 

grains size leads to fewer grain boundaries in the perovskite 
layer and improves the measurable PCEs by increasing the 
perovskite layer smoothness and rate of electron transfer from 
the perovskite layer to the mp-TiO2. According to the HI calcu-
lations, small perovskite grains size of 525  nm shows a high 
hysteresis index of 0.153 compared with 0.060 for larger grains 
size of 750 nm in perovskite layer of the modified device. The 
calculations numerically confirm that the porosity modifica-
tion of TiO2 layer onto the hysteresis reduction prevents charge 
carriers from easily trapping or recombination at the grain 
boundaries and perovskite interfaces due to the low defect 
density.[61–66]

Figure 9.  Boxplots of photovoltaic parameters a) JSC, b) VOC, c) FF, and d) PCE for devices made of C0, C2, C4, C8, and C10 TiO2 paste as ETLs. Each 
data set is carried out from at least 25 devices. e) Current density–voltage curves of best efficiency devices and f) IPCE and integrated current density 
of the best device in comparison with standard device.

Figure 10.  J–V characteristics of the devices based on devices in contact to a) TiO2 and b) C-TiO2 layers, under illumination condition in reverse and 
forward sweep directions. These devices were measured under simulated AM1.5 and 100 mW cm−2 sun light.
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The long-term stability of unencapsulated PSCs has been 
investigated during a period of 30 days, at a relative humidity 
of 33%. Daily measurement of J–V characteristic is carried out 
on the best-performing devices, which is kept in darkness in 
ambient air in the intervals between measurements. Figure 11 
shows the related photovoltaic parameters of the preliminary 
stability investigation during 30 days. The modified solar cells 
sustained over 91% of the initial PCE, while the pristine perov-
skite solar cells showed 39% decrease in its initial PCE.

3. Conclusions

We have studied the effect of porosity modification of the 
TiO2 layer with different contents of carbon spheres on the 
grain size of perovskite layers under relatively high humidity 

ambient conditions (≥50%), the performance and stability of 
CH3NH3PbI3 solar cells. The CH3NH3PbI3 films were depos-
ited via a highly reproducible AP-VASP method. Up to date, 
the best reported efficiency for the fabrication of CH3NH3PbI3 
based PSCs by AP-VASP method has only reached to the 
13.5%.[33] In the present study, modification of ETL porosity 
resulted in the feasible incorporation of MAI to the modi-
fied porous TiO2 films and producing larger crystal grains of 
perovskite in ambient air with relatively high humidity. The 
efficiency of the PSC device with 8 wt% carbon spheres has 
been further improved to 16.66%, which is significantly greater 
than the device without C-modification (PCE 11.72%). The 
SEM images showed compact perovskite films with the grain 
size up to micrometers in the modified CH3NH3PbI3-TiO2 
heterojunction film whereas the pristine CH3NH3PbI3-TiO2 
film exhibited smaller grains size. The improvement in the 
quality of perovskite film results in more contact between the 
C-TiO2 layer and the CH3NH3PbI3 active layer, better electron 
injection and less hysteresis of the device. The interface engi-
neering by porosity modification of TiO2 film would increase 
the electron-injection rate and suppress the charge recombina-
tion at the CH3NH3PbI3-TiO2 interface, which could signifi-
cantly reduce the resistance for electrons to transfer to the FTO 
surface, improve the stability of fabricated PSCs in ambient air, 
and pave the way to their further commercialization. The fact 
that there is a more gradually large decrease in the efficiency of 
standard devices than the modified devices in the same condi-
tions provides direct evidence of the beneficial effect of porosity 
modification on PSC photostability.

Table 3.  Photovoltaic parameters at forward (FD) and reverse (RS) 
sweep scan direction obtained using a rate of 100 mV s−1 starting from 
forward bias. The cells were masked with a black metal mask with a 
limit active area of 0.09 cm2 and the hysteresis index was calculated by 
Equation (3).

CH3NH3PbI3  
size [nm]

Scan  
direction

Jsc  
[mA cm−2]

Voc  
[V]

FF PCE  
[%]

HI

525 FD 20.06 0.96 49.86 9.6 0.153

RS 20.16 0.973 59.75 11.72

750 FD 23.58 1.04 62.34 15.29 0.060

RS 23.67 1.045 67.33 16.66

Figure 11.  Normalized photovoltaic parameters of standard, and modified CH3NH3PbI3 based PSCs measured during 30 days under ambient room 
condition (25–30 °C, 33% humidity). Solar cell characterization of nonencapsulated best-performing modified devices indicates 91% maintenance of 
its PCE after 30 days.
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from the author.
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