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A B S T R A C T

A type of quasi-mesoscopic perovskite solar cells (QM-PSCs) with porous hierarchical TiO2 (hier-TiO2)
nanostructures of scattered distribution as scaffold was investigated. The porous hier-TiO2 nano-
structures were synthesized by sintering MIL-125(Ti) of metal-organic frameworks (MOFs) at 500 �C in
air and which were partly inherited from the ordered porosity of MIL-125(Ti). The ordered hier-TiO2

nanostructures were scattered on compact TiO2 layer to form a quasi-mesoscopic scaffold of scattered
distribution, which can offer enough growth space for perovskite grains and promote the ordered growth
of perovskite grains. The QM-PSCs shows a power conversion efficiency (PCE) of 16.56%, much higher
than PCE (11.38%) of PSCs with conventional small TiO2 nanoparticles (npt-TiO2) as scaffold and PCE
(6.07%) of planar PSCs with compact TiO2 layer. The PCEs of PSCs with hier-TiO2 and npt-TiO2 remain 47%
and 22% of the initial PCE values aging for 30 days in air, indicating that PSCs with hier-TiO2 scaffold
shown better stability and moisture resistance. The enhanced performance of QM-PSCs is primarily
attributed to the superior wettability quasi-mesoscopic scaffold with ordered porous hier-TiO2

nanostructures, which help to form the high quality perovskite film with better crystillinity and less
pin-holes, and improve the contact properties between perovksite and electron transport layer.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The organic-inorganic perovskite solar cells (PSCs) have
recently attracted enormous attention due to their unique
advantages, such as low-temperature solution processed proce-
dure, low-cost and excellent photovoltaic performances [1–3]. To
date, the power conversion efficiencies (PCEs) of mesoscopic PSCs
and planar PSCs, as two types of typical architectures of PSCs have
reached more than 20% [4–8]. Although some kinds of hole/
electron transport layers free PSCs have been well developed and
obtained high PCE [9–12], perovskite photoactive layer sand-
wiched in electron transport layer (ETL) and hole transport layer
(HTL) is still a better structure to get efficient and stable PSCs
because the competent electron and hole transport layers can
promote carrier transport and collection, and even improve the
stability of PSCs. The typical mesoscopic PSCs usually use n-type
metal oxides such as TiO2 as a compact electron transport layer,
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and employ nano- or submicro-nanoparticles such as TiO2 [13–15],
Al2O3 [16] and SiO2 [17] as the mesoscopic scaffold.

However, the bare CH3NH3PbI3 (MAPbI3) perovskite has shorter
diffusion length of electrons than holes, which results in the
transport imbalance of electrons and holes. The carrier mobility of
the perovskite layer is related to the composition, morphology and
crystalline size, which can greatly affect the performance of PSCs.
Cl- or Br-doping have been successfully used to extend the carrier
diffusion length of MAPbI3 perovskite [18,19]. Limited to relatively
low electron mobility of TiO2, doped TiO2 materials, such as
Yttrium doped TiO2 (Y-TiO2) [20] and Lithium doped TiO2 (Li-TiO2)
[21,22] have been developed and succeeded in applying to the
compact layer (electron transport layer) and/or mesoscopic
scaffold layer, which obviously compensate electron transport
flaws of perovskite layer and improve the performance of PSCs.
Recent reports further showed that using different sizes of TiO2

nanoparticles (npt-TiO2) as scaffold can greatly affect PCE of
mesoscopic PSCs [13,23–26]. The early used mesoscopic scaffold
fabricated with small size npt-TiO2 usually forms a labyrinthine
structure with narrow space, which increased voids of perovskite
and limit the crystalline sizes of perovskite grains inside TiO2
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scaffold, resulting in the decrease of carrier transport ability, and
the increase of carrier combination and the leakage current. Yang
et al. used 100 nm spherical TiO2 aggregates as a scaffold layer of
PSCs, obtained over 18% PCE, which is obviously higher than PCE of
PSCs with small size npt-TiO2 scaffold [14]. The enhanced
performance of PSCs is attributed to the larger growth space of
perovskite grains inside scaffold, which help to form high quality of
perovskite layer with larger grain size and less pin-holes.

Besides enough growth space inside in scaffold, the crystalliza-
tion process of the perovskite layer is also controlled by the
wettability and the surface morphologies of planar and scaffold
layers. The superior wettability can reduce the nucleation barrier,
and improve the coverage of perovksite layer and the uniformity of
perovskite grains [27]. Chang et al. further demonstrated that the
perovskite layer may form better ordered crystallites by
Fig. 1. (a) XRD patterns of MIL-125(Ti) and hier-TiO2. (b) HRTEM, (c) SEM and (d) TEM ima
and hier-TiO2. (f) Pore size distributions from the adsorption branch through the BJH m
introducing a metal-organic frameworks (MOF) material into
the perovskite layer because MOF materials belong to an ordered
porous crystalline material [28]. Therefore, we expected that using
ordered porous TiO2 nanostructures as scaffold can solve the
limitation of grain growth, and also improve the ordered structures
of perovskite grains by adjusting the crystallization process of the
perovskite layer.

Herein, the ordered porous hierarchical TiO2 (hier-TiO2) nano-
structures were synthesized by sintering the MIL-125(Ti) MOFs at
500 �C in air, because hier-TiO2 nanostructures can partly inherit
the ordered porosity of MIL-125(Ti) after burning off organic
ligands. The porous hier-TiO2 nanostructures were spin-coated on
compact TiO2 layer and formed a scaffold of scattered distribution,
and sequentially fabricated a quasi-mesoscopic PSCs. This scat-
tered distribution scaffold shows superior wettability and which is
ges of hier-TiO2 nanostructures. (e) N2 adsorption-desorption isotherms of npt-TiO2

ethod.
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benefit to grow large and uniform perovsite grains. As a results, the
photovoltaic performance and stability of the quasi-mesoscopic
PSCs with hier-TiO2 nanostructures scaffold compared to meso-
scopic npt-TiO2 scaffold and planar compact TiO2 layer have been
obviously improved.

2. Experimental

2.1. Preparation of hierarchical TiO2 slurry

MIL-125(Ti) was synthesized by modifying the procedure
reported elsewhere [29]. Typically, a mixture of 3.0 g terephthalic
acid, 6 ml anhydrous methanol, 1.56 ml Ti(OC4H9)4 and 54 ml
dimethylformamide (DMF) were loaded into a 100 ml autoclave
with a Teflon cup and heated at 120 �C for 20 h. Upon cooling down,
the white suspension of MIL-125(Ti) was centrifuged at 4000 rpm
for 10 min and washed with anhydrous methanol for several times.
The synthesized MIL-125(Ti) were sintered at 380 �C for 5 h and
500 �C for 30 min to produce porous hier-TiO2 nanostructures.

The 0.1 g porous hier-TiO2 was dispersed in 1 ml ethanol, then
added 0.5 ml a-terpinol and 0.05 g ethyl cellulose into solution to
increase the viscosity, and continuously stirred overnight to form
the hier-TiO2 slurry.

2.2. Preparation of quasi-mesoscopic hier-TiO2 scaffold

The patterned FTO substrates were ultrasonically cleaned using
deionized water, acetone and isopropanol, then treated under UV-
Fig. 2. Top-view SEM images of (a) compact TiO2, (b) mesoscopic npt-TiO2 and (c) quasi-
measured with a mixture solvent of DMF and DMSO (7:3, vol:vol). Cross-section and top-
(d and g) compact TiO2, (e and h) mesoscopic npt-TiO2, and (f and i) quasi-mesoscopic
ozone for 15 min. A compact TiO2 layer with 40 nm thickness was
spin-coated on FTO substrate and sintered at 500 �C for 30 min. The
hier-TiO2 slurry was spin-coated onto compact TiO2 layer and then
heated at 500 �C for 30 min. Finally, the samples were immersed in
40 mM TiCl4 aqueous solutions for 30 min at 70 �C and washed
with deionized water and ethanol, followed by annealing at 500 �C
for 30 min in air. The hier-TiO2 scaffold was scattered on the
compacted TiO2 layer. For reference of TiO2 nanoparticles (npt-
TiO2) scaffold, the TiO2 nanoparticles (18-NRT) were diluted with
ethanol at 1:3.5 mass ratio, and its corresponding fabrication
procedure is similar to that of hier-TiO2 scaffold.

2.3. Fabrication of PSCs

The MAPbI3 layer was prepared using a typical two-step spin-
coating procedure. 20 ml PbI2 solution (1 M, PbI2 in a mixture of
DMF/DMSO = 7:3, vol:vol) was spin-coated on hier-TiO2 scaffold
layer and dried at 40 �C for 3 min. 200 ml CH3NH3I (MAI) solution in
2-propanol (8 mg ml�1) was dropped on the PbI2-coated substrate
to stay for 2 min, then spun at 4000 rpm for 30 s and heated at
100 �C for 30 min to form MAPbI3 layer. Subsequently, 72.3 mg
Spiro-OMeTAD (�99.5%, Polymer Light Technology Corp., Xi’an,
China.), 28.8 ml TBP and 17.5 ml Li-TFSI acetonitrile mixture
solution (520 mg ml�1) were dissolved in 1 ml chlorobenzene
and then spin-coated onto the perovskite layer to form a 60 nm
thickness hole transport layer. Finally, a 80 nm thick AgAl alloy
electrode was thermally evaporated onto hole transport layer and
the active area of device is 0.10 cm2.
mesoscopic hier-TiO2. Insets are the contact angles of the corresponding TiO2 layer
view SEM images of MAPbI3 prepared by two-step spin-coating procedure on top of

 hier-TiO2 layers, respectively.
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2.4. Characterization

The morphology, structure and composition of the samples
were respectively investigated by scanning electron microscopy
(SEM, Hitachi S-4800), transmission electron microscopy (TEM,
JEM-2100), X-ray diffraction (XRD, Holland Panalytical PRO
PW3040/60) with Cu Ka radiation (V = 30 kV, I = 25 mA). The light
absorption and scattering spectra were measured using a UV–vis
spectrophotometer (Hitachi U-3900). The N2 adsoprtion-desorp-
tion isotherms were recorded at 77 K with a Micromeritcs Tristar
3000 analyzer (Tristar, USA). The TiO2 samples were degassed in
vacuum at 200 �C for 8 h prior to measurement. The Brunauer-
Emmett-Teller (BET) method was adopted to calculate the surface
area and the Barrett-Joyner-Halenda (BJH) method was used to
determine the average pore size. The photocurrent density-voltage
(J-V) curves were measured using a Keithley model 2440 Source
Meter under the illumination of AM 1.5G and 100 mW/cm2

simulated solar light from a Newport solar simulator system.
During the photovoltaic measurements, all devices were masked
with a mask to define the active area of 0.10 cm2. The photovoltage-
time and photocurrent-time profiles during on-off cycles of
illumination were measured using Autolab PGSTAT 302N electro-
chemical workstation. The incident photon to current conversion
efficiency (IPCE) was measured using a Newport Optical Power
Meter 2936-R controlled by TracQ Basic software.

3. Results and discussion

The organic ligands in MIL-125(Ti) were burned off and the
ordered hierarchical titanium oxide with porosity was formed due
to partly inheriting ordered porosity of MIL-125(Ti). Fig. 1a shows
the XRD patterns of prepared MIL-125(Ti) and hier-TiO2. The
crystal structure of MIL-125(Ti) is composed of m-OH corner-
sharing TiO6 octahedra chains through Ti4+ ions, which are
interconnected by terephthalic acid molecules to develop three-
dimensional architecture [29–31]. For the hier-TiO2, the XRD peaks
at 25.3�, 37.9�, 47.8� and 54.7� correspond to (101), (004), (200) and
(105) crystal planes of anatase TiO2, and the peaks at 27.4�, 35.9�

and 41.2� belong to (110), (101) and (111) crystal planes of rutile
TiO2, respectively. This indicated that the hier-TiO2 nanostructures
belong to a mixed crystal structure of anatase and rutile. Fig. 1b
shows the HRTEM image of hier-TiO2. The lattice fringes with
interplanar distances of 0.351 nm and 0.238 nm correspond to the
(101) and (004) planes of anatase TiO2 (JCPDS 65-5714) and the one
with 0.324 nm is assigned to the (110) plane of rutile TiO2 (JCPDS
21-1275), which is consistent with the observed XRD results. The
hier-TiO2 nanostructures show a similar circular plate morphology
Fig. 3. Schematic diagram of fabricat
and its sizes are about 200–300 nm, as shown in Fig. 1c. The
abundant pores in hier-TiO2 nanostructures can be observed from
TEM image in Fig. 1d, indicating that the hier-TiO2 nanostructures
partly inherited the porosity of MIL-125(Ti). Nitrogen adsorption-
desorption isotherms of hier-TiO2 and npt-TiO2 are shown in
Fig. 1e. The specific surface areas of hier-TiO2 and npt-TiO2 are
87.36 m2g�1 and 42.35 m2g�1, respectively. The mean pore size
value of hier-TiO2 is about 10 nm, as shown in Fig. 1f, which is
significantly larger than the pore size of about 6 nm for npt-TiO2.
The larger surface area and pore size for hier-TiO2 indicate the
formation of porous structure by sintering MIL-125(Ti) at 500 �C,
which is consistent with the observation of TEM image in Fig. 1d.

The SEM images of planar compact TiO2 layer, mesoscopic npt-
TiO2 layer and hier-TiO2 layer are shown in Fig. 2a–c. The npt-TiO2

layer stacked onto the smooth and compact TiO2 layer shows lots of
tiny gaps inside npt-TiO2 scaffold. While the hier-TiO2 was
scattered on the compact TiO2 layer, which is apparently different
from npt-TiO2 scaffold with a continuous stack. Therefore, this
scattered distribution scaffold of hier-TiO2 nanostructures was
defined as a quasi-mesoscopic scaffold to distinguish the
conventional mesoscopic scaffold. The mixture solvent with
DMF and DMSO was used to preciously observe the wettability
behavior between perovskite and TiO2 layers. The contact angles of
hier-TiO2 scaffold and npt-TiO2 scaffold layer are respectively 2�

and 7�, indicating that the hier-TiO2 scaffold layer has superior
wettability compared to mesoscopic npt-TiO2 scaffold and planar
compact TiO2 layer. The abundant porosity of hier-TiO2 increases
the surface roughness of nanostructures and capillary effect, which
contributes to the superior wettability. Therefore, the porous hier-
TiO2 scaffold would reduce the nucleation barrier, which can
improve the uniformity of grains and crystalline quality of
perovskite layer. The scattered distribution of porous hier-TiO2

scaffold can further overcome the crystalline size limitation and
improve the filling rate of perovskite layer. However, the small pore
sizes and the zigzag structures of conventional mesoscopic scaffold
layer fabricated with such as 20 nm small size TiO2 nanoparticles
usually deteriorate the effect of perovskite filling into npt-TiO2

scaffold layer, especially in poor wettability condition, which can
form more voids and limit the crystalline size, as shown in Fig. 2e.

The MAPbI3 layer was fabricated using a typical two-step spin-
coating procedure and the detail schematic diagram of process is
shown in Fig. 3. Fig. 2d–i show the cross-section and top-view SEM
images of MAPbI3 layer onto the planer compact TiO2 layer,
mesoscopic npt-TiO2 scaffold layer and quasi-mesoscopic hier-TiO2

scaffold layer, respectively. From the cross-section SEM images, the
thickness of MAPbI3 onto the compact TiO2 layer is about 390 nm.
The MAPbI3/npt-TiO2 film is about 700 nm and a MAPbI3 layer with
ed P-PSCs, M-PSCs and QM-PSCs.
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about 400 nm thickness was accumulated on top of mesoscopic
npt-TiO2 scaffold layer. Some voids inside mesoscopic npt-TiO2

layer can obviously be observed due to the inferior infiltration of
MAPbI3 material. However, the hier-TiO2 scaffold was fully
infiltrated and almost surrounded by MAPbI3 grains and only
slight hier-TiO2 nanostructures scaffold can be observed. The total
thickness of MAPbI3/hier-TiO2 films is only about 420 nm. The
average grain sizes of perovskite grown on the hier-TiO2 and
compact TiO2 are respectively about 320 nm and 290 nm, which is
larger than that (�270 nm) of perovskite grains on npt-TiO2 layer.
This is because the scattered distribution of hier-TiO2 scaffold can
offer enough space of crystalline growth and the ordered porous
hier-TiO2 nanostructures is helpful to crystal growth of perovskite
layer [32].

Fig. 4a shows the XRD patterns of MAPbI3 films onto the
compact TiO2, npt-TiO2 and hier-TiO2 layer. The diffraction peaks at
14.0� and 28.3� are correctly indexed as (110) and (220) planes of
the perovskite crystal structure [33]. The peak intensities of
MAPbI3 film on hier-TiO2 compared to the compact TiO2 and npt-
TiO2 were obviously stronger, indicating that the larger crystalline
sizes were formed, which is consistent with the observed grains
from SEM images. Furthermore, compared to perovskite on
compact TiO2 (R(220)/(110) = 0.96) and npt-TiO2 (R(220)/(110) = 0.92),
the intensity ratios of (220) and (110) peaks of perovskite on hier-
Fig. 4. (a) XRD patterns of MAPbI3/compact TiO2, MAPbI3/npt-TiO2 and MAPbI3/
hier-TiO2. (b) UV–vis diffuse reflectivity spectra of compact TiO2 layer (i), npt-TiO2

scaffold layer (ii) and hier-TiO2 scaffold layer (iii). UV–vis absorption spectra of
MAPbI3/compact TiO2 (I), MAPbI3/npt-TiO2 (II) and MAPbI3/hier-TiO2 (III). Inset is
the digital photographs of compact TiO2 layer (i), npt-TiO2 layer (ii) and hier-TiO2

layer (iii) on FTO substrate.
TiO2 scaffold, compact TiO2 layer and npt-TiO2 scaffold are 1.01,
0.96 and 0.92, respectively. The increased ratio of R(220)/(110)

indicates that the perovskite film onto the hier-TiO2 scaffold can
form better ordered growth of perovskite crystalline grains
because the ordered porous crystalline material can induce the
perovskite precursor to form more ordered perovskite crystallites
[28].

The light scattering intensity of hier-TiO2 scaffold layer
compared to mesoscopic npt-TiO2 scaffold and planar compact
TiO2 layer was obviously enhanced in the wavelength range from
350 nm to 700 nm, as shown in Fig. 4b. The haze effect of hier-TiO2

scaffold layer can be clearly observed from the photographs in the
inset of Fig. 4b, which intuitively supported this diffuse scattering
light effect of the hier-TiO2 scaffold. Although the conventional
mesoscopic scaffold layer with labyrinthine structure can improve
the light scattering, the sizes of TiO2 nanoparticles play an
important role to increase the light scattering of scaffold. The
greatly enhanced diffuse reflectance of hier-TiO2 scaffold layer is
attributed to the large size circular plate of hier-TiO2 nano-
structures with 200–300 nm diameter, which is roughly consistent
with the scattering wavelength range from 350 nm to 700 nm.
Fig. 4b shows the UV–vis absorption spectra of MAPbI3/compact
TiO2, MAPbI3/npt-TiO2 and MAPbI3/hier-TiO2 layers. The obviously
enhanced absorbance intensity of MAPbI3/hier-TiO2 is attributed to
better crystallinity of the perovskite layer and the haze effect of
hier-TiO2 scaffold. Noticeably, the uplifted absorption tail of
MAPbI3/hier-TiO2 was possibly ascribed to the increases of the
light scattering from enlarged grain sizes of perovskite [34,35].

Three types of PSCs based on planar compact TiO2 layer,
mesoscopic TiO2 nanoparticles scaffold and quasi-mesoscopic
hier-TiO2 scaffold layers were named as P-PSCs, M-PSCs and QM-
PSCs, respectively. A typical cross-section SEM image of QM-PSCs is
shown in Fig. 5a. The perovskite grains can be clearly observed and
the thickness of perovskite and Spiro-OMeTAD layers are about
430 nm and 80 nm, respectively. The PCE of QM-PSCs is related to
the scattered distribution situation of scaffold, which can be
controlled by adjusting spin-coating speed of hier-TiO2 slurry. The
spin-coating speed was varied from 1000 rpm to 3000 rpm and the
relative J-V curves and parameters of QM-PSCs with different spin-
coating speed is shown in Fig. 5b and Table S1. The best PCE
(16.56%) of QM-PSCs can be obtained at 2000 rpm. The SEM images
of hier-TiO2 scaffold in Fig. S1 indicated that too dilute distribution
and severe aggregations of scaffold would both deteriorate the
performance of QM-PSCs. Fig. 5c compared the J-V characteristic
curves of P-PSCs, M-PSCs and QM-PSCs and the parameters of cells
are listed in Table 1. The PCE of the optimized QM-PSCs is 16.56%,
which is obviously higher than PCE (6.07%) of P-PSCs, and PCE
(11.38%) of M-PSCs. The parameters of fill factor (FF) (71.84%), VOC

(1.01 V) and JSC (22.81 mA/cm2) of QM-PSCs are all superior to that
of P-PSCs and M-PSCs. The higher FF value of QM-PSCs compared to
P-PSCs and M-PSCs is possibly attributed to better crystallinity and
larger grain sizes of perovskite with less pinholes, which help to
reduce the carrier recombination and improve carrier transport
and collection abilities [36,37]. The enhanced VOC and FF of QM-
PSCs are further supported by the dark J-V characteristics, as
shown in Fig. 5d. The obviously lower reversed saturation current
and higher rectification ratio of QM-PSCs compared to M-PSCs and
P-PSCs indicated that the perovskite based on hier-TiO2 scaffold
can reduce the leakage current and carrier recombination current,
improve carrier transporting and collecting abilities. The reduced
leakage current and carrier recombination current usually helps to
improve the FF and Voc of PSCs [38]. Furthermore, QM-PSCs present
a weaker J-V curve hysteresis compared to P-PSCs and M-PSCs with
the scan speed of 100 mV/s, as shown in Fig. 5c. Recent studies have
indicated that the ion migration is an important factor to result in
hysteresis [39], and the perovskite film with better crystalline



Fig. 5. (a) Cross-section SEM image of QM-PSCs. (b) J-V curves of PSCs with hier-TiO2 scaffold spin-coated at 1500 rpm (QM-1500), 2000 rpm (QM-2000), 2500 rpm (QM-
2500) and 3000 rpm (QM-3000), respectively. (c) J-V curves, (d) dark J-V characteristics of P-PSCs, M-PSCs and QM-PSCs fabricated with two-step spin-coating procedure. (e)
Normalized PCE values of PSCs with aging time. (f) XRD patterns of MAPbI3/compact TiO2 layer, MAPbI3/npt-TiO2 and MAPbI3/hier-TiO2 aging for 30 days.

Table 1
Parameters of P-PSCs, M-PSCs and QM-PSCs prepared by two-step procedure.

devices Scan direction VOC (V) JSC (mA/cm2) FF (%) PCE (%)

P-PSCs Forward 0.90 15.13 37.42 5.10
Reverse 0.93 15.29 42.73 6.07

M-PSCs Forward 0.97 21.58 46.73 9.89
Reverse 0.97 20.88 56.20 11.38

QM-PSCs Forward 1.01 22.53 69.32 15.75
Reverse 1.01 22.81 71.84 16.56
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quality and superior contact properties with carrier transport
layers can always alleviate the hysteresis of J-V [40]. Herein, the
quasi-mesoscopic hier-TiO2 scaffold promote the crystallization of
MAPbI3 as well as facilitate the contact between MAPbI3 and TiO2

layers, which possibly alleviated the hysteresis of QM-PSCs.
Fig. 5e shows the normalized PCE values as a function of aging

time for three types of cells. The devices without encapsulation
were stored in dry cabinet with a relative humidity (RH) of 30% at
room temperature. The P-PSCs were almost failed after 10 days,
while the PCEs of QM-PSCs and M-PSCs remain 47% and 22% of the
initial PCE values aging for 30 days, indicating that PSCs with hier-
TiO2 scaffold have better stability and moisture resistance. Fig. 5f
gives the XRD patterns of MAPbI3/compact TiO2, MAPbI3/npt-TiO2

and MAPbI3/hier-TiO2 after stored for 30 days in RH 30% at room
temperature. The stronger peak intensity at 12.7� for MAPbI3/
compact TiO2 and MAPbI3/npt-TiO2 compared to MAPbI3/hier-TiO2

can be observed, indicating that MAPbI3 on compact TiO2 and npt-
TiO2 are more easily decomposed into PbI2. While the weak peak of
PbI2 at 12.7� for MAPbI3/hier-TiO2 film suggested that MAPbI3 on
hier-TiO2 scaffold shows better moisture resistance, which further
supports the better stability of QM-PSCs. The enhanced stability of
MAPbI3/hier-TiO2 film is partly attributed to better crystalline and
larger grain sizes of perovskite grown on hier-TiO2 scaffold layer
[41]. The porous nanostructures of hier-TiO2 scaffold may also help
to tightly anchor perovskite grains and improve grains stability.
The statistic PCE histogram of 32 devices from each type of PSCs
is shown in Fig. S2. The relative narrow distribution of PCEs reveals
good reproducibility of PSCs and the average PCEs of P-PSCs, M-
PSCs and QM-PSCs are about 6.67%,11.72% and 15.98%, respectively,
indicating that using quasi-mesoscopic hier-TiO2 scaffold has
obvious advantages for improving the efficiency of PSCs.

Fig. 6a presents the IPCE spectra of P-PSCs, M-PSCs and QM-
PSCs. The whole IPCE values of QM-PSCs are significantly higher
than that of P-PSCs and M-PSCs. The enhanced light absorption,
improved carrier transport and collection ability, and reducing
carrier recombination are all helpful to enhancing IPCE values [38].
To evaluate the universality of quasi-mesoscopic hier-TiO2 scaffold,
the perovskite layer using one-step spin-coating procedure was
also fabricated. The J-V curves of PSCs with one-step procedure are
shown in Fig. S3, and Table S2 lists the related parameters of cells.
The PCE of QM-PSCs fabricated with one-step procedure is 16.66%,
which is comparable to PSCs with two-step procedure, indicating
whether using one-step or two-step procedures fabricating
perovskite layers is almost irrelative to PCEs of PSCs.

To understand the mechanism of enhanced performance of
QM-PSCs, the carrier transport and collection properties were
further investigated. Fig. 6b shows the photocurrent density (Jph) of
three types of cells. Jph is defined as Jph = Jlight-Jdark, where Jlight and
Jdark are the current density under one sun illumination and in the
dark, respectively. The effective voltage (Veff) was defined as
Veff = V0-Va, where V0 is the voltage at which Jph = 0 and Va is the
applied bias voltage [42,43]. Noticeably, the Jph of three cells was
linearly increased with Veff at low Veff rang ( < 0.4 V), and gradually
approached a saturated photocurrent (Jsat) at the high Veff range. In
general, the Jsat correlates to the maximum exciton generation rate
(Gmax), exciton dissociation probability, and carrier transporting
and collection probability at a high Veff region. Gmax is mainly
governed by the light absorption of the perovskite layer [44]. The
relative larger Jsat of QM-PSCs compared to P-PSCs and M-PSCs
indicated that the perovskite layer of QM-PSCs has better light
absorption. Assuming all photogeneration excitons for one cell are
dissociated into free carriers at a high Veff, Jsat is only limited by the
carrier transport and collection abilities. Therefore, carrier



Fig. 6. (a) IPCE spectra, and (b) Jph-Veff plots with double logarithmic axis for P-PSCs, M-PSCs and QM-PSCs. (c) Photovoltage-time and (d) photocurrent-time profiles of PSCs
during on-off cycles of illumination.
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transporting and collecting probability at any Veff can be directly
obtained from the ratio of Jph/Jsat. The carrier transporting and
collection probabilities of P-PSCs, M-PSCs and QM-PSCs are 57.68%,
83.69% and 92.33%, indicating that QM-PSCs have better carrier
transport and collection abilities.

Fig. 6c and d show the photovoltage-time and photocurrent-
time profiles during on-off cycles of illumination. When the
illumination was switched on, three kinds of PSCs can quickly
respond for the photovoltage and photocurrent. However, when
the illumination was switched off, QM-PSCs compared to P-PSCs
and M-PSCs showed a much longer decay time of VOC, indicating
that the reduced carrier recombination in QM-PSCs can efficiently
improve charge separation and extraction according to the excition
lifetime equation (tr = �kBT/e(dV/dt)�1). Similarly, when the
illumination was switched off, the faster response of photocurrent
in QM-PSCs suggested that carriers can be quickly transported and
extracted from the perovskite layer to electrodes [45]. These
results further explained the mechanism of the enhanced
performance of QM-PSCs.

4. Conclusions

The ordered porous hier-TiO2 nanostructures were synthesized
by sintering MIL-125(Ti) MOFs in air, because of partly inherited
from the ordered porosity of MIL-125(Ti). The porous hier-TiO2

nanostructures were scattered on top of planar compact TiO2 layer
to form a quasi-mesoscopic scaffold of scattered distribution,
which can offer enough space for growth of perovskite grains and
promote the ordered growth of perovskite grains. The PCE of quasi-
mesoscopic PSCs with hier-TiO2 scaffold reached 16.56%, which is
obviously higher than PCE (11.38%) of PSCs with npt-TiO2 scaffold
and PCE (6.07%) of planar PSCs with compact TiO2 layer.
Furthermore, the PCE of PSCs with hier-TiO2 scaffold without
encapsulation remains 47% of the initial PCE value aging for 30
days, indicating that PSCs with hier-TiO2 scaffold have better
stability and moisture resistance. The enhanced performance of
quasi-mesoscopic PSCs is attributed to the ordered porous hier-
TiO2 nanostructures, scaffold with scattered distribution and
superior wettability of scaffold, which help to form high quality
perovskite layer with better crystalline and less pin-holes.
Therefore, it is a good strategy to develop efficient and stability
PSCs using the ordered porous hier-TiO2 nanostructures to
construct a scaffold with scattered distribution.
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