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ABSTRACT: The control of the thickness and porosity of a
mesoporous TiO2 layer is important to improve the photo-
voltaic performance of perovskite solar cells. We produced
organized mesoporous TiO2 (om-TiO2) layers using a low-cost
amphiphilic graft copolymer, poly(vinyl chloride)-graf t-poly-
(oxyethylene methacrylate) (PVC-g-POEM), as a sacrificial
template. This simple but effective synthetic approach generates
highly mesoporous and well-organized TiO2 nanostructures
with interconnected and size-tunable features. Specifically, the
average pore size increased with the amount of hydrophobic
PVC main chain in the graft copolymer, which acted as the pore
forming agent. Perovskite layers were prepared on top of an
om-TiO2 layer according to a two-step sequential deposition:
after coating the PbI2 solution in dimethylformamide (DMF)
on an om-TiO2 substrate, the substrate was prewetted in isopropyl alcohol (IPA) solvent before immersing into a CH3NH3I/IPA
solution. This prewetting treatment not only improves the yields of conversion from PbI2 to CH3NH3PbI3, but also increases the
size of perovskite crystals with cuboid morphology. On varying the pore size and the film thickness of the om-TiO2 layer, the
device performance attained 11.9% of power conversion efficiency (PCE) at pore size 70 nm and film thickness 300 nm. We
measured extracted charge densities and decays of transient photovoltage to understand the kinetics of charge recombination in
relation to the corresponding device performance.

■ INTRODUCTION

All solid-state perovskite solar cells (PSC) have developed
rapidly to achieve power conversion efficiency (PCE) over
20%.1,2 Perovskite exhibits superior properties in both charge
transport and light harvesting.3−6 The architecture of PSC that
dictates the choice of materials and fabrication plays a key role
in the photovoltaic performance of the devices.7−9 Planar7 and
mesoscopic10,11 architectures are two common configurations
for the fabrication of PSC. A typical mesoscopic structure of
PSC contains a meso-structured photoanode, perovskite light-
harvesting layer and hole-transporting material (HTM) layer.
The mesoporous TiO2 acts as a scaffold layer for the growth of
perovskite crystals; it can act also as a layer to facilitate selective
charge collection and suppression of charge recombination.8

The morphology,12 thickness,13−15 and crystallinity16 of the
TiO2 layer thus play a crucial role to determine the device
performance for mesoscopic perovskite solar cells.
Various TiO2 nanostructures have been developed as an

efficient photoanode for PSC, such as TiO2 nanoparticles,
17−20

aligned nanowires of TiO2,
21,22 nanospherical aggregates of

TiO2,
23,24 and well organized mesoporous TiO2.

25 Screen
printing of a paste containing TiO2 nanostructures is an

ordinary method to prepare a uniform TiO2 mesoporous film
free of cracks. These TiO2 pastes commonly contain particles of
size 20−50 nm; the resulting films form a three-dimensional
mesoporous network, but the preparation of the pastes is highly
complicated and tedious. Moreover, because the random
orientation of the nanoparticles in these films results in defects
at grain boundaries, the rate of charge transport is limited.26 To
improve the charge transport inside the perovskite and to
decrease the charge recombination at the interfaces, inter-
connection of the TiO2 grains into a one-dimensional
framework is an effective strategy. As a result, vertically aligned
nanorods,27 nanowires,22 nanotubes,28 nanosphere,24 and well-
organized mesoporous TiO2

25 have been utilized as a layer for
electron transport for PSC.
With the continuous growth of interest in organized

mesoporous structure, an amphiphilic copolymer as a sacrificing
template was essential to construct the mesoporous scaffold
due to selective interaction of metal oxide precursor with the
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hydrophilic domain of copolymer.29−34 An amphiphilic block
copolymer, such as P123 and F127, consisting of hydrophilic
poly(ethylene oxide) (PEO) and hydrophobic poly(propylene
oxide) (PPO) domains, has been most widely used to achieve
the organized mesoporous structure through a favorable
interaction of precursor with hydrophilic domain of polymer
micelles.35−38 In particular, the construction of mesoporous
TiO2 film prepared with block copolymer template has proved
to be one of the powerful methods to improve the performance
of PSC.25,39 Seok et al. reported that the PSC with mesoporous
TiO2 film (pore diameter = 10−15 nm) prepared using
Pluronic F127 and 1,3,5-trimethylbenzene as the sacrificial
template exhibited a comparable conversion efficiency with a
conventional crystalline TiO2 nanoparticle films.25 Moreover,
the mesoporous TiO2 film with larger pores exhibited higher
conversion efficiency due to the easier pore filling of perovskite.
However, this approach has some disadvantages such as
complicated process and high cost to synthesize the block
copolymer templates and difficulty in obtaining larger pore
sizes (in particular, above 50 nm). Thus, alternative copolymer
template that can be easily synthesized and generate larger
pores is highly demanded.
In the present work, we first report efficient PSC based on

organized mesoporous TiO2 (om-TiO2) layers prepared using a
low-cost amphiphilic graft copolymer, poly(vinyl chloride)-
graf t-poly(oxyethylene methacrylate) (PVC-g-POEM), as a
sacrificial template. A uniform and interconnected om-TiO2
layer was obtained on spin-coating solutions containing PVC-g-
POEM graft copolymer and titanium tetraisopropoxide (TTIP)
precursor in various proportions after calcination at 450 °C. A
perovskite layer on the surface of om-TiO2 was deposited with
a sequential method. Prewetting the om-TiO2/PbI2 substrate
with 2-propanol (IPA) served as an effective treatment to
enhance the perovskite loading. Scanning electron microscope
(SEM) images, X-ray diffraction (XRD) patterns and
absorption spectra confirmed an effective conversion from
PbI2 to MAPbI3 through this prewetting approach. Pore size
30−70 nm and film thickness 300−800 nm of the om-TiO2
layer were investigated. The best performance of the om-TiO2-
based device shows PCE 11.9% at pore size 70 nm and film
thickness 300 nm. We measured and analyzed decays of charge
extraction and transient photovoltage to obtain the extracted
charge densities and electron lifetimes interpretable for the
corresponding device performance.

■ EXPERIMENTAL SECTION
Synthesis of PVC-g-POEM Graft Copolymer Template.

First, 6 g of PVC (Mn ∼ 55000 g/mol, Sigma-Aldrich) was
dissolved in 50 mL of N-methyl-2-pyrrolidone (NMP) at 70 °C
for 3 h to prepare a homogeneous polymer solution. Then, 0.1
g of CuCl (Sigma-Aldrich), 0.24 mL of 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA, Sigma-Aldrich)
and 9 g of POEM (POEM, Mn ∼ 500 g/mol, Sigma-Aldrich)
were added to the PVC solution and purged with nitrogen for
30 min. The mixture was heated at 90 °C for 24 h and
precipitated in excess methanol. The resulting polymer was
further purified by dissolving it in tetrahydrofuran (THF) and
by reprecipitation in methanol for several times. The PVC-g-
POEM graft copolymer was dried at 50 °C overnight and
further dried in vacuum oven at 50 °C for 24 h.
Synthesis and Device Fabrication. Dense TiO2 in a layer

of thickness 60 nm was deposited on fluorine-doped tin oxide
(TEC7, Hartford, U.S.A.) via spin coating a mildly acidic

solution of titanium(IV) isopropoxide (TTIP, Sigma-Aldrich)
precursor in IPA solution. The om-TiO2 layer was synthesized
using the graft copolymer as a template, as reported
elsewhere.40 The thickness of om-TiO2 was varied with the
concentration of PVC-g-POEM in THF. Solutions of polymer
at 2, 3 and 4% were used for the synthesis of om-TiO2 with film
thicknesses 300, 500, and 800 nm, respectively. A TTIP sol−gel
solution was separately prepared on slowly dropping HCl and
H2O in TTIP (TTIP/HCl/H2O = 2:1:1, volume ratio) under
vigorous stirring. After 30 min, the TTIP sol−gel solutions (0.4,
0.6, and 0.8 mL) were added to the PVC-g-POEM solutions (2,
3, and 4%, respectively) and stirred for 4 h. The obtained
solution was spin-coated on the TiO2 as prepared in a layer at
1500 rpm and annealed at 450 °C for 30 min.
CH3NH3I (MAI) was synthesized as reported elsewhere.11 A

perovskite layer was deposited on an om-TiO2 substrate with a
sequential method41 but with modification via a prewetting
approach detailed as follows. Lead iodide (1.0 M, 99%, Aldrich)
was dissolved in N,N-dimethylformamide (DMF, anhydrous,
Aldrich) under stirring at 70 °C for 6 h. This PbI2 solution was
spin-coated onto om-TiO2 at 6500 rpm for 90 s, followed with
drying on a hot plate at 70 °C for 30 min. In a conventional
sequential method, the PbI2/TiO2 substrate is immersed in
MAI/IPA solution. In our approach, the PbI2/om-TiO2
substrate was wetted with IPA solvent first for 2 s; this
substrate was then immersed in MAI/IPA solution (10 mg/
mL) for 2 min. The sample was subsequently rinsed with IPA
and dried at 70 °C for 30 min again. The sample was then
deposited on the HTM layer with a solution containing spiro-
OMeTAD (125 mg, Lumtec), Li-TFSI (7.8 mg, Aldrich) in
acetonitrile (15.6 μL) and 4-tert-butylpyridine (TBP, 22.6 μL)
dissolved in chlorobenzene (1 mL) via spin-coating at 2000
rpm for 30 s. The sample was transferred to a vacuum system
(10−6 Torr) in which silver (thickness 150 nm) was evaporated
to complete the device fabrication.

Characterization of Materials and Devices. Fourier
transform infrared (FT-IR) spectra of monomers and graft
copolymers were measured using Spectrum 100 (PerkinElmer).
H1 NMR (nuclear magnetic resonance, 600 MHz high-
resolution, Bruker, Ettlingen, Germany) measurements were
used to analyze the composition of graft copolymer.
Thermogravimetric analysis (TGA) was conducted at a heating
rate of 10 °C/min under nitrogen using TA Instruments
(U.S.A.). A field-emission scanning electron microscope
(FESEM, Hitachi SU8010) was used to investigate the
morphology and structure of the samples. Powder X-ray
diffraction (XRD) was performed with a X-ray diffractometer
(Bruker AXS, D8 Advance, Cu Kα irradiation, λ = 154.18 pm).
With a digital source meter (Keithley 2400) we recorded the
current−voltage curves of the devices under one-sun
illumination (AM 1.5G, 100 mW cm−2) from a solar simulator
(XES-40S1, SAN-E1) with a scan rate 1.82 V/s. The action
spectra of efficiency of conversion of incident photons to
current (IPCE) were measured with a system comprising a Xe
lamp (A-1010, PTi, 150 W) and a monochromator (PTi).
Absorption spectra were recorded with a spectrophotometer
(JASCO V-570).

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Graft Copolymer

Template and om-TiO2 Layer. The PVC-g-POEM graft
copolymer was synthesized and used as a sacrificial template for
the fabrication of om-TiO2 layer, because graft copolymers are
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more attractive than conventional block copolymers due to
their lower cost and easier synthesis.29−38 The synthesis is
based on atom transfer radical polymerization (ATRP) by
grafting the hydrophilic POEM side chain on the hydrophobic
PVC backbone to provide the amphiphilic property. The PVC-
g-POEM was combined with TTIP to form om-TiO2 layer. The
interactions of materials were characterized using FT-IR
spectra, as shown in Figure 1a. The PVC-g-POEM graft
copolymer exhibited the strong bands at 1726 and 1100 cm−1

due to the carbonyl (CO) and ether (C−O−C) stretching
modes, respectively, of POEM side chains, as well as the
chloride (C−Cl) band of PVC main chain at 611 cm−1.40,42,43

Moreover, the alkene (CC) stretching band at 1637 cm−1 of
POEM completely disappeared in PVC-g-POEM, demonstrat-
ing that the PVC-g-POEM graft copolymer was successfully
synthesized via ATRP reaction without any residual monomers.
Upon combining PVC-g-POEM with TTIP before calcination,
a broad strong absorption band was observed in the
wavenumber region below 800 cm−1, attributed to the Ti−O
bonds in amorphous TiO2. The carbonyl (CO) band at 1726
cm−1 and ether (C−O−C) band at 1100 cm−1 of pristine PVC-
g-POEM shifted to lower wavenumbers at 1719 and 1091 cm−1,
respectively, for PVC-g-POEM/TTIP hybrid. It might be due
to the coordination interaction of TTIP with the hydrophilic
POEM side chains, resulting in decreased bond strength by
attracting the unoccupied electrons in oxygen, according to the

Hooke’s law:44 ν =
π μc

k1
2

, where ν is vibrational frequency in

wavenumber, k is a force constant, and μ is a reduced mass of
molecules in chemical bonds.
As shown in Scheme 1, Ti4+ site in TTIP could be selectively

combined with the unoccupied electrons in the ether (C−O−
C) or carbonyl (CO) group, resulting from the dipole−
dipole interaction due to a higher electronegativity of oxygen
(3.5) than carbon (2.5).45 Therefore, to synthesize the
organized structure of TiO2, the amphiphilic property of
PVC-g-POEM graft copolymer template is highly important to
induce the coordination interaction and selective confinement
of TTIP in the hydrophilic POEM domain. The H NMR
spectrum was also employed to support the graft copoly-
merization and to determine the actual composition of PVC-g-
POEM. The weight ratio between PVC main chains and

POEM side chains was calculated using the area of
representative chemical shifts of PVC and POEM (Figure
1b). The PVC-g-POEM graft copolymer exhibited strong
proton signals at δ = 4.60 and 3.66 ppm, which is attributed to
the −CH2− group of PVC and −CH2CH2O− group of POEM,
respectively.40,46 Using these signals, the actual weight ratio of
PVC-g-POEM synthesized using PVC/POEM = 1:1.5 was
determined to be approximately PVC/POEM = 4:1.
The TGA curves of PVC, POEM, PVC-g-POEM, and PVC-

g-POEM/TTIP were obtained under N2 as a function of
temperature with constant ramping rate (10 °C/min), as shown
in Figure 2a. The two-step thermal decomposition was
observed for neat PVC with the onset decomposition point
at 250 and 410 °C, respectively. The amount of first
decomposition from 250 to 320 °C was approximately 62.0%,
attributable to the weight loss of HCl as the stoichiometric
content of HCl in PVC was approximately 58.4%. The residual
hydrocarbons were thermally degraded during the second
decomposition step from 420 to 550 °C. However, after the
polymerization of POEM side chain, the PVC-g-POEM graft
copolymer exhibited much steeper decomposition behavior in
the temperature range between 350 and 450 °C, resulting from
the removal of residue hydrocarbons in POEM side chains.
Moreover, the onset point of first degradation temperature
increased because the relative amount of unstable, reactive
chlorine atom in PVC-g-POEM was reduced. When the PVC-g-
POEM was combined with TTIP precursor, the thermal
degradation behavior of PVC-g-POEM sacrificial template was
similar to that of neat PVC, while approximately 44% of total

Figure 1. (a) FT-IR spectra of neat PVC, POEM macromonmer, PVC-g-POEM graft copolymer and PVC-g-POEM/TTIP hybrid before calcination
and (b) H NMR spectrum of PVC-g-POEM graft copolymer.

Scheme 1. Schematic Illustration for the Selective
Interaction of TTIP with the POEM Side Chains of PVC-g-
POEM Amphiphilic Graft Copolymer

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b01980
J. Phys. Chem. C 2016, 120, 9619−9627

9621

http://dx.doi.org/10.1021/acs.jpcc.6b01980


amounts was remained for PVC-g-POEM/TTIP due to the
formation of crystalline TiO2 (conversion yield ∼ 44%). It
should be noted that the om-TiO2 layers were prepared using
the calcination temperature of 450 °C, which is enough to
degrade the PVC-g-POEM under O2 (vs TGA obtained under
N2) to form crystalline anatase TiO2 (which will be
characterized later).
The structural properties of PVC, POEM, PVC-g-POEM,

and PVC-g-POEM/TTIP were characterized using XRD
spectra (Figure 2b). A broad diffraction pattern was observed
for neat PVC and POEM macromonomer centered at 2θ values
of 11.5 and 20.7°, respectively. It is attributed to the amorphous
nature of PVC and POEM with a lack of crystallinity. Broad
amorphous pattern indicates broadly distributed interchain d-
spacing. Even after the graft polymerization of POEM side
chains on PVC backbone, the amorphous structure of PVC was
maintained at 2θ value of 11.5°. Moreover, the PVC-g-POEM/

TTIP before calcination exhibited a relatively sharp diffraction
peak at 2θ = 25.2° due to the formation of amorphous TiO2.
The om-TiO2 layers were prepared through a sol−gel

process based on the hydrolysis and condensation of TTIP
using PVC-g-POEM graft copolymer template.40 The amphi-
philic property of PVC-g-POEM induced a selective coordina-
tion of TTIP to the hydrophilic POEM domain while the
uncoordinated hydrophobic PVC domain served as the pore
forming agent to produce a mesoporous structure after
calcination. This simple but effective approach causes a highly
mesoporous structure with interconnected and size-tunable
features of om-TiO2: the pore size increased with an increasing
amount of the PVC hydrophobic domain in the copolymer
composition. Figure 3 shows top-view SEM images of om-TiO2

layers with pore sizes 30, 50, and 70 nm; ordered and
interconnected mesoporous structures with uniform pore size
were clearly obtained. The organized mesoporous morphology
with high porosity, large pore size, and good interconnectivity

Figure 2. (a) TGA curve of PVC, POEM, PVC-g-POEM, and PVC-g-POEM/TTIP under N2, (b) XRD patterns of PVC, POEM, PVC-g-POEM,
and PVC-g-POEM/TTIP.

Figure 3. Top-view SEM images of an om-TiO2 layer with pore sizes: (a) 30, (b) 50, and (c) 70 nm. Scale bars represent 100 nm for all images.

Figure 4. Schematic illustration of synthesis of the perovskite (PSK*) cuboid crystals on om-TiO2 layer according to a sequential method with IPA
prewetting treatment.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b01980
J. Phys. Chem. C 2016, 120, 9619−9627

9622

http://dx.doi.org/10.1021/acs.jpcc.6b01980


would be advantageous in terms of penetration of perovskite,
large surface area to contact with perovskite and electron
transport through the om-TiO2 layer. Therefore, the PVC-g-
POEM plays an essential role to fabricate the organized
morphology of om-TiO2, which, in turn, to enhance the overall
efficiency of perovskite solar cells. It should be noted that the
thickness of om-TiO2 layer was easily controllable by varying
the concentration of the PVC-g-POEM/TTIP solution. More-
over, the organized mesoporous morphology was not
significantly perturbed depending on the thicknesses of om-
TiO2 layer, indicating the robust role of PVC-g-POEM as the
sacrificial template.
Device Fabrication and Performances Characteriza-

tion. Figure 4 shows the deposition scheme to generate a
perovskite layer on top of the om-TiO2 substrate according to a
sequential approach with IPA prewetting treatment. According
to the conventional method, the perovskite layer was deposited
in two steps:41 the om-TiO2 substrate was covered with a PbI2
layer with spin coating to produce the om-TiO2/PbI2 substrate;
this substrate was then immersed in the MAI/IPA solution to
form perovskite crystals (labeled PSK), but we found that
insufficient perovskite was produced in this way, as judged from
the brown color of the film shown in the picture of this device.
We, hence, developed a prewetting procedure for the om-
TiO2/PbI2 substrate that involved dipping it in IPA solvent for
two seconds before the second immersion. This pretreatment
wetted the surface of om-TiO2/PbI2, thereby enhancing the
conversion of PbI2 to form perovskite crystals (labeled PSK*)
and increased the loading of perovskite on the surface of TiO2.
The PSK* device exhibits a color darker than that of the PSK
device, because the perovskite film of the former is thicker than
that of the latter, confirmed by the SEM images shown in
Figure S1, Supporting Information (SI). Both PSK and PSK*
show a cuboid crystal morphology produced on the surface of
om-TiO2, but the crystals of PSK* are significantly larger than
those of PSK. We expect that the effect of prewetting on
generating larger crystals was due to the formation of a thin IPA
layer on the surface of om-TiO2/PbI2, so that the reaction of
PbI2 and MAI was significantly retarded. This retardation of
crystal growth led to a formation of crystals larger for PSK*
than for PSK, as observed in Figure S1, SI. Moreover, the
prewetting of IPA increases the efficiency of conversion from
PbI2 and MAI to form MAPbI3 as discussed in the following.
Figure S2a,b, SI, shows XRD patterns and absorption spectra,

respectively, for PbI2, PSK, and PSK* deposited on om-TiO2
with pore size 70 nm and film thickness 500 nm. For the
substrate with only PbI2 on om-TiO2 (the first step), the XRD
patterns exhibit three signals characteristic of PbI2 at 12.5, 38.5,
and 52.1°, indicated with gray dotted lines in Figure S2a, SI.
After immersion of the substrates in the MAI/IPA solution (the
second step), the labeled signals in the range 14−50° represent

the XRD patterns of perovskites (PSK and PSK*) in varied
lattice planes of the tetragonal structure.41,47 We found two
major differences in the XRD patterns between PSK and PSK*:
first, the patterns of PSK* show greater intensities than those of
PSK, consistent with the larger crystal size of PSK* than that of
PSK; second, the three residual PbI2 signals highlighted in
dotted lines show a much greater contribution in the PSK
pattern than in the PSK* pattern, indicating that the conversion
yield of PSK* with IPA prewetting was much greater than that
of PSK without this prewetting. As the residual PbI2 might
induce a passivation effect to decrease the performance in
perovskite solar cells,48 decreasing the unreacted PbI2 would be
effective to improve the cell performance. The effect of
prewetting was confirmed with the absorption spectra shown in
Figure S2b, SI. The om-TiO2/PbI2 substrate shows character-
istic absorption in the visible region (λ < 500 nm). The total
absorbance of the PSK spectrum is larger than that of the PSK*
spectrum in the region 400−600 nm, which is indicative of the
residual PbI2 contribution being larger for the former than for
the latter.
The PSK and PSK* devices were fabricated according to the

procedure shown in Figure 4, with additions of HTM and Ag
back contact electrode detailed in the Experimental Section.
The current−voltage curves and the action spectra of efficiency
of conversion of incident photons to current (IPCE) of the
devices made of PSK and PSK* are presented in Figure S3a and
b, SI, respectively; the corresponding photovoltaic parameters
are shown in Table S1, SI. The PSK* device demonstrates a
short-circuit photocurrent density JSC = 18.66 mA cm−2, open-
circuit voltage VOC = 0.948 V and PCE = 9.8%, which is slightly
greater than that of the PSK device without prewetting, 9.4%.
For comparison, we also fabricated the mesoscopic perovskite
device using the same sequential method but with conventional
TiO2 mesoporous layer (HD type, particle size ∼50 nm).49 The
photovoltaic performance of the HD-based device (PCE =
8.4%) was significantly poorer than those of the om-TiO2
devices (Table S1, SI). The shape of the IPCE spectra of these
devices agrees satisfactorily with those reported elsewhere,41

but much greater IPCE values were obtained to yield larger JSC
values for the om-TiO2-based PSK* and PSK devices than for
the HD-based device. This enhanced JSC for the PSK* device
might be due to the increased conversion yield from PbI2 to
MAPbI3 that increased the amount of perovskite loading for the
PSK* device with prewetting than for the PSK device without
prewetting.
After the improved production of the perovskite layer due to

prewetting in a sequential deposition, the om-TiO2 structure
was modified with a varied pore size. As Figure 3 shows, the
pore sizes of om-TiO2 are varied on modifying the hydrophobic
domain of the graft copolymer. The current−voltage curves of
the perovskite solar cells fabricated with om-TiO2 structures of

Figure 5. Side-view SEM images of devices made of om-TiO2 with film thickness (a) 300, (b) 500, and (c) 800 nm. The yellow, red, and green
dotted curves show the boundaries of a TiO2 compact layer (CL), om-TiO2 layer, and MAPbI3 capping layer, respectively. Scale bars represent 1 μm
for all images.
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varied pore size are shown in Figure S4, SI; the corresponding
photovoltaic parameters are listed in Table S2, SI. To examine
the effect of hysteresis for the J−V scans, the potential was
swept in both forward and backward directions for om-TiO2
with film thickness 500 nm and pore size 70 nm. As the results
shown in Figure S5, SI, only slight hysteresis was observed for
this type of perovskite solar cells. For the photovoltaic effect on
pore sizes, both the JSC and VOC values increased when the pore
size of om-TiO2 increased from 30 to 70 nm. The device made
of om-TiO2 with pore size 70 nm shows the best performance,
PCE 9.8%. In our approach to prepare om-TiO2 films, not only
the pore size, but also the thickness of the mesoporous layer,
was controlled on varying the concentration of the solution;
om-TiO2 of thickness 300, 500, and 800 nm was prepared
accordingly. We thus fabricated PSK* devices with these om-
TiO2 layers with the same pore size, 70 nm; the corresponding
side-view SEM images appear in Figure 5.
According to the device configurations shown in Figure 5, 15

devices were fabricated under the same experimental conditions
for each film thickness of om-TiO2; the corresponding
photovoltaic parameters are summarized in Tables S3−5, SI.
Figure 6 compares the performance distributions of these

results with varied thickness of the om-TiO2 layer, giving mean
PCE /% = 11.0 ± 0.7, 9.2 ± 0.4, and 8.2 ± 0.5 for devices made
of om-TiO2 films at 300, 500, and 800 nm, respectively. It is
worth noting that the film morphology of perovskite is an
important factor to be considered to promote the device
performance for perovskite solar cells. For example, solvent−
induced crystallization50−51 and additive methods52−54 have
been reported to improve the cell efficiency for planar
heterojunction devices. For mesoscopic devices as reported
herein, a sequential method was applied and the crystal
morphology was difficult to control. As a result, the best
efficiency reported in this study attaining only ∼12%. Based on
our prewetting approach using the sequential method, the size
of perovskite crystals on top of om-TiO2 was increased to
submicrometer scale but with random orientation (Figure S1,
SI). We believe that the roughness of the perovskite film
induces some negative effect that caused to a lower efficiency as
we observed.
Figure 7a,b show the best photovoltaic performances and the

corresponding IPCE spectra, respectively, for devices made of
these three om-TiO2 films. Like the photovoltaic parameters in
Table 1, the data exhibit a systematic trend for both JSC and

VOC that decreased with film thickness 300 nm increasing to
800 nm. The best performance occurred with the device made
of om-TiO2 of thickness 300 nm, PCE = 11.9%, which
outperforms those films of 500 nm, PCE = 9.8%, and of 800
nm, PCE = 8.9%.55 The trend of JSC in this series reflects the

Figure 6. Histogram of PCE showing performance distributions of
PSK* devices with om-TiO2 of film thickness 300, 500, and 800 nm,
fabricated under the same experimental conditions.

Figure 7. (a) Current−voltage curves and (b) IPCE spectra of perovskite solar cells with an om-TiO2 layer of indicated thickness.

Table 1. Photovoltaic Parameters of Meso-Structured
Perovskite Solar Cells (PSK*) Fabricated with Pore Size 70
nm and Varied Thickness of om-TiO2 Layer under
Simulated AM-1.5G Illumination (Power Density 100 mW
cm−2) with Active Area 0.09 cm2 and Scan Rate 1.8 V/sa

om-TiO2
thickness
(nm)

JSC
(mA cm−2)

integrated
current

(mA cm−2)
VOC
(mV) FF PCE (%)

300 20.21 17.09 982 0.599 11.9
(11.0 ± 0.7)

500 18.71 15.59 947 0.552 9.8 (9.2 ± 0.4)
800 17.34 14.52 855 0.598 8.9 (8.2 ± 0.5)

aThe average values of PCE are shown in the parentheses with the
uncertainties representing one standard deviation.
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variation of the IPCE spectra, which display a decreased feature
in regions both 400 and 700 nm upon increasing the film
thickness. This phenomenon might be interpreted according to
the penetration of illumination:11 the generated charged
carriers can be separated in a thin film more easily than in a
thick film. For this reason, charge recombination might play a
role to affect the values of VOC. We thus made transient
photoelectric measurements for the three tested devices using
the charge extraction (CE) and transient photovoltage decays
(TVD), as reported elsewhere.56

For the CE measurements, we used a white-light LED as a
bias source to illuminate the devices under an open-circuit
steady condition; the bias light was extinguished simultaneously
with the system being switched to the short-circuit condition.
The current transient under the latter condition was recorded
and converted to a total charge density, Ne/cm

−3. Figure 8a
shows plots of VOC versus Ne at seven bias light intensities. The
results indicate that, when compared at the same VOC level, the
charge densities extracted from om-TiO2 show a trend with Ne
(300 nm) > Ne (500 nm) > Ne (800 nm), implying that more
charge carriers were produced in a thin film. This observation is
consistent with the trend of JSC (Table 1) which might be
attributed to the limitation of charge collection associated with
a relatively short diffusion length reported by Zhu and co-
workers,15 for which the mesoscopic perovskite devices were
fabricated using conventional TiO2 nanoparticles (NP).
However, the best performance of conventional mesoscopic
devices occurred at the TiO2 film thickness 650 nm due to the
insufficient perovskite loading at thinner films.15 In our case,
perovskite loading on the om-TiO2 layer was not a problem so
that the best performance of the om-TiO2 devices was obtained
at a much thinner film thickness (300 nm). Although an
ordered mesoporous TiO2 electrode may offer better transport
characteristic than the conventional NP-based electrode, the
extracted charges may not come from the TiO2 layer
exclusively. For example, Bisquert, Park, and their co-workers57

pointed out that the photoinduced charges were accumulated
inside the perovskite rather than the TiO2 layer based on
impedance spectral measurements. Our results are consistent
with their conclusion because charge recombination might be
more significant for the device fabricated with a thicker film
thickness, for which we discuss in the following.

Greater charge densities might accelerate charge recombina-
tion at the open-circuit condition; we thus compared lifetime τR
for charge recombination for all devices under the same Ne

level. For the TVD measurements, we measured values of τR via
transients induced with a second LED pulse under a bias
irradiation at an open-circuit condition. Figure 8b shows plots
of τR versus Ne at seven bias light intensities. According to the
ambipolar properties of perovskite crystals, the generated
charge carriers transport through the perovskite layer; charge
recombination occurs at the perovskite/spiro-OMeTAD or
perovskite/TiO2 interface to decrease VOC.

58 The larger τR
implies a slower charge recombination at both interfaces and
thus increases VOC, consistent with the trend of VOC showing
the order VOC (300 nm) > VOC (500 nm) > VOC (800 nm).
Perovskite deposited on a thinner om-TiO2 layer hence
generated more charge carriers with slower charge recombina-
tion that gave superior device performance, as we observed.

■ CONCLUSION

We fabricated efficient solid-state mesoscopic perovskite solar
cells based on organized mesoporous TiO2 (om-TiO2) layers
with high porosity, larger pores and good interconnectivity,
covered with perovskite crystals synthesized according to a
sequential procedure with a prewetting treatment. This
prewetting between the two steps decreased the residue of
PbI2 and increased the loading of perovskite crystals, which
improved the device performance. The om-TiO2 layers were
formed with an inorganic sol−gel process using PVC-g-POEM
graft copolymers of which the pore size and film thickness were
controlled by varied hydrophobic PVC domains of the graft
copolymers and varied precursor concentrations; the device
fabricated with pore size 70 nm and film thickness 300 nm
exhibited the best performance: JSC/mA cm−2 = 20.21, VOC/
mV = 982, FF = 0.599, PCE = 11.9%. Measurements of charge
extraction and transient photovoltage decay showed that more
charge carriers were produced for the om-TiO2 device of film
thickness 300 nm than of 800 nm, consistent with the
corresponding photovoltaic performance. The om-TiO2 nano-
structures are hence potential n-type electrode materials with an
effective electron transport layer, enabling a fabrication of cost-
effective and highly efficient mesoscopic perovskite solar cells.

Figure 8. Plots of (a) VOC as a function of charge density (Ne) and (b) charge recombination lifetime (τR) as a function of Ne for devices fabricated
with om-TiO2 layers of indicated thickness.
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