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ng technique for room
temperature processing of TiO2 nanoparticles
employed as the electron transport layer in
perovskite solar cells and modules†
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Chintam Hanmandlu,c Gang Li, e Chun-Guey Wu, *bf Hong-Cheu Lin*a

and Chih-Wei Chu *cdg

Anatase titanium dioxide (an-TiO2) is often used as the electron transporting material (ETM) in planar-

heterojunction perovskite solar cells (PSCs) because of its excellent semiconductor characteristics,

outstanding optical transmittance, and suitable band structure. Herein, we report an inexpensive method

for mass-scale production of TiO2 ETMs at room temperature (RT � 30 �C), involving the grinding of large

clumps of an-TiO2 to form a suspension of TiO2 nanoparticles (NPs) in isopropyl alcohol for meso-

superstructured PSCs. This process does not involve any chemical synthesis; it is a purely physical process.

The lowest unoccupied molecular orbital (LUMO) of ground an-TiO2 NPs, estimated using ultraviolet

photoelectron spectroscopy (UPS), was ca. 4.06 eV, which is a salient feature for the active layer. A regular

perovskite solar cell (PSC) based on a CH3NH3PbI3 absorber and ground an-TiO2 ETL exhibited a champion

power conversion efficiency (PCE) of 17.43% with an active area of 0.1 cm2. The same ground an-TiO2 NPs

were used to fabricate a large-area (designated area: 25.2 cm2) PSC and a PCE of 14.19% was achieved.

PSC devices incorporating the ground an-TiO2 NP ETLs exhibited an attractive long-term device stability,

with the PCE retaining approximately 85% of the initial values after 80 days.
Introduction

Continued technological improvement of perovskite solar cells
(PSCs) will require enhancements in power conversion effi-
ciency (PCE) and stability while maintaining low material costs
and ease of fabrication.1–3 There is a vast diversity in photovol-
taic (PV) technologies incorporating organic/inorganic hybrids,
of the form ABX3 (A ¼ CH3NH3, Cs; B ¼ Pb, Sb; X ¼ Cl, Br, I),
into PSCs.4–6 The most common ABX3 used is CH3NH3PbI3
(methylammonium lead triiodide) perovskite which has a very
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Chemistry 2018
high absorption coefficient (ca. 5.7 � 104 cm�1 at 600 nm),
a long charge carrier diffusion length (>1000 nm), low exciton
binding energy, and highly tunable charge carrier mobilities
and band gaps.7–11 These properties make perovskites particu-
larly efficient in solar energy applications. Perovskite lms have
been fabricated in many ways, including spin-coating,12 atomic
layer deposition,13 chemical vapor deposition,14 and two-step
interdiffusion.15 The reported efficiencies of PSCs have
reached greater than 22% within just a decade of develop-
ment.16 In general, the frameworks of PSCs fall into two cate-
gories: conventional (n–i–p)17 and inverted (p–i–n)
architectures.18 The conventional structures can be further
divided into two subcategories: mesoporous scaffolds and
planar structures. For conventional PSCs, the most commonly
used materials for the electron transporting layer (ETL) are
titanium dioxide (TiO2)19 and tin(IV) oxide (SnO2);20 the hole
transporting layer (HTL) is 2,20,7,70-tetrakis(N,N-di-p-methox-
yphenylamino)-9,90-spirobiuorene (spiro-MeOTAD).21 The
major disadvantage of incorporating barrier-layer TiO2 (bl-TiO2)
and mesoporous-layer TiO2 (mp-TiO2) together in the scaffold
structure is that the sintering is required at very high temper-
atures ($450 �C),17 precluding the fabrication of plastic-based
exible substrates as well as limiting the commercialization
(e.g., increasing the cost) of TiO2-based PSCs. Nevertheless, TiO2
J. Mater. Chem. A
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has an excellent band alignment of its lowest unoccupied
molecular orbital (LUMO; ca. �4.0 eV) and highest occupied
molecular orbital (HOMO; ca. �7.2 eV), making it still a seem-
ingly appropriate choice for devices incorporating a CH3NH3-
PbI3 active layer22 and bulk heterojunction solar cells.23,24

Many attempts have been made to enhance the charge sepa-
ration of the perovskite absorber through interfacial modication
of the TiO2 compact layer, using for example, the small molecule
ITIC,25 carboxyl groups,26 amino acids,27–29 thiols,30 graphene
quantum dots,31 colloidal quantum dots,22 self-assembled
fullerene monolayers,32 and Li-doping.33 These processes were
attempted to strengthen the bond between the compact TiO2

layer and the perovskite lm, avoid charge recombination, and
form high-quality lms to achieve higher device performance. To
ensure that highly compact TiO2 layers were made, Wu et al.
prepared TiCl–TiO2 layers through treating TiO2 lms with TiCl4
to ll any pinholes.34 Yella et al. found that chemical-bath
deposition of nanocrystalline rutile TiO2 from TiCl4 at low
temperature (70 �C) was more efficient than spray pyrolysis of
TiO2 through high-temperature (500 �C) sintering.35 Cojocaru
et al. also reported high-temperature synthesized TiO2 and TiCl4
post-treatment to improve the cell performance.36

Furthermore, being able to fabricate a TiO2 ETL at low
temperature to achieve high efficiency regular PSCs is extremely
important for reducing the cost of PSCs. Snaith's group rst re-
ported a low temperature (150 �C) processed TiO2 ETL from TiO2

nanoparticles (NPs) synthesized by a hydrothermal method. In
that method, a titanium(IV) isopropoxide compound was used as
a starting material, which required many wetting agent (acetic
acid, deionized water, and nitric acid).37 Later, many reports
focussed on low temperature (150 �C) processed TiO2 prepared
through non-hydrolytic sol–gel techniques.19,22,38,39 In non-
hydrolytic sol–gel techniques TiCl4 was used as a precursor and
the reaction required rigorous synthesis procedures with a large
number of surfactants (ethanol, benzyl alcohol, and diethyl
ether) and extra titanium bis(acetyl acetonate)dichloride is
needed for stabilizing the formed TiO2 NPs.39 One of the major
drawbacks of low temperature processed TiO2 is that it's not
suitable for exible substrates like polyethylene terephthalate
(PET), which cannot withstand annealing temperatures higher
than 120 �C. Therefore, it is highly useful to develop amethod for
the fabrication of efficient TiO2 ETLs, which can be easily pro-
cessed at an ambient temperature without any further annealing.

To realize ambient processing of TiO2 ETLs without TiCl4-
treatment and avoid the degradation of TiO2 to TiOx in PSCs
remain a challenge. In this paper, for the rst time we
demonstrate a simple ball milling method for the synthesis of
anatase TiO2 (an-TiO2) at room temperature (RT � 30 �C) for
fabricating TiO2 compact layers. Our method for the production
of TiO2 ETLs involves grinding a large clump of an-TiO2 with
zirconium dioxide (zirconia; ZrO2) beads in isopropyl alcohol
(IPA) to achieve a suspension of an-TiO2 NPs (G-TiO2 NPs). The
TiO2 ETL made from G-TiO2 NPs is very dense with a low
number of pinholes, allowing the electrons to move from the
active layer to the electrode. To test the feasibility of these G-
TiO2 NPs, a PSC based on the ETL (i.e., without any doping)
prepared from G-TiO2 NPs was tested. Furthermore, we are
J. Mater. Chem. A
aware that there are many avenues (e.g., doping or introducing
another ETL layer on the top of G-TiO2) available to obtain very
smooth, pinhole-free surfaces to ensure hysteresis-free cell or to
improve power conversion efficiencies (PCEs) of the cell. Here
we compare only the performances of a low-temperature pro-
cessed G-TiO2 lm, sol–gel TiO2 (S-TiO2) compact layer and S-
TiO2 plus mesoporous TiO2 layer, the latter two were heated at
450 �C. Most notably, G-TiO2 NPs were processed at low
temperature (<150 �C), they are compatible with ITO or other
plastic-based exible substrates; in contrast, S-TiO2 and meso-
porous TiO2 lms were made at high temperature (450 �C),
meaning that FTO was the only choice as the substrate. There-
fore the structure of the PSC reported in this paper is ITO (or
FTO)/G-TiO2 (or S-TiO2)/CH3NH3PbI3/spiro-MeOTAD/MoO3/Ag.

Experimental
Materials

Anatase titanium dioxide (TiO2) powder (99.7%; Nano-
structured and Amorphous Materials, Los Alamos, New Mexico,
USA), zirconium dioxide (ZrO2, zirconia) beads (density:
5.95 g cm�3; size: 100 mm; Oriental Cera TEC., Taiwan), lead
iodide (PbI2, 99.9%; Alfa Aesar), methyl ammonium iodide
(MAI; UR Company, Taiwan), 2,20,7,70-tetrakis(N,N-di-p-
methoxyphenylamino)-9,90-spirobiuorene (spiro-MeOTAD;
Luminescence Technology, Taiwan), bis(triuoromethane)sul-
fonimide lithium salt (Li-TFSI, 99%; UR Company, Taiwan), and
4-tert-butylpyridine (TBP, 96%) were obtained from their noted
suppliers. Isopropyl alcohol (IPA), N,N-dimethylformamide
(DMF), acetonitrile (ACN), and chlorobenzene (CB) were
purchased from Sigma-Aldrich. All materials and solvents were
used without further purication.

TiO2 nanoparticle (G-TiO2 NP) preparation with a ball milling
method

Anatase TiO2 powder was mixed with IPA to form a suspension
at a concentration of 5 wt%; micro zirconia beads (ca. 600 g)
were added and then the mixture was transferred to the
chamber of a grinder. The grinder was placed into a dispersing
machine (AG-1000, Allgen Technology). An electric stirrer was
attached to the dispersing machine. The grinding process was
performed with a rotation speed of 2000 rpm for 360 min at
room temperature. Aer 6 h, the suspension has a milky color;
an independent layer on the top of zirconia beads was evident to
the naked eye. The upper layer of TiO2 NPs was separated; the
residue from the zirconia beads settled to the bottom of the
chamber because of its higher density. The nal concentration
of the ground TiO2 (G-TiO2 NPs) paste was 3 wt%.

Device fabrication

Patterned FTO (or ITO) substrates (<10 U cm�1, RiT display)
were cleaned with detergent, rinsed with deionized (DI) water,
and sonicated in acetone and isopropyl alcohol. The substrates
were blown dry under N2 and stored in an oven, at least over-
night. The cleaned and dried substrates were treated in a UV/
ozone cleaner for 15 min to remove any contaminants and to
This journal is © The Royal Society of Chemistry 2018
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make the FTO substrates more hydrophilic. The ground TiO2

suspension (1.5 wt%) was sonicated (ca. 20–30 min) prior to
spin-coating on the ozone-treated substrates. The G-TiO2 lm
(ca. 80 nm) was prepared using spin-coating (4000 rpm, 30 s)
through solution processing, followed by annealing (30–100 �C)
for 30 min. The G-TiO2 lm functions as a compact layer as well
as a mesoporous layer. TiCl4 (33.8 mL/3 mL in ethanol) was used
to prepare the compact TiO2 lm (S-TiO2) via a sol–gel process,
by spin-coating at 3000 rpm, 30 s followed by sintering at a high-
temperature of 450 �C for 30 min. For mesoporous TiO2 (m-
TiO2) layer deposition we used a commercially available TiO2

paste (Dyesol) in ethanol, which was deposited by spin-coating
at 3000 rpm, 30 s, dried at 120 �C and then sintered at 450 �C
according to the literature report.40 The perovskite layer was
deposited using a two-step process. For deposition of the
perovskite absorber and the HTL, PbI2 (45 wt%) and KCl (1 wt%)
dissolved in DMF, MAI (1 wt%) in 2-propanol, and spiro-
MeOTAD (5 wt%) in CB with the additives LiTFSI (90 mg/530
mL in ACN; 40 mL) and TBP (10 mL) were used. All solutions
were stirred overnight at 70 �C. The PbI2 solution was spin-
coated (3000 rpm, 30 s) on both types of TiO2 ETL and
annealed at 100 �C, 5 min under N2 to form a crystalline lm.
The MAI layer was then spin-coated (3000 rpm, 30 s) on top of
the PbI2 lm and annealed (135 �C, 15 min) to form the
perovskite (300 nm) lm. Finally, spiro-MeOTAD (120 nm) was
coated (3000 rpm, 30 s) on the perovskite without annealing.
Followed by the deposition of MoO3 and Ag electrodes at
thicknesses of 8 and 80 nm, respectively. The deposition and
annealing processes of the active layer and HTL were performed
under a N2 atmosphere.
Characterization

The nanostructures and sizes of the TiO2 nanoparticles (G-TiO2

NPs) prepared by a ball milling method were measured using
a transmission electron microscope (TEM, JEM-2100F, JEOL)
and a particle size analyzer (Brookhaven 90Plus Sn11408).
Ultraviolet photoelectron spectroscopy (UPS, PHI 5000 Versa
Probe) was performed to measure the valence band maximum
(VBM), using He(I) emission (21.22 eV, ca. 50W) as the source of
ultra-violet light. X-ray photoelectron spectroscopy (XPS, PHI
5000 Versa Probe) was performed with an Al Ka X-ray source
(1486.6 eV). Scanning electron microscopy (SEM) was per-
formed using an FEI Nova 200 microscope (15 kV). Atomic force
microscopy (AFM) was performed using a Bruker Dimension
Icon atomic force microscope. G-TiO2 (or S-TiO2) lms spin-
coated on ITO (or FTO) substrates were used for SEM and
AFM measurements. Absorption spectra of the lms were
measured using a Jacobs V-670 UV-vis spectrophotometer. The
devices were illuminated with a solar simulator (Thermal Oriel
1000W), which provided a simulated AM 1.5 spectrum (100 mW
cm�2), inside a glovebox, using a Xe lamp. The solar cell testing
was performed by using a mask. The dimension of the mask is
0.1 � 0.2 cm2 for small-area cells and for large-area sub-
modules, 9 cells connected in series, the area of each cell is 0.8
� 0.35 cm2. The light intensity was calibrated using a mono-
silicon photodiode with a KG-5 color lter (Hamamatsu). The
This journal is © The Royal Society of Chemistry 2018
devices were encapsulated before recording their external
quantum efficiency (EQE) spectra. EQE spectra were measured
under monochromatic illumination (Enlitech, QE-R3011); the
light output from the monochromator was focused on the
photovoltaic cell being tested. The photoluminescence (PL)
spectra of the CH3NH3PbI3 thin lms were measured using an
optical microscope system (UniRAM, Protrustech). For the PL
experiments, the wavelength of the excitation is 405 nm and all
measurements were performed at room temperature.

Results and discussion

The schematic representation of the preparation of the G-TiO2

NPs is presented in Fig. 1a. In this high-energy wet-milling
grinding method, a large clump of an-TiO2 is subjected to phys-
ical processing (without any chemical synthesis) in the presence
of only zirconia beads and isopropyl alcohol to achieve
a suspension of G-TiO2 NPs. Our group has previously employed
the same strategy to prepare TiO2 NPs for bulk heterojunction
organic photovoltaics.23 This simple grinding process requires
inexpensive materials and is a facile approach for the production
of large amounts of TiO2 NPs. Fig. 1b displays a photograph of
massive production of G-TiO2. Fig. 1c presents the complete
device architecture (glass/ITO/G-TiO2/CH3NH3PbI3/spiro-MeO-
TAD/MoO3/Ag); Fig. 1d displays a cross-sectional scanning elec-
tron microscopy (SEM) image which reveals an approximately 80
nm-thick G-TiO2 NP ETL present beneath the perovskite layer.

Transmission electron microscopy (TEM) images were taken
to obtain crystallographic information about the pristine an-
TiO2 and the ground an-TiO2 (G-TiO2 NPs). Fig. 2a presents
a bright-eld TEM image of the pristine an-TiO2 powder; the
inset displays the corresponding electron diffraction pattern.
The TEM image reveals large clumps of morphology and the
diffraction pattern features a spotty ring conrming high crys-
tallinity. A bright-eld TEM image of the ground an-TiO2 (G-
TiO2 NPs) displayed in Fig. 2b reveals that aer physical pro-
cessing the TiO2 turns into NPs. Fig. 2c presents the selective-
area electron diffraction pattern of the G-TiO2 NPs; the weak
intensity of the polymorphic ring suggests that the grinding
process reduces the crystallinity of TiO2. The change in crys-
tallinity of TiO2 aer grinding was also evident in the phase
contrast or Moiré patterns. High-resolution transmission elec-
tron microscopy (HRTEM) image (displayed in Fig. 2d) revealed
the crystal lattice spacing and interplanar distances expected for
TiO2 in an anatase phase. This anatase phase featured many
lattices, with a d-spacing of approximately 0.312 nm repre-
senting the interplanar distances of the (1 0 1) planes, consis-
tent with literature data.22 The inset of Fig. 2d presents the fast
Fourier transform (FFT) pattern of the HRTEM image of the G-
TiO2 NPs. To determine the average particle sizes of G-TiO2 NPs,
we performed dynamic light scattering (DLS) and atomic force
microscopy (AFM) measurements. Fig. S1 (of the ESI†) shows
the average particle size (nm) of the TiO2 powder with respect to
the grinding time (1–6 h); the average particle size decreased
upon increasing the grinding time to 6 h: the large clumps of
TiO2 disaggregate quickly into smaller particles. The inset
picture in Fig. S1† provides evidence of the dispersion of TiO2
J. Mater. Chem. A
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Fig. 1 (a) Schematic representation of the procedure used to prepare G-TiO2 NPs. (b) Photograph revealing the capability of producing massive
amounts (bottle size: 1 L) of the G-TiO2 suspension. (c) Schematic representation of the device architecture: glass/ITO/G-TiO2 NPs/CH3NH3-
PbI3/spiro-MeOTAD/MoO3/Ag. (d) Cross-sectional SEM image of a device having the structure depicted in (c).

Fig. 2 (a) Bright-field TEM image of pristine an-TiO2 powder; inset: corresponding diffraction pattern. (b) Bright-field TEM image of the ground
TiO2 (G-TiO2 NPs). (c) Selective area diffraction pattern of G-TiO2 NPs with the (101) orientation. (d) HRTEM image of G-TiO2 NPs; inset: the
corresponding FFT pattern.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2018
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NPs aer grinding (these pictures were taken aer the suspen-
sion stands for 4 days). Fig. S2, ESI† presents the AFM image of
a thin G-TiO2 lm made by spin-coating the G-TiO2 NP
suspension onto an ITO substrate; the average particle size of
the G-TiO2 NPs was approximately 20–30 nm, with a root-mean-
square (RMS) roughness of 5.46 nm.

Planar heterojunction PSCs having the architecture of ITO
(or FTO)/G-TiO2 (or S-TiO2)/CH3NH3PbI3/spiro-MeOTAD/MoO3/
Ag were fabricated and the current density–voltage (J–V) curve of
the cells measured under simulated AM 1.5G illumination (100
mW cm�2) is illustrated in Fig. 3a. The champion performance
of the device incorporating a G-TiO2 ETL, fabricated using a low-
temperature process, exhibited a short-circuit photo current
density (Jsc) of 21.7 mA cm�2, an open-circuit voltage (Voc) of
1.07 V, and a ll-factor (FF) of 0.75, yielding a PCE (h) of 17.4%
with an average PCE of 14.4%; the champion device incorpo-
rating S-TiO2 ETL exhibited the Jsc, Voc, and FF values of 20.0 mA
cm�2, 1.02 V, and 60.3%, respectively, yielding a PCE (h) of
12.3% with an average PCE of 10.8%. We also fabricated a cell
with a mesoporous TiO2 (m-TiO2) lm on S-TiO2 having the
architecture of FTO/S-TiO2/m-TiO2 (150 nm)/CH3NH3PbI3/spiro-
MeOTAD/MoO3/Ag. The cell exhibited a PCE of 18.2% (Jsc¼ 21.4
mA cm�2; Voc ¼ 1.1 V; FF ¼ 0.77) in the reverse scan direction
and in the forward scan direction the PCE is only 13.9% (the
corresponding J–V curve is displayed in Fig. S3 (ESI†)). Fig. S4
(ESI†) presents J–V curves for G-TiO2 and S-TiO2 based cells in
the reverse and forward scan directions and the detailed PV
performance is mentioned in Table S1 (ESI†). It is clearly shown
that the S-TiO2 cell suffers from huge hysteresis, which may be
Fig. 3 (a) J–V curves of the best devices having the structure ITO
measured in the reverse scan direction under AM 1.5G sunlight illuminat
and S-TiO2-based champion cells and the corresponding integrated cur
solar submodules incorporating G-TiO2 ETLs. (d) Long-term stability of th

This journal is © The Royal Society of Chemistry 2018
due to higher trap density in the ETL. The J–V curve for G-TiO2

based PSCs shows less hysteresis at delay times ranging from 3
ms to 1000 ms as the data shown in Fig. S5 (ESI†).

The higher PCE of the G-TiO2-based device indicates that the
G-TiO2 lm can block the leakage current or extract the elec-
trons more effectively compared to that of the S-TiO2 ETL.
Fig. 3b presents the photocurrent density–voltage (J–V) and
external quantum efficiency (EQE) curves of the best PSCs
incorporating G-TiO2 and S-TiO2 ETLs. The spectral sensitivity
wavelengths spanned from the visible to the near-IR region (ca.
300–800 nm) with peak EQEs of approximately 85 and 80% for
G-TiO2 and S-TiO2 based PSCs, respectively. The large spectral
response range suggests that, for both devices, it was easy to
convert the incident photons to charges even at long wave-
lengths. Fig. 3c presents the PV performance of a large-area
(designated area: 25.2 cm2) solar submodule (displayed in
Fig. S6, ESI†) incorporating G-TiO2 as the ETL. The champion
sub-module displayed a short-circuit photocurrent (Isc) of 55.21
mA, Voc of 9.12 V, and FF of 71%, yielding a PCE (h) of 14.19%.
The stability of the planar-heterojunction PSCs incorporating G-
TiO2 and S-TiO2 as the ETLs, measured under a N2 environ-
ment, is shown in Fig. 3d (the corresponding variations in the
Jsc, Voc, and FF values vs. time are presented in Fig. S7, ESI†).
The PCE of the S-TiO2-based PSCs decreases to less than 50% of
the initial value aer 40 days of storage; in contrast, the G-TiO2-
based PSC devices had excellent stability, retaining approximately
85% of their initial PCE aer standing for 80 days. Fig. S8, ESI†
presents the histograms of the performance (Jsc, Voc, FF, and PCE)
of 51 individual G-TiO2 and S-TiO2-based devices measured
(or FTO)/G-TiO2 (or S-TiO2)/CH3NH3PbI3/spiro-MeOTAD/MoO3/Ag,
ion (intensity: 100 mW cm�2). (b) EQE response spectra of the G-TiO2

rent densities. (c) I–V curve for large-area (designated area: 25.2 cm2)
e best cell using a G-TiO2 or S-TiO2 ETL stored in a glovebox under N2.

J. Mater. Chem. A
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under AM 1.5G white light illumination (100 mW cm�2). The
photovoltaic parameters for best cells and sub-modules based on
low temperature processed G-TiO2, and high-temperature S-TiO2

lms prepared in this study as the electron transporting layers are
summarized in Table 1. Tables S2 and S3 (ESI†) list the device
performance of PSCs (small-area: #0.1 cm2) based on low-
temperature TiO2 ETLs prepared with various deposition
methods and the efficiency of the perovskite solar submodules
with various areas based on a TiO2 ETL prepared at various
temperatures, respectively reported previously.

Fig. 4a presents the ultraviolet photoelectron spectra [He(I)]
of G-TiO2 and S-TiO2 lms. Signals for two photoelectrons
appear in the UPS range. The primary photoelectron (upper
emission) cut-off energies (Ef) of the G-TiO2 and S-TiO2 lms
were 16.70 and 16.54 eV, respectively; the secondary photo-
electron (lower emission) onset energies (Ei) were 2.68 and
2.34 eV, respectively. We calculated the HOMO energies of these
TiO2 lm using eqn (1):24,41

F ¼ hn � (Ef � Ei) (1)

where hn (¼21.2 eV) is the incident photon energy for He(I). The
valence band energies of G-TiO2 and S-TiO2 were �7.18 and
�7.0 eV, respectively. These estimated values are consistent
with those reported previously.42 Meanwhile, according to the
Tauc formula for a direct band gap semiconductor,43 the optical
band gap energies (Eg) of G-TiO2 and S-TiO2 were 3.13 and
3.01 eV, respectively (estimated from the UV-vis absorption
spectra presented in Fig. S9, ESI†). Thus, the conduction band
(CB) energies of G-TiO2 and S-TiO2 determined from the valence
bandmaximum (VBM) were�4.05 and�3.99 eV, respectively as
the diagram displayed in Fig. 4b. We also employed X-ray
photoelectron spectroscopy (XPS) to examine the change in
the surface oxidation state as well as the optical band gap of G-
TiO2 and S-TiO2. Fig. 4c and d present the Ti 2p and O 1s core-
level binding energy of G-TiO2 and S-TiO2, respectively. The Ti
2p1/2 and Ti 2p3/2 peaks for G-TiO2 appeared at the binding
energies of 465.3 and 459.4 eV, respectively; for S-TiO2, these
peaks appeared at binding energies of 465 and 459.2 eV,
respectively, no signicant difference between the two types of
TiO2 lms. In the O 1s spectra of G-TiO2 and S-TiO2 lms, peaks
appeared at binding energies of 530.8 and 530.6 eV, respec-
tively. It seems that Ti in both G-TiO2 and S-TiO2 lms primarily
feature the Ti4+ oxidation state.44

The morphology, roughness, and surface coverage of the
perovskite absorber (besides the ETLs) play vital roles in the
Table 1 PV performance of PSCs having the structure ITO (or FTO)/G-TiO
AM 1.5G illumination

Device structure PCE (%) Voc (V)

G-TiO2 (cell) 17.43 1.07
G-TiO2

a (cell) 14.39 � 1.19 1.00 � 0.02
G-TiO2 (module) 14.19 9.12
S-TiO2 (cell) 12.32 1.02
S-TiO2

a (cell) 10.80 � 1.19 0.93 � 0.01

a Average and standard deviation of the PV performance for 51 individua
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performance of planar-heterojunction solar cells. SEM images
of both TiO2 ETLs displayed in Fig. 5a and c reveal that the
surface coverage of the G-TiO2 lm is better than that of the S-
TiO2 lm, but the corresponding AFM images (illustrated in
Fig. S10, ESI†) showed that the RMS roughness of the S-TiO2

lm (3.69 nm) was less than that of the G-TiO2 lm (9.97 nm).
The SEM images of the perovskite lms shown in Fig. 5b and d,
evidence that the grain size of the perovskite lm deposited on
G-TiO2 is approximately 200–300 nm which is bigger than that
of the perovskite lm deposited on S-TiO2 (the RMS values of
the perovskite lms deposited on G-TiO2 and S-TiO2 lms are
45.6 nm and 35.3 nm, respectively obtained from the AFM data
displayed in Fig. S10, ESI†).45 Moreover, perovskite lms
deposited on S-TiO2 had more pinholes and higher non-
uniformity in the grain size, which are the disadvantageous
for PV applications compared to the perovskite lm on G-TiO2.

It seems that the roughness of the TiO2 ETL will affect the
quality of the perovskite lm and therefore the photovoltaic
performance of the corresponding cells. However, a characteristic
of the low temperature TiO2 lm is the difficulty in tuning the
porosity of the low-temperature TiO2 lm to improve the cell
performance since no polymer was added to the G-TiO2 NP paste
and no high temperature sintering of the spin-coated G-TiO2 lm
was performed. In this work, we had tried to prepare a G-TiO2

layer with various thicknesses by using different concentrations
of the G-TiO2 NP suspension and the optimal thickness (80 nm)
was found as in the data shown in Fig. S11 (ESI†). Furthermore,
without post lm treatment, the grain size of perovskite lms
deposited on a low-temperature TiO2 ETL is generally small (200–
700 nm), according to the research groups.35,46,47 The grain size of
the perovskite lm prepared by us falls in this size range.
However, the PCE of our regular cell based on a G-TiO2 ETL is
slightly higher than the other reported data.35,46,47 It is due to the
good quality (high conductivity since contains no other additive)
of the G-TiO2 lm prepared by our method.

Conventional PSCs exhibit current hysteresis sometimes. A
common reason for J–V hysteresis is a high trap-density in the
perovskite absorber.48 Here, we performed dark current–voltage
(I–V) measurements (Fig. 6) to calculate the electron trap-state
density in the electron-only devices [ITO (or FTO)/G-TiO2 (or S-
TiO2)/CH3NH3PbI3/PCBM/Ag]. Linear relationships (ohmic
responses) appeared for both electron-only devices at low bias
voltage. The rapid non-linear increase in current occurs when the
bias voltage surpassed the kink point, illustrating the point at
which the trap-states were fully lled. The trap-state density was
calculated from the trap-lled limit voltage (VTFL) using eqn (2).49
2 (or S-TiO2)/CH3NH3PbI3/spiro-MeOTAD/MoO3/Ag, measured under

Jsc (mA cm�2) Isc (mA) FF (—)

21.72 — 0.75
21.60 � 1.14 — 0.66 � 3.5
— 55.21 0.71
20.00 — 0.60
21.34 � 0.77 — 0.54 � 4.2

l devices.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) UPS [He(I)] spectra of G-TiO2 (dark cyan) and S-TiO2 (burgundy) films, with their cut-off (Ecut-off) and onset (Ei) energy boundaries. (b)
Schematic representation of the HOMO and LUMO energy levels of S-TiO2, G-TiO2, and CH3NH3PbI3. (c and d) XPS spectra of a G-TiO2 ETL and
S-TiO2 ETL ((c) Ti 2p1/2 and Ti 2p3/2 spectra (d) O 1s spectra).

Fig. 5 SEM Surface topography images of (a) glass/FTO/S-TiO2, (b) glass/FTO/S-TiO2/CH3NH3PbI3, (c) glass/ITO/G-TiO2, and (d) glass/ITO/G-
TiO2/CH3NH3PbI3 films.

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A
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Fig. 6 Trap-density measurements of electron only devices having
the structure glass/ITO (or FTO)/G-TiO2 (or S-TiO2)/CH3NH3PbI3/
PCBM/Ag.
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VTFL ¼ entL
2

2330
(2)

where e is the elementary charge of the electron, nt is the trap-
state density, L is the perovskite absorber thickness (300 nm),
3 (¼28.8)50 is the relative dielectric constant of the perovskite
absorber, and 30 is the vacuum permittivity.

The values of VTFL of the S-TiO2 and G-TiO2 based devices
were 0.82 and 0.13 V, respectively. Consequently, the trap-state
density of the perovskite absorber on S-TiO2 was 8.7 � 1016

cm�3, in good accordance with existing studies.51 The trap-state
density of the perovskite deposited on G-TiO2 decreased to 1.38
� 1016 cm�3 evidenced by the better lm quality. Steady-state
photoluminescence (PL) data can reveal the charge transport/
extraction properties of the two types of TiO2 ETLs. Fig. 7
displays the PL spectra of the perovskite lms deposited on the
G-TiO2 and S-TiO2 lms. A strong PL emission peak appeared at
a wavelength of approximately 775 nm, the characteristic band-
edge emission of the CH3NH3PbI3 perovskite. The S-TiO2/
Fig. 7 Steady-state PL spectra of perovskite (CH3NH3PbI3) films
deposited on G-TiO2 and S-TiO2.

J. Mater. Chem. A
perovskite exhibited a relatively higher PL intensity than the G-
TiO2/perovskite, indicating that faster electron transport from
the perovskite or extraction of electrons from the perovskite to
G-TiO2 compared to S-TiO2,52–54 which may due to more rough
G-TiO2 and bigger perovskite grains formed on G-TiO2 ETL.
Conclusions

We have prepared G-TiO2 NPs by a ball milling method for
planar PSCs. The advantages of ball-milling method are repro-
ducibility, large scale production, a cheap process and a low
amount of additive (only IPA) was used for preparing TiO2 NPs.
TEM, DLS, and AFM analyses revealed that the average particle
size of the G-TiO2 NPs was 20–30 nm. The PSC cell based on the
G-TiO2 ETL (from low temperature (<150 �C) processed G-TiO2

NPs) achieves the best PCE of 17.43% for small area cells and
14.19% for the submodule (designated area: 25.2 cm2). PSCs
incorporating a G-TiO2 lm as an ETL retained approximately
85% of their initial PCE aer standing for 80 days. G-TiO2 NPs
made at low temperature were proved to be a promising mate-
rial for use in PV devices such as regular perovskite solar cells.
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