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The efficiency of charge transport at interfaces and bulk affects the performance for lots optoelectronic devices. In this work, vacancies in nano-mesoporous TiO2

have been modified by hydrogen peroxide and the corresponding photoactive electrode for halide perovskite solar cells shows remarkable improvement of current

density (Jsc) 36% and open circuit voltage (Voc) 10%, with overall improvement of efficiency over 75%. Photovoltage decay indicates the electron lifetime have

been almost doubled after hydrogen peroxide treatment.
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1. Introduction

In form of electrons or ions, charge transport at interfaces and in
bulk phases plays a key role in the efficiency and performance for
lots of optoelectronic devices, such as TiO2 for solar cells,

1,2 electro-
lytes for electrochromic devices.3,4 Halide perovskite materials have
been find extensive applications in solar cell,5,6 light emission de-
vices,7,8 detectors,9 and lots of other fields.10,11 With over 22% of
efficiency over since it was first reported in 2009,5,12 perovskite type
MPbX3 solar cells have attracted worldwide attention. One after an-
other improvements achieved in the past few years suggest that it is
the most promising candidate for the next generation solar cells.12–14

Typically, perovskite solar cells are a sandwich structure: a meso-
structured TiO2 layer on FTO filled up with perovskite CH3NH3PbX3

as active photoanode, doped spiro-MeOTAD as hole transport mate-
rial layer (HTM) and a counter electrode (such as Au15, Ag16, Ni17

or even carbon18).19–21 As the electron transport layer, the morphol-
ogy, thickness and crystallinity for both meso-structured TiO2 layer
and the compact TiO2 electron-blocking layer,22–24 play a crucial role
in the efficiency of similar solar cells including dye sensitized solar
cells.23,25–27

How efficient the charge can be separated and transported relate
to the performance of solar cell.2 The defects, especially the vacan-
cies or dopants on the surface of TiO2 mesoporous layer and block
layer, affect the charge transport efficiency directly. As demon-
strated in Figure 1, charge can be transferred more efficiently in the
TiO2 with no defects shown as trap free path. While in the case of
TiO2 with lots of oxygen vacancies (Vo

2+) caused defects, charge
can be trapped easily by these vacancies (path with traps) and caused
recombination. In turn, the lifetime of electrons will be reduced and
the charge transfer will be delayed causing severe recombination of
electrons and holes at the defects.10 As a result, the corresponding so-
lar cell has lower Jsc and lower Voc. In this work, the vacancies have
been reduced by simply processing the nano-mesoporous TiO2 in the
H2O2.

The lifetime and charge transport can be measured by optical
method,28 and usually the results are not on the real solar cell. The
photovoltage transient measurements are the direct measurement of
voltage change under light vs. time,17,23,29 which reflect the actual
situation in real solar cells. In this study, the life time of photo-
charge processes are studied by photovoltage transient measurements.
The halide perovskite solar cells based on vacancies removed TiO2

shows 20.2 mA/cm2 Jsc and 0.82 V of Voc, which are 36% and 10%
higher than the halide perovskite solar cells based on the TiO2 with
vacancies.

2. Experimental section
2.1. TiO2 blocking layer on FTO slide

1 cm ×2 cm FTO glass slides were washed and ultrasonicated in
distilleddeionizedwater, isopropanol,acetoneandethanolsequentially.
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Fig. 1 Illustration of Oxygen vacancies (VO
2+) caused defects indicate charge can be trapped and cause the delay of charge transfer.
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Distilled deionized water was used to rinse the substrates between each
step. Before use, thewashed FTOglass slides were further cleanedwith
oxygen plasma for 15mins. The FTO slideswere heat up to 450 °Con a
hot plate and 0.2 M Ti(IV) bis(ethyl acetoacetate)-diisopropoxide in
1-butanol solutionwas sprayed, followed by annealing at 450 °C for 1 h
inair.
2.2. Nano-mesoporous TiO2 on FTO slide

12 ml Titanium isopropoxide (Ti(OiPr)4, Aldrich, 97%) and 3 ml
propanediol were added dropwise into 80 ml water and 25 ml acetic
acid at 0 °C. The mixture was heated to 78 °C over 1 h with stirring
and kept at this temperature for another 3.5 hrs. The prepared col-
loidal solution was concentrated to 100 ml by rotary evaporation,
followed by loading into a Teflon insert titanium autoclave and
heated to200 °Cover1handheld for 12hrs.The resultingmixture (8g),
terpineol (1 ml) and methylcellulose (0.25 g) were mixed under stir-
ring for 4 hrs. The prepared TiO2 paste was spread on FTO glass
slide by doctor blade, followed by heat treatment at 550 °C for 2 hrs.
2.3. Remove of defects by hydrogen peroxide.

The nano-mesoporous TiO2-FTO glass slides were dipped in a
H2O2 (30 wt%) /NH4OH (25 wt%) (10:1 of volume ratio) solution
for 5 min. After annealing at 450 oC for 30 min under O2 atmo-
sphere, the synthesize TiO2-FTO glass slides were further soaked in
40 mM TiCl4 solution at 70 oC for 1 h and rinsed with DI water. Fi-
nally, the TiCl4 treated TiO2-FTO glass slides were annealed at 500 oC
for 30 minutes.
2.4. CH3NH3I and perovskite CH3NH3PbI3 precursory

Aqueous methylamine (19.5 ml, 40 wt % solution, Aldrich) was
added to hydroiodic acid (32.3 ml, 57 wt % aqueous solution, Aldrich)
in an ice bath slowly with stirring for 2 hrs. The liquid mixture was
extracted by rotary evaporator at 50 oC to get rid of most of the solvent.
The product with brownish color was filtered and washed by diethyl
ether until turn into white. The white product was recrystallized in
ethanol and diethyl ether. PbI2 (0.30 g, Aldrich) and CH3NH3I
(0.10 g) were dissolved in γ-butyrolactone (0.5 ml, Aldrich) at
80 oC to produce perovskite precursor solution.
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2.5. Hole transport material (HTM)

Spiro-MeOTAD (92 mg, 2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-
9,9’- spiro-bifluorene), Lithium bis-trifluoromethane sulfonamide (7.2 mg)
and 4-tert-butylpyridine (12 mg, TBP) were dissolved in chlorobenzene
(1 ml).
2.6. Halide perovskites solar cell

CH3NH3PbI3 perovskite precursor was spin coated on nano-mesoporous
TiO2-FTO slide with 2000 rmp for 1 min in air (R.H. <30%), and
annealed in air for 10 minutes at 105 oC. HTM was spin coated
at 2500 rpm. Au film (80 nm) was thermal coated on as counter
electrode.

2.6 Characterization
The current density-voltage (J-V) curves were collected on Potentiostat

(CHI 600) and solar simulator (Photo Emission Inc. CA) at 200 mV/s.
The open-circuit photovoltage transient was measured at a resolution
of 10 μs per data point with an ultrafast optical shutter to control the
incident sunlight (UniBlitz, 0.7 ms response time). In order to verify
that there is no limitation in the measurement for our setup, a silicon
photodiode (OSRAM Opto Semiconductor, 20 ns response time, 400 nm-
1100 nm) is used as a reference. XRD was taken on X-ray powder
diffractmeter (X’Pert PRO, PANalytical, Almelo, The Netherlands).

3. Results and discussion
3.1. Characterization of TiO2 on FTO glass slide and J-V curves

Figure 2a shows the X-ray diffraction (XRD) patterns of TiO2-FTO
glass slide for both H2O2 treated and untreated reference. Peaks
from FTO glass are indicated by triangles. No XRD patterns change
can be observed including peaks disappear, new peaks appear and
peak shifts. XRD patterns indicate H2O2 treatment will not affect
the crystal structure of TiO2.

Figure 2b is the comparison of J-V curves for the H2O2 treated
and untreated TiO2 based halide perovskite solar cells. The insets in
Figure 2b are the SEM images of the cross section for both the
processed and reference halide perovskite solar cell, which indicat-
ing about 80 nm of Au counter electrode, 200 nm HTM layer and
400 nm halide perovskite/TiO2. Halide perovskite solar cell based
on H2O2 processed TiO2 as working electrode outperformed the solar
cell based on reference TiO2 as working electrode. Table 1 summarizes
the parameters of Jsc, Voc, fill factor (FF) and the efficiency (η).
Eng. Sci., 2018, 1, 64–68 | 65



Fig. 2 a: XRD patterns of TiO2 on FTO substrate; b: comparison of J-V curves of halide perovskite solar cells with and without H2O2 processed TiO2 as photon
anode.
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Apparently, solar cell based on H2O2 processed nano-mesoporous
TiO2 exhibits high current density 20.2 mA/cm2, which is 9.2%
higher comparing with 14.8 mA/cm2 for the reference solar cell.
The Voc is 0.82 V for the H2O2 processed nano-mesoporous TiO2

based solar cell with an improvement of 10.8% (0.74 V for refer-
ence solar cell). Also, H2O2 processed nano-mesoporous TiO2 based
solar cell has higher Shunt resistance (Rsh) and lower series resis-
tance (Rs). Overall, the improvement of efficiency is 75.9% for the
H2O2 processed TiO2 based solar cell (9.44%) comparing with
untreated solar cell (5.37%).
3.2. Photovoltage transient measurements

Electron lifetime can be measured by optical method and photo-
voltage transient. The electron lifetime measured by photovoltage
transient is based on actual solar cell which combines the effects of
both electrons and holes, the interface contact and even the thermal
effect from the light. Figure 3a shows the photovoltage transient
curves for the H2O2 processed nano-mesoporous TiO2 based solar
cell and untreated TiO2 based perovskite solar cells. The setup for
the photovoltage transient test has been approved in the previous
reports.17,23

Figure 3b shows the photovoltage rising transient time (90% of
the maximum Voc) time of Voc which are 0.1608 s and 0.2218 s for
the halide perovskite solar cell based on H2O2 treated nano-
mesoporous TiO2 and solar cells based on untreated TiO2 as photo-
active electrodes, respectively. H2O2 treatment for TiO2 obviously
improved the Voc and reduce the photovoltage rising time for perov-
skite solar cell. In order to assure a fast open can close of aperture
for the light, the size of the light spot on the solar cell is smaller
than the light spot for the J-V test resulting in a lower voltage.
66 | Eng. Sci., 2018, 1, 64–68

Table 1 Comparison of photovoltaic performance for solar cells with and without proces

TiO2 Jsc (mA/cm2) Voc (V)

H2O2 processed 20.22 0.82
Reference 14.81 0.74

Note: Rsh= Shunt resistance, Rs=series resistance
3.3. Analysis of photovoltage transient decay

The electron lifetimes (τe) for halide perovskite solar cell based on
H2O2 treated and untreated TiO2 have been calculated by photo-
voltage transients decay according to equation:30,31

te
B ock T

e

dV

dt
= -( ) 1

where kB is the Boltzmann constant, T is the absolute temperature
in K, e is the charge of an electron, and dVoc/dt is the derivative of
the open-circuit photovoltage transient.

Figure 4a is the photovoltage decay curve. The corresponding
electron lifetimes as a function of open-circuit photovoltage extracted
from the open-circuit photovoltage decay data are presented in Figure 4b.
Halide perovskite solar cell based on H2O2 treated nano-mesoporous
TiO2 has a slower decay rate, which indicating a longer electron life-
time, less charge recombination and higher charge collection efficiency.
The electron lifetime for untreated reference solar cell is about half for
the H2O2 treated TiO2 based solar cell, which lead to large electron re-
combination and negatively affects Voc, Jsc and FF.31

4. Conclusions

In conclusion, a simple and easy hydrogen peroxide treatment has
been used to reduce the oxygen vacancies caused defects in TiO2. The
corresponding perovskite solar cell based on the H2O2 processed nano-
mesoporous TiO2 indicates significant improvement in Jsc, Voc and thus
the overall PCE improves from 5.4% for the reference solar cell to 9.5%.
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sed nano-mesoporous TiO2 by H2O2 as photoanodes.

FF η (%) Rsh (Ω) Rs (Ω)

0.57 9.44 433.91 11.0
0.49 5.37 127.12 96.52



Fig. 3 Pulse white light incident caused photovoltage transient of perovskite solar cell based on nano-mesoporous TiO2 with and without H2O2 treatment. a: rising and
decay transient; b: Comparison of photovoltage rising transient.

Fig. 4 (a) Photovoltage decay and (b) electron lifetimes (τe) for perovskite solar cells based on H2O2 treated and untreated TiO2.
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