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Abstract

The electron transport material has the great effect on the performance of hybrid perovskite solar cells. TiO, is widely chosen
as the electron transport layer due to its facile synthesis and excellent charge extraction capability. Here, for the first time, we
utilize the hydrogen treated TiO, as the electron transport layer for improving the performance of perovskite solar cells. The
hydrogen treatment increases the Fermi level and conductivity of TiO,, and the device based on hydrogen treated TiO,
exhibits a power conversion efficiency of 13.15% compared with 9.45% for the reference device with untreated TiO,. The
results highlight the importance of optimizing the electron transport material and provide a new route to fabricate highly
efficient planar perovskite solar cells. Copyright © 2018 VBRI Press.
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Introduction

Since the first application of inorganic-organic hybrid
perovskite in the field of solar cells by Miyasaka in 2009
[1], it has attracted tremendous attention due to its
advantage as photovoltaic materials such as the high
absorption of visible light, simple production process and
large carrier mobility [2-9]. Particularly, the power
conversion efficiency (PCE) of the CH3NH3Pbl;
(MAPDI3) perovskite solar cells (PSCs) increases from
3.8% to over 21% just within several years [1,10]. The
typical PSCs include several parts: the transparent anode
layer (FTO or ITO), electron transport layer (ETL),
perovskite as light absorption layer, hole transport layer
(HTL) and metal cathode (Au or Ag). ETL plays an
important role in achieving a high PCE since it not only
efficiently extracts and transports electrons from
perovskite to electrode but also suppresses the
recombination with holes generated in the perovskite
[11,12]. TiO, thin film has been widely used as ETL in
PSCs because of high light transmittance, matched energy
level and thus efficient electron injection from the
perovskite film to TiO, layer [13-17]. There are many
methods developed to deposit TiO, thin film, such as spin
coating [18], spray pyrolysis [19], sputtering [20], and
atomic layer deposition (ALD) [21].

However, TiO, has a relatively low electron mobility
and conductivity which may lead to a higher
recombination rate and deteriorate the performance of
PSCs [17]. Many efforts have been made to solve this
concern. On one hand, alternative materials with a higher
electron conductivity such as ZnO, SnO, and CdS have
been chosen as ETL to replace the traditional TiO, layer
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and comparable PCEs have been achieved [22-24]. On the
other hand, modified TiO, films have also been used to
improve the performance of PSCs. Snaith et al. adopted
Al-doped TiO, as ETL to figure out this problem [25].
The conductivity of TiO, increased after Al doping,
resulting in a better performance. Chen et al. employed Li
to modify the TiO, surface, which resulted in increased
conductivity of TiO, and improved PCE of devices from
14.2% to 17.1% [26]. Plenty of works indicate that
modifying TiO, can obviously increase the performance
of planar PSCs [27-30].

Hydrogen treatment is a simple and practical
tactic that can effectively increase the conductivity
and Fermi level of TiO,. The hydrogenated TiO, (H:TiO,)
has been broadly applied in some fields such as water
splitting, photocatalysis, photoelectrochemical sensor and
lithium-ion rechargeable battery due to its excellent
conductivity and optical property [31-33]. However,
there are no reports about the application of hydrogen
treated TiO, in perovskite solar cells. In this paper,
to the best of our knowledge, we firstly employed the
H:TiO, as ETL to improve the performance of PSCs. By
optimizing the time and temperature of hydrogen
treatment, a higher PCE of 13.15% was obtained
compared to 9.45% for the reference TiO, PSCs without
hydrogenation. The enhanced performance was
mainly ascribed to the increased open circuit voltage
and fill factor. The mechanism for the improved
performance was illustrated by the systematical
characterization of absorption spectra, Mott-Schottky
curves, electrochemical impedance spectra and
photoluminescence spectrum.
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Experimental
Device fabrication

The FTO substrates were cleaned with detergent, acetone,
ethyl alcohol and DI water in an ultrasonic bath. After the
FTO substrates were treated with the O3 bath for 15 min, a
10nm thick TiO, film was deposited on the FTO substrate
by ALD and annealed at 500 °C in air for 2 hours. Once
cooling to room temperature, the TiO, substrates were
annealed under a 5% H,/95% Ar gas flow with various
temperatures of 250-500 °C for 5 hours. The TiO,
substrates without hydrogenation serve as the reference
devices. The perovskite films were deposited on the TiO,
and H:TiO, substrates by a modified two-step vapor-
assisted method. A 461 mg mL™ Pbl, precursor was spin
coated onto the substrate at 3000 rpm for 40 s, followed
by annealing at 100 °C for 10 min. After cooling down to
room temperature, the Pbl, film was kept in a closed
vessel containing CH3NH3l (MAI) powder for 15 min at
150 °C (the vessel was preheated for 20 min in advance).
After the vapor reaction, the films were rinsed with
2-propanol afterwards and dried at 70 °C for 30 min. The
spiro-OMeTAD used as the hole-transport layer was
deposited on the perovskite film by spin coating at
2000 rpm for 45 s. The precursor of spiro-OMeTAD
solution was prepared by adding 72.3 mg spiro-
OMeTAD, 28.8 uL A4-tertbutylpyridine, and 17.5 uL
lithiumbis-(trifluoromethanesulfonyl) imide (Li-TFSI)
(520 mg of Li-TFSI in 1 mL acetonitrile) in 1 mL
chlorobenzene. Finally, a 100 nm thick silver electrode
was deposited by thermal evaporation with a shadow
mask (0.12 cm? active area).

Characterizations

The morphology of the samples was measured by a field-
emission scanning electron microscope (FE-SEM)
(Hitachi SU8010). The crystallization of products was
checked using an X-ray diffractometer (XRD) (D/MAX-
I11-B-40KV, Cu K, radiation, 2 = 1.5418 A). X-ray
photoelectron spectroscopy (XPS) (ESCALAB, 250Xi)
was recorded for valence states.

Property measurements

The current-voltage (J-V) was characterized using a
Keithley source meter with a Newport solar simulator
calibrated to AM1.5G (100 mW/cm? by a standard
silicon solar cell. A metal mask of 0.06 cm? was used to
define the exact illumination area. External quantum
efficiency (EQE) was measured with a Newport quantum
efficiency system. The absorption spectra were collected
by a UV-vis spectrophotometer (Shimadzu, UV-3600).
The electrochemical impedance spectroscopy (EIS) was
acquired with an electrochemical workstation (Autolab,
PGSTAT 302N) under light at zero-bias voltages with an
alternative signal amplitude of 5 mV and in the frequency
range of 400 KHz to 0.01 KHz. The photoluminescence
(PL) spectrum was detected with a spectrofluorometer
(Horiba, Fluoromax-4) with a 525 nm excitation
wavelength at room temperature.
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Fig. 1. SEM images of (a) bare FTO substrate, (b) 10 nm-thick TiO,
deposited on FTO substrate by ALD, (c) Hydrogenated TiO, substrate,
and (d) the perovskite film fabricated on the hydrogenated TiO,
substrate.

Result and discussion

Fig. 1 presents the top-view scanning electron microscopy
(SEM) images of bare FTO glass (Fig. 1a), 10 nm-thick
TiO, (Fig. 1b), H:TiO, (Fig. 1c) and MAPbI; perovskite
(Fig. 1d) films on FTO substrates. TiO, film was
deposited by ALD technique and the hydrogenation
reaction was conducted at 450 °C for 5 h under a mixed
(5% H,/95% Ar) gas flow. The MAPbI; perovskite film
was fabricated by a two-step vapor assisted synthesis
method. The synthetic details can be found in the
experimental section. It can be observed from the SEM
images that the surface morphology of 10 nm-thick TiO,
with ALD process is almost the same with the bare FTO
due to the highly uniform ultrathin coating of ALD, and
no obvious difference is found between the hydrogen
treated and the pristine TiO,. Perovskite film is smooth
and pin hole free with a large grain size.
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Fig. 2 XRD patterns of FTO, FTO/H:TiO,, and FTO/H:TiO,/perovskite.

420



Research Article

Fig. 2 shows the corresponding X-ray diffraction
(XRD)  patterns for FTO, FTO/H:TiO,, and
FTO/H:TiO,/MAPDI;. No distinct peaks of TiO, or
H:TiO, appear because the 10 nm thickness of deposited
TiO, or H:TiO, is too thin to be detected. In addition, the
typical Pbl, peak mainly at 12.6° is not found, indicating
the complete conversion of Pbl, to CH;NHsPbl;. The
diffraction peaks of perovskite at 14.2°, 20.0°, 23.5°,
28.5°, 31.9°, 40.7° and 43.2° are in accordance with
previous report [34]. To further confirm the existence of
TiO, and change of surface bonding induced by hydrogen
treatment, X-ray photoelectron spectroscopy (XPS)
measurement was carried out. Fig. 3a shows the XPS
survey spectra of O 1s core-level. The peak at 529.8 eV
can be attributed to the lattice O% in TiO, The peak at
531.6 eV is assigned to Ti-OH which has been reported
with a 1.5-1.8 eV higher binding energy than the lattice
O% core level [31]. Besides, the hydrogenated TiO, has
relatively higher OH peak intensity than the TiO, without
treatment, which proves the hydrogen treatment is
beneficial to the formation of OH group on TiO, surface.
The XPS spectra of Ti 2p core-level is shown in Fig. 3b.
Both of the samples have an identical pattern with Ti*"
peaks located at 458.6 and 464.5 eV, which is similar to
other reports [31].
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Fig. 3. XPS measurement of H:TiO, film. (a) and (b) are survey spectra
for the O 1s and Ti 2p core-levels.
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Table 1. Summary of photovoltaic parameters for devices with different
hydrogenated temperatures and the reference TiO».

Ve Je _ FF PCE
(v) (mAem™) (o5)  (9)

250°C 0.89 18.59 64.46 10.71
350°C  0.92 19.49 64.78 11.59
450°C 099 19.69 66.27 12.94
500°C 0.85 16.78 56.51 8.09

TiO, 0.89 17.16 61.31 9.45

Devices
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Fig. 4. (a) The cross-section SEM image of device. (b) J-V curves of the
reference TiO, and H:TiO, based PSCs with different hydrogenated
temperatures measured under AM 1.5G irradiation (100 mW/cm?).

The typical cross-sectional SEM image of H:TiO,
based planar PSCs is shown in Fig. 4a, and corresponding
J-V performance of PSCs based on H:TiO, ETLs with
different hydrogen treated temperatures is shown in
Fig. 4b together with the devices based on TiO, without
hydrogenation for comparison. The corresponding
photovoltaic parameters are listed in Table 1. The power
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conversion efficiency of reference PSCs is 9.45%, with
Voo Of 0.89 V, J,. of 17.16 mA/cm? and FF of 58.93%.
The performance of H:TiO, based PSCs is enhanced
gradually with the hydrogenated temperature from 250 to
450 °C and then largely degraded at 500 °C. The highest
performance of PSCs obtained at 450 °C has the
corresponding V., Js, FF and PCE of 0.99 V, 19.69
mA/cm? and 66.27%, respectively. Compared with the
PCE of the reference TiO, sample, all the physical
parameters after hydrogen treatment are increased
obviously. The definition of theoretical V, in PSCs is the
difference between the Fermi level of ETL and the
highest occupied molecular orbital level of HTL. The
Mott-Schottky (M-S) was used to measure the Fermi level
of TiO, and H:TiO, ETLs, as shown in Fig. 5a. A positive
slope in M-S plots are observed for both samples,
demonstrating the feature of n-type semiconductor. More
importantly, it shows that the Fermi level of TiO, drops
from -0.633 to -0.826 V by fitting the curves, suggesting
that the Fermi level of ETLs is increased after hydrogen
treatment. This phenomenon agrees well with the increase
in V. for the PSCs. Moreover, the H:TiO, sample shows
a smaller slope of M-S plot compared to the reference
TiO,, which means the donor densities of TiO, after
hydrogen treatment are increased. According to the
equation [35]

No = (=) [d(1/€*)/dV)]*

where Np is the donor density, ¢ is the dielectric constant
of TiO,, g, is the permittivity of vacuum, e is the electron
charge, C is the capacitance of the space charge region
and V is the applied voltage at the electrode, the
donor density of TiO, and H:TiO, samples are calculated
to be 4.09 x 10% and 7.82 x10%° cm™, respectively.
Obviously, the donor density is increased due to the
increased OH groups after hydrogen treatment, and thus
the electrical conductivity of TiO, is improved. To further
confirm the increased oxygen vacancies, the J-V curves of
TiO, and H:TiO, films were measured in hole-only
devices under the dark condition (Fig. 5b). Clearly, the
current increases linearly with voltage at the lower bias
voltage, which indicates the ohmic response of devices.
At the higher bias voltage, the current increases
nonlinearly, suggesting that the trap states are fully filled.
The trap filled limit transition points (V) linearly vary
with the trap-statedensity and is determined by the
equation [36]

entLZ

VrrL= 3
EEp

where e is the electron charge, n, is the trap-state density,
L is the thickness of TiO, film, ¢ is the dielectric constant
of TiO, and ¢, is the permittivity of vacuum. The Vg,
value of H:TiO, is 0.84 V, larger than that of 0.48 V of
TiO,, indicating that the trap density increases after
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hydrogenation, considering the other parameters are the
same. In other words, the oxygen vacancies increase after
hydrogen treatment, which agrees well with XPS results
above. To further confirm the increased conductivity of
samples after hydrogenation, the resistance of TiO, and
H:TiO, based substrates were measured. The resistance of
H:TiO, is 5.2 Q, significantly lower than 26 Q for the
pristine TiO,.
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Fig. 5 (a) M-S curves of TiO, and H:TiO; electrodes. (b) Dark J-V
curves of the hole-only devices.

When the hydrogenated temperature exceeds 450 °C,
the performance of devices decreases dramatically, which
is primarily attributed to the increased resistance of FTO
substrate as the hydrogenated temperature is higher than
450 °C. The corresponding resistance of the FTO substrate
after hydrogen treatment at 500 °C is 398 Q, which is
much higher than the pristine FTO. The same
phenomenon was also observed in the previous report
[31]. Therefore, 450 °C is served as the optimal
hydrogenated temperature in our work. The PCEs from 30
devices with the optimum hydrogenated temperature were
obtained to evaluate the reproducibility of PSCs. As
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shown in Figs 6a and 6b, the champion device has a PCE
of 13.15% and the average value is 12.32%. The output
current density at the maximum power point of the
champion device is shown in Fig. 6¢c. The corresponding
stable PCE is 12.95%, which is consistent with the PCE
from the J-V curve.
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Fig. 6. () J-V curve of the H:TiO, (450 °C) based PSC with the highest
efficiency under AM 1.5G illumination and in the dark. (b) Histogram of
PCEs measured from 20 H:TiO, based devices. (¢) The output current
density at the maximum power point of the champion device (0.78 V).

Copyright © 2018 VBRI Press

2018, 9(6), 419-425

Advanced Materials Letters

The ultraviolet-visible (UV-vis) absorption spectra
of FTO/TiOy/MAPDbI; and FTO/H:TiO,/MAPbI; were
carried out to explore whether the optical properties of
devices were changed after the hydrogen treatment. In
Fig. 7a, the intensity of the absorption curves is almost
the same in the whole wavelength range for two samples.
In contrast, the external quantum efficiency (EQE) curves
(Fig. 7b) of PSCs show a significant difference with the
integrated J, to be 15.80 and 18.14 mA/cm?, respectively.
It is well known that the EQE as well as the Jg. values are
intimately related to the light harvesting and charge
collection efficiencies. Since there is little influence on
the light absorption after the TiO, hydrogenation, the
dynamics of charge transport may be responsible for the
different EQE.

(a) —— HLTIO,

——Ti0,

Absorption (a.u.)
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Wavelength (nm)
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Fig. 7. (a) UV-vis absorption spectra of perovskite films coated on
TiO, and H:TiO, substrates. (b) EQE measurement of H:TiO, with

450 °C hydrogenated temperature based PSC and the reference TiO,
device.
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Fig. 8. Nyquist plots of (a) H:TiO, and reference TiO, based PSCs
measured under AM 1.5G illumination. (b) PL spectra of the pristine
perovskite films deposited on TiO,and H:TiO, coated FTO substrates.

Electron impedance spectroscopy (EIS) was
measured to uncover the charge transport and
recombination process in PSCs. Fig. 8a shows the
Nyquist plots of TiO, and H:TiO, (450 °C) based PSCs
under AM 1.5G illumination, and the corresponding
equivalent circuit model is inserted in the top-right corner.
Two main arcs are observed clearly from the Nyquist
plots with one at the high-frequency range and the other at
the lower-frequency range. Three components constitute
the equivalent circuit: the series resistances (Rs), Z;
consisted of R; and the relevant capacitors (CPE1), and Z,
including R and capacitor (CPE2). The R, at the high-
frequency region stands for the transport resistance at the
ETL/perovskite or HTL/perovskite interface. In our work,
the R; represents the transport resistance at the
ETL/perovskite interface since both the architecture of
PSCs have the same perovskite/HTL interface. The Ry at
the lower-frequency region represents the recombination
resistance. The values of resistances extracted from
Nyquist plots are summarized in Table 2. It is shown that
the series resistances of devices decrease from 54 to 16 Q
after hydrogenation compared with the untreated TiO,
based PSCs. The series resistance directly affects the FF
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of PSCs, and a lower series resistance favors a larger FF
which is consistent with the above J-V test. The R; of
H:TiO, based device decreases from 484 to 170 Q
compared with the untreated sample, demonstrating that
the electron transport and extraction become more
efficient at the ETL/perovskite interface after
hydrogenation. To further confirm this result, steady-state
photoluminescence (PL) was performed to investigate the
electron transport process at the ETL/perovskite interface.
Fig. 8b shows the PL of FTO/TiO,/MAPbI; and
FTO/H:TiO,/ MAPDI;. The emission peak for both
samples is observed at around 790 nm consistent with the
previous study. The peak quenching effect for H:TiO,
based device is more serious than the reference TiO,,
implying more effective electron transfer at the
H:TiO,/perovskite interface. The Ry, is inversely
proportional to the recombination rate in PSCs. It is
worthy to note that the values of R, increase distinctly
from 731 to 2140 Q. Therefore, the recombination rates
are reduced by hydrogenating the TiO,. Furthermore, the
EIS of PSCs based on TiO, hydrogenated at different
temperatures was studied under the light illumination
(Fig. S1) and the corresponding values of Rs, R; and Ryec
are listed in Table S1. Increasing the hydrogenated
temperature, the values of Ry and R; decrease and Ry
increase gradually, because the higher temperature makes
the hydrogenation more efficient, except for the H:TiO,
(500 °C) based devices because of the damaged FTO
substrates at this temperature. Based on the above
analysis, we propose that the facile hydrogen treatment of
TiO, ETLs is an efficient route to obtain a more efficient
charge transport and a lower recombination rate in planar
perovskite solar cells.

Table 2. Summary of EIS parameters of H:TiO, (450 °C) and reference
TiO; devices.

Devices R, (L2) R, (L2) Ryec (£2)
H:TiO, 16.1 170 2140
T10, 54 484 731

Conclusions

In summary, we have demonstrated a new hydrogenation
method to treat the TiO, ETLs for enhancing the
performance of planar PSCs. A champion PCE of 13.15%
is achieved at the optimum hydrogenated temperature
(450 °C) compared with 9.45% for the reference TiO,
based device. The enhanced performance after
hydrogenation is attributed to more efficient charge
extraction and lower recombination rates existed at the
ETL/perovskite interface, which is related to the raised
Fermi level and conductivity of TiO,. Our results open a
new and promising method to engineer the
ETL/perovskite interface and improved performance can
be manipulated from the point of interface energy band
engineering.
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