Microstructure and optical and electrical properties of TiO, nanotube thin films
prepared by spin-coating method
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Titanium dioxide nanotubes prepared by hydrothermal method and the TiO, films and TiO, nanotube film were prepared by spin-coating
method. The TiO, nanotube film and a part of TiO, film were annealed at 150°C for 1h, while the another part of TiO, film
was annealed at 500°C. The high-resolution transmission electron microscopy analysis indicated that the TiO, nanotubes prepared by
hydrothermal method have been crystallised and the lattice plane indices corresponded to anatase {200}, and the TiO, nanotube grown
along the (100) direction. The atomic force microscopy results show that the surface morphology of the TiO, film annealed at 150°C was
smooth and uniform (0.62 nm in roughness) compared to the surface morphology of TiO, film annealed at 500°C (roughness is 2.41 nm).
For the TiO, nanotube film, the nanotube fragments were uniformly dispersed in the base and the complete films have been prepared and
the roughness was reached to 6.4 nm. The optical properties showed that the visible light transmittance of the TiO, nanotube film was
larger (larger than 95%) than the TiO, film. The electrical properties showed that square resistance of TiO, nanotube film was smaller

than that of TiO, film.

1. Introduction: In the face of the depletion of fossil energy and its
pollution to the environment, new energy development for human
civilization sustainable development provides important guarantees,
of which solar photovoltaic is the most promising. Enhancing the
photovoltaic conversion efficiency (PCE) of solar cells is the core
research topic in the photovoltaic field.

The organic-inorganic hybrid halogen perovskite materials were
first used in solar cells in 2009, when the photoelectric conversion
efficiency was only 3.8% [1]. Within a few years development
[2-6], the PCE of perovskite solar cells (PSCs) surpasses organic
solar cells (14%) and dye-sensitised solar cells (13%) [7] and are
expected to reach the efficiency of monocrystalline silicon solar
cells (25.6%) [8]. With the renewal of efficiency records of PSCs,
more and more attention has been paid to the stability, service
life, replacement of heavy metal lead and fabrication of large-area
flexible devices [9].

PSCs can be divided into meso-superstructured and planar
heterojuction structures, each of which has a corresponding positive
structure and inverted structure devices. Positive structure devices
of PSCs are arranged as substrate/cathode/electron transport layer/
perovskite absorption layer/hole transport layer/anode [10]. In
order to improve the efficiency and life span of PSCs, various aux-
iliary layers are developed between perovskite absorption layer and
electrodes. The electron transport layer is one of the most important
auxiliary layer. An excellent electronic transmission material
also has the function of enhancing electron injection and blocking
hole transport. The most typical mesoscopic PSC is made of
dense TiO, as electron transport material and mesoporous TiO,
as the framework. After CH3NH;PbX; is grown on its surface,
the p-type semiconducting material is deposited as the hole trans-
port layer [11].

Titanium dioxide and its modification play an important role in
solar cells and the generation of active free radicals under ultraviolet
radiation [12]. In addition to the TiO, film [13—16], the TiO, nano-
tubes have large surface areas and higher photocatalytic degradation
ability [17, 18]. In recent decades, one-dimensional (1D) highly
ordered titanium dioxide nanotube arrays have been considered as
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one of the most promising photocatalytic materials [19, 20]. The
important application of TiO,nanotube arrays is solar cells. It is
reported that Grimes and Mor [21] have fabricated dye-sensitised
solar cells based on TiO, nanotube. The results show that if the
length of TiO, nanotube arrays can reach several microns, the
single-electron PCE of solar cells made of nanotubes can reach
31%. By measuring the voltage attenuation, it is found that nano-
tubes are more conducive to the internal transmission of electrons
than nanocrystals [22]. The preparation methods of TiO, nanotubes
include template method [23], hydrothermal method [24]
and anodic oxidation method [25]. Template method and anodic
oxidation method can prepare ordered titanium dioxide nanotubes,
but the process is complex, the productivity is low and the cost is
high. The TiO, nanotubes prepared by hydrothermal method have
low order but low cost. Many previous studies have been based
on ordered titanium dioxide nanotubes.

However, little research has been done on disordered titanium
dioxide nanotubes, especially in PSC. In this Letter, in order to
develop more stable and electronic transmission efficient PSCs,
we use TiO, nanotube film as electron transport layer instead of
TiO, film and try to obtain high transmittance and low resistivity
by studying its microstructure, morphology, optical and electrical
properties.

2. Experiment

2.1. Preparation of samples: First, the TiO, nanopowder was
prepared by sol-gel method. The analytical reagents (AR) tetrabutyl
titanate (Beijing Chemical Reagent Co. LTD), AR grade absolute
alcohol (Sinopharm Group) and 36 vol% acetic acid (Tianjin
Fengchuan Chemical Reagent Technology Co. LTD) were used
as starting materials to prepare titania powder and then the dried
gel was annealed for 2 h at 600°C.

Second, the TiO, nanotubes were prepared by hydrothermal
reaction. The NaOH 12.5g of 96 mol% (Tianjin Fengchuan
Chemical Reagent Technology Co. LTD) was added to the
deionised water of 30 ml to produce strong alkali solution. Then
0.3 g TiO, nanopowder was mixed with strong alkali. The mixed
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liquid was stirred for 30 min in a constant temperature magnetic
stirrer. After mixing, the mixture was put into the reactor and
kept in the drier at 140°C for 16 h. After cooling to room tem-
perature, the reactant was poured into a centrifuge tube.
Centrifugation was performed to separate the lye from the solid
material. After separation, the nanotubes were extracted and put
into a beaker, washed with deionised water to neutral, then
washed with hydrochloric acid to form flocculent, then washed
with deionised water until neutral, and then dried in a drier for 24 h.

The TiO, nanotube films were prepared by high-speed spin-
coating method (speed 1500 rpm, time 30 s). 0.3 ml of 98 mol%
titanium diisopropoxide bis (acetylacetonate) (Adamas-beta) sol-
ution and 3.5 ml ethanol were mixed in small bottles and stirred
for 30 min at room temperature to get the titanate solution (TAA).
1.2 mg TiO, nanotubes were added into 1.2 ml ethanol and
stirred for 30 min at room temperature to get the TiO, nanotube
solution. The TiO, nanotubes solution need to be further diluted
to 1/10, i.e. 20 ul TiO, nanotubes solution was dripped with
180 ul TAA sols, and then dispersed in an ultrasonic instrument
for 10 min. Three dried sodium calcium slides were labelled with
1, 2 and 3. Slides 1 and 2 were added with TAA sol and slide 3
was added with TiO, nanotube sol to prepare thin films. The
samples of labelling 1 and 2 were annealed at 150 and 500°C for
1 h, respectively, and the sample of labelling 3 was annealed at
150°C for 1 h.

2.2. Measurement: The phase composition of TiO, film and nano-
powders were analysed by an X-ray diffraction (XRD, PW1830)
using copper Ka radiation and the scanning angles ranged from
26 of 20° to 80° at steps of 0.02°.

The morphology, interplanar spacing and orientation of the TiO,
nanotube were characterised using high-resolution transmission
electron microscopy (HRTEM, JEM-2100F, JEOL) with a
point resolution of 0.19 nm, lattice resolution of 0.14 nm and an
operating voltage of 200 kV. The TiO, nanotube was diluted by
absolute alcohol and dropped on a carbon film supported by a
copper grid.

The surface morphology of the TiO, film was analysed by atomic
force microscopy (AFM, S-3400N, HITACHI), the optical proper-
ties were measured by ultraviolet-visible spectrophotometer (722,
Shanghai Yoke Instrument Co., LTD) and the electrical property
was measured by four-probe resistivity tester (ST2253, Suzhou
Lattice Electronics Co. LTD).

3. Results and discussion

3.1. XRD measurements: Fig. 1 illustrates the XRD patterns of the
TiO, films and powders. It can be seen from Fig. 1a that there are no
obvious crystal peaks in the three groups of samples; they are
amorphous diffuse peaks. Fig. 1b illustrates the XRD patterns
of the TiO, nanopowders annealed at 600°C. This indicates that
anatase has been crystallised, and a very small amount of rutile
exists in it. Compared with the XRD pattern of the nanopowder

TAA+TIONT 150°C

TAA 150°C

intensity, a.u.

Fig. 1 XRD pattern of
a TAA and TAA +TiO, nanotube films annealed at 150°C
b TiO, nanopowder annealed at 600°C

Micro & Nano Letters, 2019, Vol. 14, Iss. 11, pp. 1208-1212
doi: 10.1049/mnl.2018.5642

in Fig. 1b, the nano-tube film has been amorphous, indicating
that the anatase in the nanopowder becomes amorphous when
annealed at 150°C.

For the TAA films, no crystallisation was found after annealing at
150 and 500°C. It shows that TAA thin films cannot crystallise even
at 500°C annealing.

3.2. Transmission  electron  microscopy  (TEM)/HRTEM
measurements: The TiO, nanopowders were prepared by sol-gel
method and the morphology of the TiO, nanopowders was
studied with TEM. It can be seen from Fig. 2a that the TiO, has
been crystallised and the diameter is only about 15-30 nm.

Fig. 2b shows the typical crystallisation images of TiO, nano-
powders, the d-spacing of the most of the grain is measured to
3.5 and 2.3 A, the lattice plane indices corresponded to anatase
{101} and {004}, the crystal zone axis is [010].

The TiO, nanotubes were prepared by hydrothermal method with
self-made titanium dioxide nanoparticles and the microstructure
and morphology of the TiO, nanotube was studied by TEM. It
can be seen from Fig. 3a that the TiO, nanotubes with hollow
have been formed. The diameter of nanotube was only 815 nm
and the length was about 70-240 nm.

HRTEM analysis shows the microsturcture of TiO, nanotubes
wall in Fig. 3b. The d-spacing of the nanotube wall measured to
1.98 A and the lattice plane indices corresponded to anatase
{200}. In embedded graph in the lower right corner of Fig. 35,
four pairs of electron diffraction spots were observed and the
d-spacing of each pair of spots were measured clockwise to 1.98,
1.40,1.97 and 1.41 A. The angle between the first and third electron
diffraction spots was ~90° and, the angle between the first and
second electron diffraction spots was ~45°, the angle between
the third and fourth electron diffraction spots was ~45°. As TiO,
belongs to the tetragonal system, those four lattice plane indices
corresponded to anatase (020), (220), (200), (220), respectively,
and the crystal zone axis is [001], which were consistent with the
values reported for JCPDS Card No. 89-4921. Therefore, we
cannot see the {101} characteristic lattice planes which often
appear in TiO, nanopowders.

We deduced that the growth direction of TiO, nanotube is (100)
direction. It may be because the (100)/(010) surface of the anatase
reveals a more relaxed atomic arrangement and the surface
formation energy was 0.53 J/m®, which was lower than the
surface formation energy of (001) face (0.9 J/m?) [26]. So, the
anatase nanotube was grown along the [100]/[010] axis. Another
hand, we can see the d-spacing of {200} and {220} were 1.98
and 1.40 A, respectively, which is larger than that of the standard
values 1.89 and 1.34 A (JCPDS Card No. 89-4921). It may be
because the lattice was extended along the (100) direction when
the nanotube was growing quickly.

Fig. 2 TEM image of TiO, nanopowders prepared by
a Sol-gel method
b HRTEM image
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Fig. 3 TEM image of TiO, nanotube prepared by
a Hydrothermal reaction
b HRTEM image

First, the hydrothermal synthesis of titanium dioxide nanotubes
has low cost and high efficiency. However, although the titanium
dioxide prepared by hydrothermal method is disordered, its struc-
ture is controllable because of its preferred growth direction,
which is conducive to electron transport.

3.3. AFM measurements: In order to study the surface morphology
and roughness of TiO, nanofilms, the AFM was used to analyse the
surface morphology and roughness of three groups of samples.
Fig. 4 characterises the surface morphology and the 3D profile of
the sample.

The surface roughnesses of the sample were shown in
Table 1.

It can be seen from Figs. 4a and b, the surface of the TAA film
annealed at 500°C is not smooth as the distribution of the film is
inhomogeneous and not compact, and even appeared holes on the
surface. Another way, the roughness of it was larger compared
with the samples annealed at 150°C (Table 1). However, the surface
morphology of TAA film annealed at 150°C (Figs. 4¢ and d) is
smooth, uniform and compact, and the surface roughness is only
0.62 nm (Table 1). The TAA+TiO, nanotube films (Figs. 4e
and /') annealed at 150°C have uniform substrate, but the average
roughness is about 6.4 nm (Table 1) due to the addition of TiO,
nanotubes. There are distinct fragments on the surface. In Fig. 4e,
the small black spots in the centre of each fragment correspond to
the hollow of nanotubes. Although there are nanotube fragments
on the surface, the film surface still has good continuity, and
there are no holes and other defects.

The results of AFM show that the electronic transport layer of
TAA film and TAA +TiO, film prepared by spin-coating method
has better morphology and coverage even after low-temperature
annealing, which is very effective for reducing cost.
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3.4. Optical and electrical measurement: The light absorption/trans-
mission data of the sample were shown in Table 2. It can be seen
from the table that the ultraviolet light absorption is lower and the
light transmission is higher for the TAA film annealed at 150°C
compared to the TAA film annealed at 500°C. In addition, the
TAA +TiO, nanotube film (150°C) has the lowest UV absorption
than other samples. It shows that the properties of the TiO, sol
film treated at low temperature are better than that which are
treated at high temperature when used as electron transport layer
material of the PSCs. Compared with the three samples, the TiO,
nanotube film demonstrated good optical quality as it displays
highest average transmittance (91.31-97.60%) in the visible region.

In Table 3, one can see that the ultraviolet absorption peak of
TiO, nanotubes is slightly red-shifted compared with that of TiO,

Fig. 4 AFM surface morphology and the 3D profile of TAA films
a, b TAA films, 500°C

¢, d TAA films, 150°C

e, f TAA +TiO, nanotube films

Table 1 Surface roughness of the TiO, thin films

TAA films, TAA films, TiO, NT films,
500°C 150°C 150°C
roughness sq., nm 241 0.62 6.40

Table 2 Light absorption/transmission data of TiO, nanofilms

400nm 500 nm 600 nm 700 nm 800 nm

A TAA, 500°C 0.072  0.040 0.026  0.019  0.015
TAA, 150°C 0.056  0.037 0.028 0.021  0.016

TiO, NT, 150°C ~ 0.039  0.022  0.016 0.013  0.010

T,% TAA, 500°C 84.69 91.14 9405 9571  96.65
TAA, 150°C 87.78 91.76 9386 9533  96.34

TiO, NT, 150°C ~ 91.31  95.16  96.39  97.10  97.60
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Table 3 Light absorption peak of TiO, nanofilms

Sample Absorption peak, nm bandgap, eV
TAA, 500°C 383.2 3.24
TAA, 150°C 383.2 3.24
TiO, NT, 150°C 384.9 3.22
404000 = 1-—-TAA, 500°C
| 2----TAA, 150°C
o 402000 | 3---TAA+TIO,NT, 150°C
= |
& 400000
1) |
c
& 398000
1] |
7]
@ 396000 |
g E
394000 -
1 2 3
sample

Fig. S5 Square resistance of TiO, nanofilms

thin films (TAA 383.2 nm to TiO, NT 384.9 nm). The bandgap
decreases from E,=3.24 ¢V in thin films to £,=3.22 eV in nano-
tubes. The TiO, nanotube can bring out its absorption edge red-shift
slightly, broaden light response range to visible light region, which
result in the enhancement in visible light photoactivity.

Due to its unique tubular structure and good light scattering
effect, titanium dioxide nanotubes exhibit extremely high photon
capture efficiency, and tubular structure provides the transmission
of photogenerated electrons. However, the red shift is not obvious
because the nanotubes are not arranged in an orderly manner, and
their lengths are uneven. Some nanotubes are only 70-80 nm
long (Fig. 3).

In order to study the electrical properties of TiO, thin films, the
square resistance of the films was measured by a digital four-probe
tester. The results are shown in Fig. 5. The resistivity of the three
samples is higher than that of the materials needed for the electron
transport layer of the solar cell. This may be due to the fact that
the thin films are prepared on non-conductive ordinary slide,
and there is obviously room for improvement in technology.
However, we can still see the variation of the square resistance of
different films. The resistance of the TiO, sol film annealed
at 500°C is the largest, as of another TiO, sol film annealed
at 150°C is second. Among the three, the square resistance of the
TAA + TiO, nanotube film is the smallest. It is clear that the elec-
trical property of the thin films with the addition of TiO, nanotubes
is improved to a certain extent.

The reason may be that for semiconductor materials, the high
carrier concentration of materials with narrow bandgap necessarily
leads to the conductivity of nanotubes being better than that of
nanofilms (Table 3). Semiconductor resistivity is proportional to
carrier mobility and bandgap [27].

The above results show that even annealed at low temperature,
the transmission and conductivity of TAA thin films and
TAA + TiO, nanotube thin films are better, and the performance
of nano-titanium dioxide thin films is the best. Therefore, the
TiO, nanotubes film is more suitable to be used as the electron
transport layer of PSCs compared to the TAA films.

4. Conclusions: In this Letter, the TiO, nanotubes were prepared
by low-cost hydrothermal method, and TiO, nanofilms were pre-
pared by spin-coating method.
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The nano-TiO, thin films show amorphous diffuse scattering
peaks after annealed at 150 and 500°C; the TiO, nanotube film
becomes amorphous after annealed at 150°C.

The crystal zone axis of TiO, nanoparticles was [010], while the
crystal zone axis of TiO, nanotubes was [001]. The TiO, nanotube
is grown along the (100) direction as the surface formation energy
of the anatase (100)/(010) face was lower than the surface formation
energy of (001) face. The lattice was extend along the (100) direc-
tion when the nanotube was growing. So, its structure is con-
trollable because of its preferred growth direction, which is
conducive to electron transport.

The AFM morphology of TAA films annealed at 150°C is more
compact and homogeneous than that of TAA annealed at 500°C and
the surface roughness is 0.62 nm. The TiO, film has better morph-
ology and coverage even after low-temperature annealing and the
TAA +TiO, nanotube films have good continuity although it is
composed of the disordered nanotube which is prepared by hydro-
thermal method.

The light transmittance of the films added with TiO, nanotubes is
the best (larger than 95%). The ultraviolet absorption peak of titan-
ium dioxide nanotubes is slightly red-shifted compared with that of
titanium dioxide thin films. The bandgap of anatase decreases from
E,=3.24 eV in thin films to £,=3.22 eV in nanotubes. The device
can be guaranteed to be more stable under ultraviolet radiation and
have better optical performance.

The square resistance of films added with TiO, nanotubes was
minimal and the electron transport efficiency is higher. Samples
added with TiO, nanotubes have been improved significantly in
the photo and electric properties compared to the TAA films. The
transmission and conductivity of TiO, thin films annealed at low
temperature (150°C) are better than annealed at high temperature
(500°C). 1t is very effective for reducing cost.
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