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Abstract: Nitrogen doped titanium oxides (N-doped TiOy) films were deposited by sputtering the TiO, target in No/Ar gas mixture
to control the doping amount of nitrogen accurately. In order to modify the resultant films, the samples were annealed in air in a
temperature range of 300 ~ 600 °C, and then they were irradiated under visible-light (VIS) after being placed in dark. X-ray
photoelectron spectroscopy (XPS) spectra show that N-Ti-O (5-N) and hydroxyl form in the films due to nitrogen doped into TiOx
lattice. And the content of hydroxyl increases with annealing temperatures increasing, which leads to the better hydrophilicity. X-ray
diffraction (XRD) was used to investigate the crystallinity of the films annealed at different temperatures and the results indicate that
the amorphous films transform into crystalline phase as a consequence of annealing. Scanning electron microscopy (SEM) results
reveal that the particle size becomes bigger at the higher temperature. Hydrophilicity was tested by contact angle meter. The results
show that the water contact angle decreases with raising heat treatment temperature due to the change of particle size and the content

of —OH. Hydrophilicity is also influenced by the storing process, and the water contact angles increase with time. Furthermore, the
hydrophilicity of N-doped TiOy films increases under visible light (VIS) irradiation.
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Titanium oxide (TiO,) films have attracted the interest of
many researchers due to their exceptional properties, such as
high biocompatibility. And their applications on clinic are
becoming popular increasingly. For biological systems, the
nature of hydrophilicity plays a key role on the mediation of
solute (e.g. protein) adsorption and cell adhesion 3.
Therefore alteration of wetting behavior is of great importance
for its biomedical application. To improve the hydrophilicity,
researchers doped titanium with different material. After
reporting DOS calculation results that suggested the potential
benefits of certain nonmetal dopants, many papers
demonstrated the advantages of using C, N and S for this
purpose 1. As one of the most promising dopant candidates
for TiO, films, nitrogen was used more widely than others in
spite of disputed mechanisms leading to the behavior. Some
authors suggested a model in which incorporation of nitrogen
via oxygen substitution results in band gap narrowing, due to
the mixing of the N 2p and O 2p states **. According to a
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second model, the red shift is rather related to the occurrence
of new N 2p states, close to the upper limit of the valence
band . High temperature treatment could modify the films,
which has the effect on changing the films structure as well as
nitrogen doping .

Different techniques have been used to prepare N-doped
TiO, films, such as magnetron sputtering, thermal evaporation,
or various chemical vapor deposition methods. Among them,
RF magnetron sputtering method can control the doping
amount of nitrogen accurately and allow for the preparation of
dense, homogenous and smooth-surface films 1.

Nowadays, the possibility to modify and control the surface
hydrophilicity of N-doped TiO, films has attracted significant
scientific and technological interest. N-doped TiO, films were
widely used as biocompatible films and photocatalytic films.
Ultraviolet (UV) light and visible (VIS) light have already
been reported to control the surface hydrophilicity of N-doped
TiO, films"™.
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It is expected that the morphology and chemical composition
of N-doped TiO, films influence the hydrophilicity as well as
the subsequent adhesion properties of proteins. The aim of the
present study is to investigate the effect of the surface
properties (chemical composition, surface topography as well
as microstructure) on hydrophilicity of N-doped TiO, films.

1 Experiment

A TiO, target (99.7%) was used to deposit N-doped TiO,
films onto Si and Co-Cr disks as substrates by RF-magnetron
sputtering method. The distance between the target and the
substrate was 60 mm. High-purity argon (99.999%) and
nitrogen (99.999%) were used as the sputtering and reactive gas,
respectively.

After being polished and sonicated in alcohol and then in
deionized water, the samples were dried before deposition
process. The vacuum chamber was pumped with both a
mechanical pump and a turbo molecular pump. When the
chamber was pumped down to a base pressure of 7.8<10Pa,
argon was introduced into the chamber with a flow rate ~10
cm®/min to clean the TiO, target surface for pre-sputtering for
about 20 min, and the target-substrate distance was 60 mm.
During the sputtering progress, the working pressure and the RF
power was kept at 1.5 Pa and 250 W, respectively. 5 types of
N-doped TiO, films were processed with different annealing
temperatures (ranging from 0 °C to 600 °C). For each type, five
samples were synthesized at the same time to meet the need of
characteristics. Gaseous mixture (Ar flow was 5 cm*min and
N, flow was 2 cm®/min) was fed into the reactor through mass
flow controllers during the deposition runs.

The main objective of the present work is to determine the
effect of post-deposition annealing on the structure of N-doped
TiO, films. The samples were annealed at 300, 500 and 600 C
for 1 h. After being annealed, the samples were placed at room
temperature in dark. After 2 d, the samples were taken out and
their contact angles were measured to observe their
performance. Then visible-light (\VIS) irradiation was carried
out by a 150 W xenon lamp (64478 IM, Osram Halolux Ceran,
Germany). The wavelength of VIS irradiation was above 430
nm. Which was performed in ambient air, i.e. the temperature
was 298 K, and relative humidity (RH) 60 at%.

The structure and surface morphology of the films were
evaluated by XRD and FESEM. The contact angle was
measured with distilled water as a test liquid. The volume of
water was 1.5 pL every drop. Experimental data was the mean
value of 5 times. The sessile drop method was used for
measuring contact angle with a commercial contact angle
meter (SL200B, Kino, America). Its resolution was 0.01°and
measurement accuracy was 1<

2 Results and Discussion

2.1 Surface morphology, structure and composition
Fig.1 shows surface morphologies of N doped TiO, films at

different annealing temperatures. For the unannealed
sample the surface topography is relatively smooth and dense.
Some small size grains can be seen (Fig.1a). After annealed at
300 <C (Fig.1b), the grains grow. The average particle size is
about 30 nm. After annealed at 500 < (Fig.1c), the grains
grow further. And particle size is more uniform. The average
particle size is about 50 nm. After annealed at 600 <C (Fig.1d),
the nanocrystals are precipitated, which indicates that the
amorphous films are crystallized fully. The average particle
size is about 80 nm.

Fig.2a shows the XRD patterns of the unannealed sample.
The film is polycrystalline mainly in the anatase phase [A
(110), A (200), and A (211)] with crystalline direction. Except
A (110), other peaks aren’t obvious and the background noise
is clutter, which implies that the film is still amorphous. There
are few TiN diffraction peaks, which are likely to originate
from the less N,. The nitrogen atoms diffuse into the films
uniformly and replace oxygen atoms of TiO, lattice. After the
sample is annealed at 600 <C, more characteristic peaks
appear (Fig.2). They are assigned to a mixed structure of the
anatase and rutile crystalline phases, as determined by XRD,
implying that the film transforms into anatase and rutile phase.

Chemical composition of N-doped TiO, films was
investigated by XPS (Fig.3). The films have typical high
resolution from contributions of Ti 2p (~458.8 eV), O 1s
(~531.0 eV) and N 1s (398.1 eV). N 1s peak (398.1 eV)
indicates that N element has been incorporated into the
N-doped TiO, films.

XPS peak software was used to fit the Ti 2p, O 1s and N 1s
peaks of the unannealed samples and the ones annealed at
600 <C. Then we get the states of Ti, O and N at different
valent Ti ions and hydroxyl shown in Fig.3 and Fig.4, and
t h e i r

Fig.1 SEM surface morphologies of N doped TiOj films annealed at
different temperatures: (a) unannealed, (b) 300 °C, (c) 500 °C,
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and (d) 600 °C
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Fig.2 XRD patterns of the samples unannealed (a) and annealed at
600 <T (b)

content is shown at Table 1. All measured samples reveal
similar Ti 2p, O 1s and N 1s spectra independent of the

deposition conditions. In Ref.[10], the oxidation states of Ti at
binding energies of 455.1, 456.7 and 458.7 eV correspond to
Ti®*, Ti® and Ti", respectively. Compared with the
unannealed ones, the content of Ti** of the samples annealed
at 600 T is elevated. This is because that Ti is oxidized in the
air.

Nitrogen is doped into TiO, lattice forming N-Ti-O, which
are proved by p-N1s (~396 eV) by XPS. While the second
one is associated with terminally bonded well screened
nitrogen in the so-called y-N state with a binding energy
around 400~402 eV, which is derived from the chemical state
of the adsorbed molecules N, or embedded in TiO, lattice gap
in the form of N, molecules ™.

Usually oxygen in pure TiO, crystal is single Ti-O
octahedral lattice oxygen, and the XPS peak of it is a normal
distribution ™', N, as the foreign substance, changes
surrounding chemical environment of O element in a way,
which changes the peak position and peak shape of O 1s in the
XPS spectra (Fig.3b). A distinct peak appears at 531.1 eV in O
1s spectrum, which could be attributed to the Ti-O bond of
N-doped TiO, films™. Another apparent peak with a higher
binding energy around 532.2 eV is also observed, which could
be assigned to -OH bonds.

2.2 Hydrophilicity

The relationship of hydrophilicity and annealing temperature
is shown in Fig.5. It is found that after high temperature
treatment, water contact angles decrease apparently. This may
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Fig.4 XPS spectra of the samples annealed at 600 <C: (a) Ti2p, (b) O1s, and (c) N1s

Table 1 O 1s analyzing parameter of samples at 0 and 600 <C

Temperature/ T Peak Content/%
o” 59.3
0 O1s
-OH 40.7
o” 51.1
600 O1s
-OH 48.9

be because of defective sites on surface exposed in the air,
where water and oxygen may compete to adsorb dissociatively.
Since high-temperature annealing leads to highly hydrophilic
surface, the defective sites are considered to be kinetically
more favorable for hydroxyl adsorption than oxygen
adsorption. However, the adsorption of -OH groups distorts
the surface in both electronic structure and geometric structure,
and thus the surface is unstable energetically™®. Aside from
microstructure and chemical composition, particle size also
influences hydrophilicity of N-doped TiO, films. Comparing
the particle size (Fig.1), it can be known that the bigger size is
the more conducive for improving the hydrophilicity. Water
adsorbing on oxygen vacancies results in a highly hydrophilic
surface™”. According to the XPS results of Nobuyuki Sakai™®,
the hydrophilicity conversion of TiO, films is attributed to the
structural change. With annealing temperature rising, the
amorphous TiO, transforms into anatase and rutile phase,
causing the evident hydrophilicity change. The unannealed
films are not crystallographic completely, which leads to the
poor hydrophilicity. After being annealing at 600 <C, the films
show mostly anatase phase and part of rutile phase are
crystallographic completely. From Table 1, it can be seen that
after heat treatment, the content of hydroxyl groups increases.
The high concentration of reactive hydroxyl groups causes
good hydrophilicity.

After being annealed at 600 T, the samples were placed at
room temperature in dark. Their water contact angles were
tested, as shown in Fig.6. From the figure, it can be seen that
the contact angles grow slowly. In the 20th day, the contact
angle of the samples is 15.78< The hydrophilicity of the
surface becomes worse. This may be because that surface
defects are healed by the adsorption of the hydroxyls
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Fig.7 Hydrophilicity increase of thin films after VIS irradiation

(dissociated water) which coexist with the additionally
adsorbed molecular water. The significant increase in water
contact angle after storage in dark is consistent with this
surface conversion. The surface conversion is ascribed to the
replacement of the chemisorbed hydroxyl groups with the
oxygens in the air™. After VIS irradiation, however, the
contact angles of the films decrease, shown in Fig.7. And the
hydrophilicity improves with VIS irradiation time ", After
VIS irradiation for 2 h, the contact angles are down to about
14< With the irradiation time increasing, the contact angles
gradually decrease to less than 10< There are disputed
mechanisms leading to this behavior. A model is that g-N
atomic state formed by N replacing the oxygen of TiO, lattice
leads to good hydrophilicity after VIS irradiation. N doping
can improve the VIS absorption of TiO, films and the red shift
increases with the N content increasing, due to the effect of
the localized N 2p states within the band gap, when dopant
concentration is below 2.1 at% ™", Manole ¥ reported that the
N-doped TiO, films becomes highly hydrophilic when irradiated
with photons of energy higher than the band gap of the films.
They processed the transmittance data to derive the optical
band gap of the materials and found that the oxygen content in
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