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TiO2 thin films of a rutile, an anatase, and a mixture type with anatase and rutile were fabricated by a magnetron sputtering
method. The fabricated films were irradiated by N+ ions with several doses using the Freeman ion source. Atomic force microscopy
(AFM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and UV-VIS spectrophotometer were employed to
investigate morphology, structure, chemical state, and optical characteristics, respectively. Photocatalytic activity was evaluated by
degradation of a methylene blue solution using UV and visible light. TiO2 thin films with each structure irradiated by N+ ions
showed the different N concentration in the same N+ ion dose and the chemical state of XPS results suggested that an O atom in
TiO2 lattice replaced by an N atom. Therefore the photocatalytic activity of TiO2 thin films was improved under visible light. The
maximum photocatalytic activity of TiO2 thin films with each structure was indicated at N concentration of 2.1% for a rutile type,
of 1.0% for an anatase type, and of 3.8% for a mixture type under the condition of 2.5× 1015 ions/cm2 in N+ ion dose.

1. Introduction

Titanium dioxide (TiO2) has been known as a photocatalyst
which is already used in various practical applications, such
as degradation of environmental pollutants and self-cleaning
of glass. Furthermore, the surface of TiO2 exhibits high
hydrophilicity under ultraviolet (UV) light irradiation [1, 2].
TiO2 shows relatively high reactivity and chemical stability
under UV light whose energy exceeds a band gap of 3.2 eV
for the anatase crystalline phase and 3.0 eV for the rutile
crystalline phase, however, UV energy accounts for only the
small fraction (∼5%) of the sun’s energy compared to the
visible light region (45%). It is the significant current to find
the material with the lower band gap which can give high
activity in the visible light region. Many methods have been
tried to achieve this purpose. Those methods were such as
incorporating metal atoms (Cr, Fe, Ni, V, or Ta) into the
lattice of TiO2 [3, 4] and doping anionic species (C, P, S, N,
or F) into the TiO2 matrix [5]. Among the doping of anionic

species, it has been reported that the N doping activated TiO2

in both regions of visible and UV light [6, 7]. The N doping
has been mainly performed by using a chemical process such
as the sol-gel [8] or a physical process such as the PLD [9].
The enhancement of the photocatalytic property of N-doped
TiO2 in visible light has been researched from the different
view about its mechanism [10–13].

Recently, some researchers have used N+ ion implanta-
tion method [14, 15] because of its advantages which were
to be able to treat at a low temperature or to be able to
easily control a doping layer [16]. Thus, the ion implantation
alternated with the high-temperature diffusion method. In
the case of N+ ion implantation into the TiO2 thin film,
this method can create oxygen vacancies to increase TiO2

activity [17] and can make TiO2 response to visible light
when N is substituted for O in the TiO2 lattice. Improvement
of photocatalytic properties of the implanted TiO2 thin film
in a visible light is due to the chemical and microstructure
changes of TiO2. Most of studies about N+ ion-implanted
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Figure 1: XRD patterns and FE-SEM cross-sectional images of the A-, R-, and M-TiO2 thin film.

TiO2 thin film [18] covered only an anatase type, while a few
papers reported about N-doped rutile TiO2, for example, the
paper mentioned difference in the response compared to N-
doped anatase TiO2 [13].

In this work, TiO2 thin films of a rutile, an anatase, and
a mixture type with anatase and rutile were fabricated by
the reactive magnetron sputtering method. The doping of
N+ ions into TiO2 thin films was performed using ion
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beam irradiation with several N+ ion doses. The chemical,
structural, morphological, and photocatalytic properties
were reported as a function of N+ ion dose. It was expected
that an N atom substituted for an O atom in the TiO2

lattice so that the photocatalytic property of the TiO2

thin film was improved under visible light.

2. Experimental Details

2.1. Preparation of Samples. The magnetron sputtering
source and the Freeman type ion source of the multiprocess-
coating system were used to fabricate TiO2 thin films and
to irradiate the TiO2 thin film by N+ ions, respectively. The
corning glass (number 1737) substrate was fixed on the
holder of the multiprocess-coating system and sputtered by
Ar+ ions for 10 min in order to clean the substrate. This
cleaning was carried out in a separated chamber before the
film fabrication process. The film deposition chamber was
pumped up by a turbo molecular and a rotary pump to reach
to the chamber pressure less than 1.3 × 10−5 Pa. The film
fabrication process was carried out by introducing an Ar gas
of 20 sccm in a flow rate near the Ti sputtering target and by
applying an input power of 100 W. Simultaneously, an O2 gas
was introduced around the substrate at 1.5 or 2.3 sccm in a
flow rate. The pressure of the film deposition chamber was
kept at 8 × 10−2 Pa in a pressure and at 573 K in a substrate
temperature through the film fabrication. The Ti-sputtering
rates were measured by using a quartz crystal microbalance
(QCM). Those were 0.025 nm/s for 1.5 sccm and 0.009 nm/s
for 2.3 sccm in an O2 gas flow rate, respectively. Because
the different sputtering rates resulted due to the surface
oxidation of a Ti target, the sputtering time was calculated
from each deposition rate to obtain 200 nm in film thickness.
The TiO2 thin film fabricated at 2.3 sccm in an O2 flow rate
showed an anatase structure (A-TiO2), while the sample with
1.5 sccm showed a mixture structure (M-TiO2) of anatase
and rutile. A rutile structure (R-TiO2) was obtained by
annealing a mixture structure under 700◦C for 2 hours in the
air.

The ion implantation was carried out by using Freeman
type ion source. N+ ions were separated by using a mass
separator of 45 degree. The samples of A-TiO2, R-TiO2,
and M-TiO2 were irradiated under the constant ion energy
of 15 kV at the constant current density of 40 μA/cm2.
The different doses of 2.5 × 1015, 5 × 1015, and 7.5 ×
1015 ions/cm2 were controlled by the ion irradiation time.
The ion implantation process was performed at a room
temperature with a pressure less than 1 × 10−4 Pa and an
incidence angle of 0 degree.

2.2. Film Characterization Measurement. The film structure
was determined by X-ray diffraction (XRD: MAC Science
High quality XG M18XCE) with CuKα (0.154 nm) radiation
at an incident angle of 0.3◦. The film composition was
characterized by X-ray photoelectron spectroscopy (XPS:
ULVAC-PHI, Inc.) with a focused monochromatic Al-Kα X-
ray source (1486.6 eV) and a maximum energy resolution
of 0.48 eV at Ag3d5/2. The chemical state and atomic
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Figure 2: AFM top-view images of the unirradiated A-, R-, and M-
TiO2 thin film (a) and the irradiated A-, R-, and M-TiO2 thin film
with an N+ ion dose of 5.0 × 1015 ions/cm2 (b).

concentration of Ti, O, N, and C were measured and
referenced at the standard C peak. Depth profiles in the
Ar+ ion etching mode were obtained at 2 kV in a ion
energy and 20 μA/cm2 in a ion current for the maximum
3 min. The surface morphology and the cross-section of
samples were observed by an atomic force microscopy (AFM:
Shimadzu SPM-9500) and a field-emission scanning electron
microscope (FE-SEM: S-4800 Hitachi High-Technologies
co.), respectively. The photocatalytic property of TiO2 thin
films was evaluated by decomposition of a methylene blue
solution (MB, C16H18ClN3S) of 10 ppm in a quartz cell with
a size of 10 × 10 × 50 mm. The sample with an area of
100 mm2 was immersed in an MB solution of 3 mL. UV
light was irradiated to the sample by using a commercial
sterilization lamp (S.L.) with a main wavelength of 280 nm
and a light intensity of 0.088 mW/cm2 at 360 nm. Artificial
sunlight lamp (A.L.) with a UV cut-off filter (under 350 nm)
was also irradiated on the sample at a light intensity of
0.228 mW/cm2 at 360 nm. After the light irradiation, the
change of a decolorized MB solution was calculated by
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Figure 3: XRD patterns of the unirradiated A-, R-, and M-TiO2 thin film and the irradiated A-, R-, and M-TiO2 thin film with an N+ ion
dose of 2.5 × 1015, 5.0 × 1015, and 7.5 × 1015 ions/cm2.

measuring the transmittance of the MB solution using
a spectrophotometer (UV-2550, Shimadzu co.) at regular
intervals.

3. Results and Discussion

3.1. Surface Morphology and Structure. Figure 1 shows XRD
patterns and cross-sectional images of each TiO2 thin film
with different structure. The XRD pattern of the A-TiO2

thin film showed the strong peak of anatase (101) without
a rutile structure and that of the R-TiO2 thin film showed
the strong peak of rutile (110), while the M-TiO2 thin film
had the double strong peaks of anatase (101) and rutile
(110). According to the cross-sectional images, the thickness
of the A-TiO2 thin film was 146 nm due to decrease of the
sputtering rate by of the high O2 gas flow rate at the film
fabrication, while the thickness of the R-TiO2 thin film and
the M-TiO2 thin film was 188 and 182 nm, respectively. Each
TiO2 thin film showed a columnar structure. The A-TiO2

thin film had the grain size of about 40 nm because of the
high crystalline. That of the R-TiO2 and the M-TiO2 thin film
were 16.9–21.8 nm and 24.8–31 nm, respectively.

AFM images of a tapping mode clarified the roughness
(Ra) and the morphology of each TiO2 thin film with the
different structure and post-N+ ion irradiation. Figure 2
shows the top views of A-, R-, and M-TiO2 thin films (a)
and those of films irradiated by N+ ions with a dose of 5 ×
1015 ions/cm2 (b). It was clear that the morphology of the
A-TiO2 thin film was different from the R- and the M-TiO2

thin film. The morphology of the A-TiO2 thin film was an
aggregate of spherical particles with the number of 22–25

per 1.0 μm in the length. This spherical size corresponded
to the grain size of 40–45.45 nm as observed in the cross-
sectional images. The R- and the M-TiO2 thin film shows
small spherical grains and a large roughness compared with
the A-TiO2 thin film. These small grain sizes of 25–33.3 nm
were calculated from spherical particle numbers of 30–40 per
1.0 μm and were slightly larger than the size indicated in the
cross-section images of the R- and the M-TiO2 thin film.

The roughness of N+ ion-irradiated TiO2 thin films was
larger than that of unirradiated TiO2 thin films. The sur-
face of each unirradiated TiO2 thin film was roughed by
sputtering of N+ ion irradiation. The surface of the N+ ion-
irradiated R- and A-TiO2 thin film showed a smaller grain
size compared with the unirradiated thin film, while the
surface of the M-TiO2 thin film turned to a larger grain size
by N+ ion irradiation. These surface changes of the irradiated
TiO2 thin film were influenced by an N+ ion dose and an
ion projected range. It was considered that the increase of
the grain size of the N+ ion-irradiated M-TiO2 thin film was
influenced by a high N concentration in the thin film.

Figure 3 shows the XRD patterns of the unirradiated
A-, R-, and M-TiO2 thin film and the irradiated A-, R-,
and M-TiO2 thin film prepared with several N+ ion doses.
The structure of the A-TiO2 thin film declined with N+

ion irradiation as the drastic decrease of the anatase peak
(101) showed, while the rutile peak (110) of the R-TiO2

thin film showed no large change for N+ ion irradiation
because of thermostability of a rutile type. It is generally
known that the ion implantation method courses physical
and thermal influence to a substrate. The lattice damage due
to collisions between the ions and the lattice atoms stimulates
recombination and the kinetic energy of implanted ions is
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Table 1: O, Ti, and N atomic concentration of the A-, R-, and M-TiO2 thin films under several N+ ion doses.

Atomic con.

N+ ion dose A-TiO2 (%) R-TiO2 (%) M-TiO2 (%)

O Ti N O Ti N O Ti N

2.5 × 1015 ions/cm2 75.8 22.1 2.1 68.5 30.5 1.0 73.6 22.7 3.8

5.0 × 1015 ions/cm2 71.3 23.2 5.5 67.0 29.1 3.9 68.6 23.2 8.3

7.5 × 1015 ions/cm2 67.6 21.9 10.5 64.1 30.6 5.3 63.2 22.0 14.9
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Figure 4: XPS Ti2p and N1s spectra of unirradiated TiO2 thin film
and the irradiated A-, R-, and M-TiO2 thin film with an N+ ion dose
of 5.0 × 1015 ions/cm2.

converted to thermal energy. N+ ion irradiation played a
main role to change the structure from anatase to mixture
[16]. In the XRD pattern of the A-TiO2 thin film, the small
rutile peak (110) started to appear with an N+ ion dose.
Furthermore, in the case of the M-TiO2 thin film the XRD
pattern showed decrease of the anatase peak (101) with
increasing of an N+ ion dose. The change of XRD patterns
for each TiO2 depended on thermostability of TiO2 structure
type.

3.2. Chemical State. Figure 4 shows XPS Ti2p and N1s
spectra of the unirradiated TiO2 thin film and the irradiated
A-, R- and M-TiO2 thin film with an N+ ion dose of 5.0
× 1015 ions/cm2, respectively. These spectra were measured
at the sample surface without an Ar+ ion etching process.
N1s peaks of all N+ ion-irradiated TiO2 thin films were
detected at 399.1 eV in a binding energy. Since the peak of
titanium nitride appeared at 396.0 eV according to the XPS
catalog data, it was estimated that these peaks of 399.1 eV
were caused by the Ti–O–N linkage assigned as an atomic β-
N state. Therefore, these results suggested that the implanted
N was incorporated into the TiO2 lattice and substituted
for O [19–22]. This was also proved by results of the Ti2p
XPS spectra because the Ti2p peak decreased and slightly
shifted to the high binding energy side by N+ ion irradiation
as indicating that Ti–O bonding was accompanied by Ti–N

bonding [23], and, moreover, the O atomic concentration
was decreased by increasing N+ ion dose as shown in Table 1,
which showed the atomic concentrations of O, Ti, and N
in the N+ ion irradiated A-, R-, and M-TiO2 thin film with
several N+ ion doses. N concentration in each thin film
was proportional to N+ ion dose with an evidenced distinct
difference according to the TiO2 structure type. The M-TiO2

thin film included a larger N concentration compared with
the A- or R-TiO2 thin film while the smaller N concentration
was indicated at the R-TiO2 thin film. The value of implanted
N was influenced by a crystalline and a density of the TiO2

thin film, since the density of the TiO2 bulk was taken as
3.86 g cm−3 for a rutile type and was smaller by 8.7% for an
anatase type [24]. It is well known that the deposited film
had a lower density depending on the deposition parameters
than the bulk material [25].

3.3. Photocatalytic Property. The photocatalytic property was
investigated by decomposition of an MB solution. The MB
solution exhibited an initial transmittance of 2.0% and a
main absorption wavelength of 664 nm. Figure 5 shows the
light transmittance change of 664 nm as the decomposition
rate of the MB solution after 6 hours for the unirradiated
A-, R-, M-TiO2 thin film and those N+ ion irradiated thin
films. The transmittance under S.L. of the unirradiated TiO2

thin film showed larger activity than those of all N+ ion-
irradiated TiO2 thin films. It was clear that the effect of N+

ion irradiation under S.L. did not show because the defect
of the TiO2 lattice by the ion beam collision was generated
and the effect of N+ ion dose for UV light was not originally
anticipated. On the other hand, all N+ ion irradiated TiO2

thin films showed increase of the transmittance under
A.L. with N+ ion irradiation, however, the transmittance
decreased by an excess of an N+ ion dose. From these results,
the maximum photocatalytic activity of the A-, R-, and M-
TiO2 thin film was indicated at an N+ ion dose of 2.5 ×
1015 ions/cm2.

4. Conclusions

Three different structures of anatase, rutile, and mixture as
TiO2 thin films were prepared by the reactive magnetron
sputtering method. N+ ion beam with several doses was
irradiated to TiO2 thin films with three different structures
in a room temperature. Structural, morphological, chemical,
and photocatalytic properties were investigated about unir-
radiated and N+ ion irradiated thin films. The anatase (101)
peak was weakened by N+ ion irradiation, while the rutile
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Figure 5: Transmittance changes of the methylene blue solution under sterilization lamp (S.L.) as UV light and artificial lamp (A.L.) as
visible light for the unirradiated A-, R-, and M-TiO2 thin film and the irradiated A-, R-, and M-TiO2 thin film with an N+ ion dose of 2.5 ×
1015, 5.0 × 1015, and 7.5 × 1015 ions/cm2.

(110) peak had no large change against N+ ion irradiation.
N1s spectra of all N+ ion irradiated A-, R-, and M-TiO2

thin films had the peaks at 399.1 eV corresponding to Ti–
O–N bonding; however, N concentration for each structure
showed a different value in spite of the irradiation with the
same N+ ion dose. It became clear that N+ ion implantation
rate was different by TiO2 structure type. Incorporation of
N into the TiO2 lattice by substituting for O was confirmed
by XPS results and played the great role to improve the
photocatalytic activity of the TiO2 thin film under visible
light.
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