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The photocatalytic properties of titanium dioxide (TiO,) have attracted much interest from the
viewpoints of basic science and applications. For improving photocatalytic activity of TiO,
films, modification of surface features and fabrication of effective large surface area was
required. In this study, implantation energy and fluences of helium ion for blister formation in
epitaxial rutile TiO, (100) films was investigated. High-quality epitaxial TiO, (100) thin films
with 500 nm thickness were grown on a-Al,0; (0001) substrates by pulsed laser deposition
(PLD) using a KrF excimer laser in an O, atmosphere. The TiO; films were implanted at room
temperature with 1~4 keV helium ions up to fluence range from 1 x 10' to 2.3 x 10" jons/em?.
The surface morphology of TiO, films was observed by scanning electron microscope (SEM)
with a field-emission gun and atomic force microscope (AFM). Rutherford backscattering
spectroscopy (RBS) with channeling was used to determine the radiation-induced damage depth
profile near the surface region. Helium blisters with about 100 nm size in TiO, films were
observed at 2~4 keV helium ion fluences higher than 4 x 10'® ions/cm?. With further increase of
implantation fluences higher than 2 x 10" jons/cm?® exfoliation of flakes of the TiO, film was
observed.
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1. INTRODUCTION temperature and post thermal treatments.

The photocatalytic properties of titanium In the present study, we explore the suitable
dioxide (TiO,) have attracted much interest from condition for helium blister formation in epitaxial
the viewpoints of basic science and applications. TiO, film by helium implantation at room
Especially interesting is the photocatalytic temperature. The observation of helium blisters in
property [1], and it can be utilized to decompose film surface was made with scanning electron
toxic gases into safe gaseous compounds using microscope (SEM) and atomic force microscope
solar energy [2]. TiO; is known to crystallize in (AFM). The optimal implantation condition for
three different crystallographic structures: rutile the blister formation, helium implantation energy
(tetragonal), anatase (tetragonal) and brookite and fluence are reported.

(orthorhombic), and the rutile, which is most
stable, has been extensively studied and widely

used. Several works were reported about epitaxial 2. EXPERIMENTAL
rutile and anatase films by metal-organic TiO, films were deposited on a-ALO;
chemical vapor deposition [3], ion beam substrates by PLD using a KrF excimer laser
sputtering [4, 5], and pulsed laser deposition (wavelength: 248 nm, Lambda Physik). The laser
(PLD) [6-9]. For improving photocatalytic beam was incident on a target with an incident
activity of TiO, films, the control of crystal angle of 45°. It was focused to a 2 mm x 3 mm
quality and the fal?rlcatmn of effective large rectangle on a single-crystal TiO, (rutile type)
surface area are required. . target ($35 mm). Typical laser energy and
The implantation of helium into materials can repetition rate were 150 mi/cm? and 5 Hz. Both
be used to produce specific microstructures on the target stage and substrate holder were rotated
surface region, such as bubbles, blisters and during the deposition. The substrates were
craters, with unique properties for application separated by about 5 cm from the target. The
such as catalysis [10-13]. These structures have deposition chamber was evacuated up to a base
potential for increasing effective surface area and pressure of about 6 x 10 Pa using a turbo-
improving photocatalytic activity. The formation molecular pump (TMP). Oxygen gas (purity: 4N)
of helium bubbles and blisters in materials is a was flowed into the chamber through a mass-flow
complex phenomenon depending on the helium meter controlled by an absolute pressure gauge
implantation energy and fluence, implantation (Baratron 626, MKS) under the pumping
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Fig. 1. X-ray diffraction pattern for TiO, films on the
o-AlL0; (0001) substrate. TiO, film was deposited at
500 °C under the oxygen pressure of 2 Pa by PLD.
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Fig. 2. 2.0 MeV *He" RBS/channeling spectra
for deposited TiO, films on the «-Al,0; (0001)
substrate. The thickness of TiO; film is 500 nm.
The aligned spectrum was taken with the beam
directed along the <100> axis of the TiO; film.

condition. Single-crystal. «-Al,O; (0001) sub-
strates were obtained commercially. They are
mirror-polished at both sides, and the typical size
is 10 x 10 x 0.3 mm®. In this study, ~500 nm
thick TiO; films were deposited at 500 °C under
oxygen pressure of 2 Pa.

The deposited TiO, films were implanted at
room temperature with 1~4 keV helium ions up to
fluence ,range from 1 x 10" to 2.3 x 10"
ions/cm®. Implantation of helium ions was carried
out using a 4 keV ion gun. The irradiation
chamber was evacuated up to a base pressure of
about 3.7 x 10° Pa using a TMP. Helium gas
(purity: 6N) was introduced up to 3.0 x 10" Pa
during the implantation. The beam current density
was 1 pA/cm?® through a circular slit with 5.5 mm
in diameter.

The surface morphology of the deposited
films, an important factor for the photocatalytic
activities, was examined using a high-resolution
field emission SEM (JSM6700F, JEOL) and AFM
(SPA400, SII). The crystal structure of TiQ, films
was determined by X-ray diffraction measure-
ments using a high-resolution diffractometer
(X’Pert-MRD, PANalytical). Rutherford back-
scattering spectroscopy (RBS)/channeling ana-
lysis using a 3 MV single-stage-accelerator at

JAERI/Takasaki was employed to characterize the
epitaxial thin films. The analyzing 2.0 MeV ‘He*
ions were incident and backscattered particles
were detected at 1635° scattering angle with a
surface barrier detector. Samples were mounted
on a 3-axis goniometer to pattern the planar
channeling and the axial channeling in the
angular coordinate. The film thickness and
composition were evaluated from RBS spectra.

3. RESULTS AND DISCUSSION

The suitable condition for high quality
epitaxial TiO, (100) films with rutile type was
following conditions; laser energy: 150 ml/em?,
oxygen gas pressures: 2 Pa, substrate tem-
perature: 500°C, target species: single-crystal
TiO, (rutile type). Figure 1 shows the typical
020 X-ray diffraction pattern for TiO, film on
the o~Al;0, (0001) substrate. It can be seen from
Fig. 1, only the (100) reflections from the TiO,
are observed without any reflection from the
substrates, which indicates that the TiO, film is
grown with (100) orientation. The pole figure
studies in the TiO, (100) film on a-Al;0; (0001)
indicate that this film consists of three domains
rotated 120° cach other around TiO, <100>
growth direction.

The quality of epitaxial TiO, (100) films was
characterized through the RBS/channeling
analysis. Figure 2 illustrates 2.0 MeV ‘He* RBS
spectra for the TiO; film on the a-A1,0; (0001)

Fig. 3. SEM images of the TiO, (100) film
(a) unimplanted region and (b) implanted
with 3 keV helium ions at room
temperature. The TiO, film was implanted
with the helium fluence of 2.0 x 107
jons/cm?
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Fig. 4. SEM images of the TiO, (100) fiims
implanted with the helium fluence of (a) 1.8
x 10'7 jons/cm® and (b) 2.3 x 10" jons/cm’.
The film samples were implanted with 3 keV
helium ions at room temperature.

substrate taken under the random and the axial
channeling condition. The aligned spectrum was
taken with the beam directed along the <100>
axis of the TiO, film. The RBS spectra in Fig. 2,
one can recognize clearly the separated peaks
from the TiQ, film and a-Al,0; substrate. The
peaks at 1.45 MeV correspond to the Ti
component in the TiO, film. Judging from the
peak intensity, the high quality TiO, film is
grown up from the interface and the interface is
not mixed with each other within the depth
resolution (~10 nm) of this technique. The
minimum yield, ¥, value, the ratio between the
random and the axially aligned yield at the fixed
depth near the surface region, gives a measure to
evaluate the degree of disorder in crystalline
solids. The min value in the <100> aligned
spectrum is 0.02 at the just area behind the
surface peak of the Ti component in the TiO, film,
which suggests that the crystal quality of the TiO,
film is high enough as in a bulk single-crystal.
The planar channeling analysis around the major
axes of the TiO, film and the a-Al,0; gives the
cvidence that the TiO, <100> crystallographic
axis is parallel to the a-Al,0; <0001> axis.

SEM images of the TiO,(100) film unimplanted
and implanted with 3 keV helium ions at room
temperature are shown in Fig. 3 (a) and (b),
respectively. The TiO, film was implanted with
the helium fluence of 2.0 x 10'7 ions/cm?. It can
be seen from Fig. 3 (a), smooth surface structure
is observed in unimplanted region of the film. In
Fig. 3 (b), uniform blister formation with about
100 nm sizes is recognized. In general, the size of
blisters produced in metal surfaces by helium
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Fig. 5. AFM image (2 pm x 2 pm) of the
rutile TiO, (100) film implanted with 3 keV
helium to a fluence of 1.8 x 10'7 ions/cm? at
room temperature.
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Fig. 6. 2.0 MeV ‘He" RBS spectra for the
rutile TiO, (100) film implanted with 3 keV
helium to a fluence of 1.8 x 107 jons/cm’ at
room temperature taken under the random and
the TiO,; <100> axial channeling condition.

implantation' with a fluence of 10'® ions/cm?
range at room temperature is about several um
{10]. In comparison with helium blister formation
in metals, the size of blister produced in TiO,
films is extremely small.

Figure 4 shows SEM images of the TiO, (100)
films implanted with the helium fluence of (a) 1.8
x 10'7 jons/cm? and (b) 2.3 x 10'7 ions/cm®, The
film samples were implanted with 3 keV helium
ions at room temperature. In Fig. 4 (a), one can
recognize uniform helium blisters with about 100
nm size were produced without cracks in the
blister surface. Further increase of helium
implantation fluence up to 2.3 x 10'7 ions/em?,
cracks and holes are observed in the blister
surface in Fig.4 (b). These results indicate that
exfoliation of flakes of the TiO, film occurs with
helium ion fluences higher than about 2 x 10"
jons/em?. In the samples made by helium
implantation with 1~4 keV at room temperature,
helium blisters with about 100 nm size were
observed at 2~4 keV helium ion fluences higher
than about 4 x 10'® jions/cm?.

Figure 5 shows AFM image (2 pm x 2 um) of
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the rutile TiO, (100) film implanted with 3 keV
helium to a fluence of 1.8 x 10'7 jons/cm® at
room temperature. From AFM observation, many
blisters were recognized on this sample surface.
Mean radius of this blister was 125 nm, mean
height was 20 nm, and areal density was about
2.5 x 10° /om®. The surface area of this sample
increases by a factor of 1.012. This result
coincides with the results of SEM observations.
The mean radius of helium blister was almost the
same when the helium ion fluence was changed
from 5 x 10'° to 1.8 x 10'7 ions/cm? in present
experiment.

To determine the radiation-induced damage
depth profile near the surface region. TiO, films
implanted with helium ion were examined by
RBS/channeling. Figure 6 illustrates 2.0 MeV
“He* RBS spectra for the rutile TiO, (100) film
im?lanted with 3 keV helium to a fluence of 1.8 x
10'7 jons/cm® at room temperature taken under
the random and the axial channeling condition.
The RBS spectra from unimplanted sample are
shown in Fig. 1 for comparison. The RBS spectra
taken under TiO,<100> axial channeling
condition in Fig. 6, the RBS yield (at 1.45 MeV)
from Ti component in the TiO, film reaches the
random level. In addition, the RBS yield from
oxygen component in the film also increases.
These increases of the RBS yields indicate that
helium radiation-induced damage in TiO, film
exists only near the surface region (~20 nm). This
damage region corresponds to the helium blister
region observed by AFM.

4. SUMMARY
We have studied the formation of helium

blisters in epitaxial rutile TiO, (100) grown on a-.

Al,O; (0001) as a function of the implantation
fluence and energy at room temperature. The
surface morphology of TiQ, films was observed
by SEM and AFM. RBS with channeling was used
to determine the radiation-induced damage depth
profile near the surface region. Helium blisters
with ~100 nm size and ~20 nm height in TiO,
films were observed at 2~4 keV helium ion
fluences higher than 4 x 10'® jons/cm’. Further
increase of implantation fluences higher than 2 x
10'7 jons/cm?, exfoliation of flakes of the TiO,
film was observed.
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